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ABSTRACT

This dissertation presents the use of optical coherence tomography (OCT), multi-photon
fluorescence (MPF) and other imaging techniques in the detection of human brain cancer
infiltration.

In the first part of this study, we demonstrate the use of OCT and MPF in obtaining optical,
structural, molecular and functional information of human brain cancer versus non-cancer tissues.
A systematic ex vivo study has been performed using OCT to obtain the optimal quantitative
diagnostic threshold for distinguishing brain cancer versus non-cancer tissues; an independent
study using the optimal diagnostic threshold is able to achieve excellent sensitivity and specificity
in the detection of brain cancer versus non-cancer. In addition, an in vivo study has begun to
evaluate the performance of OCT in detecting brain cancer in patients in the operating room, with
excellent results. In the second part of the study, we demonstrate how MPF can be used to provide
complementary information to OCT in the real-time detection of human brain cancer. While OCT
is able to volumetrically scan the entire resection cavity in the brain, MPF can be used to zoom in
and provide additional information to assist surgeons and pathologists with the diagnosis. Finally,
this dissertation also discusses supporting work in the identification of other existing techniques
in the diagnostic and treatment of human cancer infiltration. To summarize, the results of this
dissertation have motivated the development and optimization of the OCT and MPF software and

hardware to enable in vivo imaging and analyses of human cancer infiltration.
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CHAPTER 1: INTRODUCTION

SECTION 1: OVERVIEW

Glioma is the most common and aggressive adult primary brain cancer, with inevitable recurrence
and limited survival times. Current literature has repeatedly and consistently shown that maximal
safe resection of the brain cancer can lead to improved overall survival and delayed recurrence.
While some intra-operative imaging tools are already available (including MRI, CT, ultrasound,
and fluorescence), these modalities have limitations in the ability to provide quantitative, real-time
and/or three-dimensional continuous guidance in the operating room with optimal resolution and
contrast. This dissertation aims to explore the advantages and challenges of existing imaging
techniques, and demonstrate the exciting potential of Optical Coherence Tomography (OCT) in
distinguishing human brain cancer from non-cancer with excellent sensitivity and specificity.
Furthermore, it will demonstrate a novel method to quantitatively analyze OCT data and to
generate a color-coded optical property map for real-time, continuous guidance in brain cancer
resections. At the time of this dissertation, this novel optical mapping method has been extensively
studied using freshly resected, ex vivo human brain cancer tissues from 32 patients. In addition,
the intra-operative feasibility of this study has been demonstrated not only in in vivo rodent models
with patient-derived brain cancer xenografts, but also in a pilot study with 3 in vivo brain cancer
patients in the operating room. Furthermore, later chapters of this dissertation will cover the use
of a different optical imaging technique, multiphoton fluorescence (MPF), in detecting brain
cancer margins, which will prove especially useful when used in conjunction with OCT. Finally,
this dissertation will also explore the potential of the OCT/MPF technique in other clinical

applications, and postulate a few possible future directions for this technology.
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SECTION 2: NEED FOR MAXIMAL SAFE CANCER RESECTION

On the overall, it is estimated that nearly 700,000 people living in the United States suffer from
some form of primary brain cancer; every year, approximately 78,000 new cases of primary brain
tumors are diagnosed (Source: ABTA). Of these brain cancers, approximately 25,000 are primary
malignant brain cancers, while the remaining 53,000 are non-malignant primary bran cancers.
Glioma is a brain cancer type which arises from glial cells in the brain, which are used to “glue’

or support neuronal structures in the brain.

In this study, we focus on gliomas, the most common malignant adult human brain cancer.
In fact, gliomas alone accounts for approximately 80% of all primary malignant brain tumors all
age. Of all the gliomas, glioblastoma (GBM, or grade IV glioma) is the most common one and
accounts for around 55% of all glioma cases. In addition, astrocytomas (which include GBM)
accounts for approximately 75% of all glioma cases. In terms of prognosis, GBM is the most
aggressive with a median overall survival of 14 months. While lower-grade gliomas have slightly
better prognosis, 50 to 75% of patients with low-grade glioma die from recurrence or progression

to a malignant (i.e. higher grade) glioma (/).

Surgery is a critical component in the management and treatment of brain cancer. While
glioma treatment often include a combination of surgery, radiation and chemotherapy, surgery
remains the first-line therapy and the most common initial step for glioma treatment. Multiple
studies have repeatedly shown the significant long-term benefits of safe maximum cancer
resection, including improved overall survival and delayed cancer recurrence; as a result, maximal
safe resection of the brain cancer is significant for high-grade glioma patients, but even more

critical for low-grade glioma patients who can enjoy years of improved survival (2-19).



Consequently, the clinical standard of care requires the surgeon to resect as much cancer as

possible, while preserving critical neurological functions including motor, sensory and speech.

As recent studies have clearly shown, the surgical extent of resection (EOR) is critical in
prolonging progression-free and overall survivals for high-grade glioma patients (2-73). In 2011,
Sanai et al. conducted a systematic study with 500 glioblastoma (i.e. GBM, or high-grade glioma)
patients, and reported significantly improved survival for patients with at least 78% of the cancer
resected; furthermore, Sanai’s group found that for GBM patients who had a gross total resection
(defined as patients who had all visible tumor removed as shown on post-operative MRI scans)
had a 1.6-fold increase in survival when compared with patients with only a subtotal resection
(defined as patients who had visible tumor remaining as shown on post-operative MRI scans) (3).
Similarly, Chaichana ef al. in 2013 reported that a EOR threshold of at least 70% has been
associated with an increase in both progression-free and overall survivals, and that every 5%

increase in resection decreases the risk of death by 5.2% for glioblastoma (GBM) patients (2).

Similar conclusions can also be made for lower-grade glioma patients, i.e., that maximal
EOR in low-grade glioma is significantly associated with improved survival and delayed
recurrence (14-19). In 1994, Berger et al. demonstrated that patients with a residual tumor volume
of less than 10 cm? (as shown in post-operative MRI images) enjoy an increase in progression-free
survival (at 50 months) when compared with patients with >10 cm? residual tumor volume (at 30
months) (20). In 2008, McGirt et al. reported that patients with gross total resection are associated
with both increased overall survival and progression free survival (when compared with subtotal
resection); finally, Smith et al. published in the same year and reported that a >90% EOR (vs.

<90% EOR) is associated with >50% increase in overall survival at the 5-8 year time points (16,

17).



As aresult, there is a clear clinical need to maximize safe resection in order to delay cancer
recurrence, improve patient response to adjuvant therapies (e.g. chemotherapy and radiation
treatments), and ultimately increase survival. In response to this clinical need, multiple imaging
tools are being developed for use in the operating room. In the next chapter, we will give an
overview of the present and future imaging modalities used in the operating room for brain cancer

resections, and discuss the overall advantages and limitations of each existing modality.

SECTION 3: OVERVIEW OF EXISTING IMAGING TOOLS

It is very difficult to distinguish brain cancer from non-cancer in the operating room for even the
most experienced surgeons, whether by the naked eye alone or with help from the surgical
microscope. As a result, there is a clear need to develop an imaging technology which is effective

and reliable while providing continuous, real-time and high-resolution surgical guidance.

Multiple imaging tools have been developed for surgical use in the operating room in
response to this clinical need. These imaging tools include MRI, CT, ultrasound, surgical
microscope and navigational platforms, as well as more recent and experimental technologies such
5-ALA fluorescence and Raman Spectroscopy. All of these imaging tools have important
contributions and provides intra-operative information to the surgeons; however, each of these
imaging tools has its respective advantages and limitations, and does not completely resolve the
clinical challenge to provide continuous and real-time guidance for surgeons to achieve maximal

safe cancer resections.



SECTION 4: MAGNETIC RESONANCE IMAGING (MRI)

Magnetic resonance imaging (MRI) is a routine imaging technique used to detect, diagnose and
monitor brain cancers. Established as part of standard of care, MRI images are obtained prior to
surgery for examination of critical anatomical details of the brain cancer and the surrounding

normal brain. A surgical plan is then established based upon the information given by the MRI.

Furthermore, a pre-operative MRI is often used to orient and localize the brain cancer
during surgery. Using a neurosurgical navigational platform, the skull of the patient (marked with
several visible optical trackers) can be co-registered with the pre-operative MRI images to

determine the approximate location of the brain cancer.

As a result, MRI is indispensable to brain cancer diagnoses and management due to its
large field of view and imaging depth (which enable whole-brain imaging) and its ability to provide
three-dimensional anatomical details (which enables pre-surgical planning). Despite its
advantages, however, MRI has limited volumetric resolution at 3-26 mm?, and suffers from poor
biological specificity; in other words, it cannot directly determine the presence (or absence) of
brain cancer. Rather, MRI detects abnormality by observing contrast-enhancement in its T
weighted signals, which occurs when there is an increase in water as a result of the breakdown of
the blood-brain-barrier. Since a breakdown in the blood-brain-barrier can be caused by numerous
disease conditions including cancer, inflammation and neurodegenerative diseases (27), MRI has
poor specificity in the detection of brain cancer. In addition, since MRI acquisition is slow and
generally takes one hour to complete, pre-operative MRI cannot provide real-time surgical
feedback, and as a result, is sensitive to brain shift, brain motions and positional errors during

surgery (22).



Intra-operative MRI, on the other hand, is less prone to brain shift and positional errors as
it allows for repeated image acquisition during surgery. However, few hospitals can afford to
purchase intra-operative MRI as it is very expensive and costs several million dollars per unit.
Furthermore, intra-operative MRI takes approximately 50 minutes per scan, which translates into
more operating room time, higher risks for the patient (who is subjected to more time under
anesthesia), and more costs associated with the procedure. Continuous real-time intra-operative

guidance with MRI remains not possible.

In summary, MRI is excellent for visualizing anatomic details surrounding the brain cancer
mass, so that a surgical plan can be established prior to actual surgery. However, neither pre-
operative nor intra-operative MRI can provide continuous, real-time guidance during surgery; thus
other intra-operative imaging tools are necessary to assist the surgeon in making real-time

decisions throughout the resection process.

SECTION 5: OTHER STANDARD IMAGING TOOLS IN THE OR

Other standard imaging tools in the operating room include computed tomography (CT),

ultrasound (US) and the use of a FDA approved fluorescent dye, indocyanine green (ICG).

Computed tomography (CT) scanning is occasionally used in the clinic to detect brain
cancer, but it is considerably less sensitive than MRI at imaging soft tissues in the brain (23). As

a result, it is difficult to use CT alone to distinguish human brain tumor from non-tumor tissues.

Ultrasound (US) is a non-invasive, affordable imaging tool in the operating room. It is
optimal for guiding needle placements in brain biopsy procedures (23), as US has a relatively large
field of view and imaging depth, and can provide three-dimensional anatomical details in the brain.

In addition, US is especially useful in the operating room because it can provide continuous, real-

6



time feedback to the neurosurgeon for the identification and preservation of viable blood vessels
in the human brain, thus preventing excessive bleeding or stroke complications for the patients.
Despite its advantages, however, ultrasound has limited resolution at approximately 150-250 um,
and does not have sufficient contrast to clearly identify the surgical margins between tumor and
non-tumor (24, 25). Consequently, US remains limited in its use to identify brain tumor from non-

tumor in the OR.

Finally, indocyanine green (ICG) is a FDA approved fluorescent dye which has been
routinely used in the brain to detect peri-tumoral and intra-tumoral blood vessels (26). However
ICG has poor specificity for tumoral vessel detection, as it routinely binds to plasma proteins from

within the bloodstream.

In conclusion, while there are several imaging tools which are commonly used in the
operating room for brain cancer treatment, these tools have not resolved the important clinical

challenge in achieving maximal safe resection of brain tumor in the operating room.

SECTION 6: EXPERIMENTAL IMAGING TOOLS IN THE OR

This section introduces novel experimental imaging modalities which have not yet received FDA

approval in the US, but have demonstrated great potential in pilot clinical studies.

One of the most popular and recent methods involves the use of an orally administered
fluorescent dye, S-aminolevulinic acid (5-ALA) (27). As the first compound in the heme
biosynthetic pathway, 5-ALA eventually elicits the synthesis and accumulation of fluorescent
porphyrins (i.e., protoporphyrin IX, or PPIX) in neoplastic tissues such as malignant gliomas (4,
27). As a result, 5-ALA is capable of detecting brain tumors; when illuminated under blue light,

the PPIX in the glioma gives a visible red fluorescence. As a result, 5-ALA surgical guidance has
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led to more complete brain tumor resection and prolonged survival as demonstrated in a phase III
clinical trial (4). However, the 5-ALA uptake is not consistent throughout the brain tumor. In
particular, the 5-ALA uptake varies at brain regions with lower metabolism, i.e., at the infiltrative
cancer margins and for lower-grade gliomas (4, 27). As a result, 5-ALA enjoys excellent

specificity (92-100%), but suffers from relatively lower sensitivity (47-84%) (28).

Raman spectroscopy is another relatively novel technology with promising pilot results in
detecting tumor cells in vivo in mice and in humans. Raman spectroscopy is a technique used to
identify vibrational, rotational and other low frequency modes; as a result, it can characterize
tissues by observing the molecular fingerprint for tumor versus non-tumor. The intra-operative
feasibility of this technology is first tested by a Canadian group in 2015 with 17 patients (29), and
the results are promising for spot detection of brain cancer during surgical resection. Nevertheless,
Raman spectroscopy is limited by a very narrow field of view at 0.00000025 mm? area to 1 mm?
volume per spot. Furthermore, it has a slow scanning rate at 1 second per spot, and therefore

cannot be used to scan the entire resection cavity within the surgical timeframe (29, 30).



CHAPTER 2:

OPTICAL COHERENCE TOMOGRAPHY

SECTION 1: OVERVIEW

Optical Coherence Tomography (OCT) is a non-invasive, label-free and cost-effective imaging
technology, capable of real-time cross-sectional imaging of tissue anatomy at micron-scale
resolution (3/-39). This chapter describes the basic principles of OCT, and provides an overview
of OCT’s history in brain cancer and other clinical applications. Finally, this chapter compares the

performance of OCT with that of other imaging modalities as shown in Chapter 1.

SECTION 2: WHAT IS OCT?

OCT is a label-free, real-time imaging technique used to obtain volumetric images of biological
tissues at a resolution equivalent to a low-powered microscope (e.g., around two- to four-fold
magnification). OCT can be envisioned as an optical analog of ultrasound B-mode imaging, since
both techniques acquire cross-sectional images of the tissues by collecting “reflected” light or
sound waves. Unlike ultrasound, however, OCT uses a near-infrared light source (instead of sound
waves), and does not use any matching medium e.g. gels as used in ultrasound imaging. In
addition, OCT is capable of non-contact imaging and generally acquires images at a couple of
centimeters above the tissue surface, therefore reducing the risks of infection. Compared with
ultrasound, OCT generally has 10-100x better resolution (at 1-15 um) when compared to
ultrasound (typically at about 150 um), but at the expense of a poorer imaging depth (at 1-3 mm

for OCT, versus 10-100 mm for ultrasound).



The principle of OCT lies upon the use of low-coherence interferometry. A typical OCT
imaging setup involves a Michelson interferometer with a low-coherence, a broad bandwidth
infrared light source (generated using a superluminescent diode or a femtosecond laser), and a
beam splitter which splits the light to the reference and sample arms (Figure 1). The biological
tissue is placed at the sample arm for OCT imaging, while a mirror is placed at the reference arm;
together, the reflected signals from both the reference and sample arms rejoin at the beamsplitter
and are sent to the detector. The combination of signals from both arms gives rise to an interference
pattern, but only if the optical pathlength difference (i.e. the difference in distances traveled by the
reflected light from both arms) is less than one coherence length. In OCT, since a broad bandwidth

light source is used, the interference occurs over a distance of micrometers.

Reference Arm
Light | Sample
Source Arm
Beam
Splitter
Detector

Figure 1. Basic Schematic of an OCT Imaging Setup
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SECTION 3: DATA ACQUISITION AND SYSTEM SETUP

First, let us understand the basic principles in collecting spatially encoded information (in the x, y,

and z directions) using optical coherence tomography.

Generally speaking, OCT collects data by acquiring A-lines (or axial scans, in the z
direction) for each x-y coordinate in the tissue sample. At a given x-y position, the light incident
on the sample is reflected back at different depths. The intensity versus depth forms an axial scan
(A-scan). The depth-dependent reflectivity of the target tissue must be “recovered” using one of

the following several mechanisms.

TIME-DOMAIN OCT

In time-domain OCT (TD-OCT), the mirror in the reference arm is mechanically shifted back and
forth at a constant velocity. This results in depth-resolved information, where the optical
pathlength at the reference arm (in the mirror) changes with different time points. As a result,
interference signals at different time points can be matched to the OCT signal coming from a

specific depth (or axial position) from within the biological tissue.

FREQUENCY-DOMAIN OCT

In frequency-domain OCT (FD-OCT), a spectrum of signals from different depths of the tissues
are either sequentially or simultaneously acquired, and the OCT A-lines (or axial scans) are
reconstructed using Fourier transform from the raw OCT data (40). Since this method does not
involve any mechanical movement from the reference arm mirror, FD-OCT enjoys dramatically

improved imaging speed and axial scan rate; in addition, it has superior detection sensitivity since
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FD-OCT measures backreflected signal from all depths, and not piecewise along depths as is the
case in time-domain OCT. As a result, FD-OCT is generally more suitable for in vivo clinical
applications where real-time, continuous feedback is necessary for diagnostic and/or interventional

purposes.

SPECTRAL-DOMAIN OCT

In spectral-domain OCT (SD-OCT), the diffraction grating disperses the light source into different
optical frequencies (wavelengths), which are then refocused on the pixels of the line detector array.
Since the position of the pixels on the detector can be mapped to the spatial frequency domain (i.e.,
K-space), a spectrum of interference signals can be generated without physically moving the

reference arm mirror.

In swept-source OCT (SS-OCT), the light source emits different frequencies sequentially
and at a very rapid speed. In other words, it encodes different optical frequencies temporally (as
opposed to spatially as shown in SD-OCT). Consequently, the combination of the reference and
sample arm signals will result in a beat frequency (i.e., in interference pattern between 2 signals
with slightly different frequencies) which is proportional to the pathlength mismatch between the
reference arm signal, and the sample arm signal generated each axial position (i.e. the depth or z
coordinates). As a result, the A-line (or axial scan) can be generated by the Fourier transform of

such a beat signal from the detector as in SD-OCT,

In summary, we have discussed the different OCT setups necessary to provide depth-
encoded information (i.e. the A-lines or axial scans) in the z-coordinates. To resolve information
in the x and y coordinates, the OCT imaging probe is usually equipped with some specific beam

scanning mechanisms (e.g., two galvanometer-based scanning mirrors) which scans the beam to
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various x and y coordinates. A single A-line is collected at each x and y coordinate visited.
Consequently, the combination of all A-lines in the x and y directions form the basis for a

volumetric OCT dataset.

SECTION 4: IMAGE RESOLUTION

In recent years, OCT has rapidly gained popularity as a clinical imaging tool in multiple
applications including retinal imaging, intravascular imaging and breast cancer imaging. OCT
functions as a form of “optical biopsy” as it provides label-free, high-speed and non-invasive
imaging, all while achieving micron-scale resolution equivalent to the performance of a low-power
microscope. In this section, we will briefly discuss how OCT achieves its image resolution in the

axial and lateral directions.

First of all, OCT achieves its high axial resolution Az (along the depth, or z direction) by

using a broad spectral bandwidth AArwnm for its infrared light source,

2In2 A2
Az =

T A pwam

where Az is the axial resolution, AAgy )y 1s the spectral bandwidth of the light source, and A4, is

the central wavelength of the infrared light source.

Notably, the axial (Az) and lateral (Ax) resolutions are decoupled from one another. In
other words, the lateral resolution of the OCT imaging system is independent from its axial

resolution, and is determined by the focusing power of the imaging probe in the sample arm,

’Zblc
Ax =
T
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where Ax is the lateral resolution, 4. is the central wavelength of the infrared light source, and b

is the confocal parameter which is defined as twice the Rayleigh range zr of the Gaussian beam.

As aresult, OCT is advantageous in that it allows for flexible OCT probe design; in other
words, a carefully designed OCT imaging system can achieve its desired lateral resolution and
confocal parameters without compromising its high axial resolution. In summary, the above two
equations determine the image resolution for each two-dimensional OCT cross-sectional image (in
the x and z directions). For OCT imaging of a three-dimensional volumetric tissue sample, the
image resolution in the y direction (Ay) is further determined by the scanning rate of the
galvanometer optical scanner; in other words, Ay is defined by the number of cross sectional

images acquired over a 1 millimeter span in the y direction.

SECTION 5: CLINICAL APPLICATIONS FOR OCT

In this section, we will briefly describe the history of OCT in various clinical applications.

Since its introduction in the 1990s, OCT has evolved to become a powerful medical
imaging technique with the unique ability to visualize the cross-sectional structures of human
tissues non-invasively, at high speed, and with micron-level resolution (47). OCT was first used
to detect the presence of retinal pathologies in the eye. Since then, multiple studies have been
conducted to evaluate and validate the use of OCT in diagnosis or interventional procedures for
multiple ophthalmic diseases such as glaucoma, macular edema, age-related macular degeneration,
and chorioretinopathy (42-46). To this date, OCT is regarded as a new standard for clinical
diagnosis and intervention of retinal diseases, and ophthalmology remains to be one of the most

successful clinical applications of OCT.
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In addition, OCT has also become extraordinarily successful in several other clinical fields,
with FDA approval for imaging of the retina, artery, and esophagus. It is a promising tool for
detection of atherosclerotic plaques in cardiology, as miniaturized OCT imaging catheters are
capable of entering coronary blood vessels surrounding the heart, and of identifying the
cholesterol-laden plaques which are prone to rupture and consequently result in myocardial
infarctions (41, 47, 48). Furthermore, OCT is a powerful tool used in the detection of cancerous
and pre-cancerous changes in the gastrointestinal tract. In particular, OCT is particularly well
equipped to detect any structural changes which occur as a result of gastrointestinal lesions in the
mucosal, submucosal and muscular layers. For example, OCT cross-sectional images were able to
clearly identify the presence of sub-squamous Barrett’s esophagus as well as the presence of
dysplasia and adenocarcinoma in the human esophagus (49, 50). Finally, researchers are actively
exploring the potential of OCT in numerous other clinical applications which include imaging of

the respiratory, urinary, and reproductive systems (57-57).

Several studies have also begun to explore the potential in brain cancer detection, which
is the central theme of this dissertation (58-63). For example, Boppart et al. performed the first
OCT imaging of ex vivo human secondary brain cancer in 2008, where the research group has
imaged a melanoma tumor mass which has been metastasized into the cerebral cortex of the patient
(58). In 2005, Biheva et al. obtained the first cross-sectional OCT images of formalin fixed human
brain cancer tissues such as meningioma and gangliogioma (63). In 2013, Assayag et al. performed
the first en face OCT studies in human brain cancer specimens (64). Finally, Bohringer et al.
conducted three pilot studies between 2006 and 2009 which resulted in the characterization of

human primary brain cancers both ex vivo and in vivo using optical attenuation (59, 60, 65).
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Nevertheless, significant ongoing research is required to fully understand the potential of
OCT in human brain cancer applications. As detailed in later chapters and as published (66), this
dissertation builds upon previous studies and contributes by 1) conducting the first systematic
study to compare cancer versus non-cancer brain tissues in a controlled environment using ex vivo
human brain specimens with 32 patients and approximately 4,300 data points; 2) establishing the
first diagnostic threshold for distinguishing brain cancer from non-cancer white matter by
analyzing the optical attenuation of the brain tissue specimen; 3) performing the first sensitivity
and specificity analysis for OCT detection of brain cancer; 4) establishing a high-resolution, color-
coded optical property map which is generated in real-time and can provide direct visual cues for
continuous surgical guidance; and 5) evaluating the intra-operative feasibility of our OCT and
optical mapping technology by acquiring in vivo data in 3 human patients and also in rodent models

implanted with patient-derived, infiltrative brain cancer.

SECTION 6: WHY OCT?

In summary, OCT is capable of providing high-resolution and continuous, quantitative feedback
to the surgeons in real time. As a result, it attracts increasing interest in its application for brain
cancer detection and resection. When compared with other imaging tools, OCT allows for deep
penetration (compared to visible light or fluorescence imaging), label-free contrast, high-
resolution imaging and a reasonable field of view (FOV). Most importantly, OCT is able to provide
real-time, quantitative values for the optical attenuation of human brain tissues in vivo. As
demonstrated in the data provided by this dissertation, OCT has a detection sensitivity and
specificity which is superior to most existing imaging modalities (66). Finally, it is easy to use and
provides non-contact imaging (i.e., imaging at a couple of several centimeters above the tissue

surface) which minimizes infection risks for use in the operating room. Table 1 summarizes the
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performance of OCT when compared with other imaging modalities such as ultrasound, 5-ALA

fluorescence, Raman spectroscopy, intra-operative MRI, and intraoperative CT.

Feature OCT Ultrasound 5-ALA Raman iMRI iCT
(this fluorescence
study)
Resolution 0.004 mm? 0.3 mm’ 0.001 mm? 0.00000025 3220 mm® 0.2 mm?
mmZ
FOV 8-16 mm’® 12,500 75 —-2000 0.1225 Whole Whole
mm? mm? mm’ brain brain
Continuous Yes Yes Yes Yes No No
guidance?
3D? Yes Yes No No Yes Yes
Numerical Yes No Yes Yes No No
data?
Sensitivity 92 -100 26 — 87 47 (visual) N/A N/A N/A
(during 84 (accuracy
and/or post- (spectrometry) 99-100)
resection)
(%)
Specificity 80— 100 42 — 88 100 (visual) N/A N/A N/A
(during 92
and/or post- (spectrometry)
resection)
(%)

Table 1. Comparison of different technologies in surgical guidance of brain cancer. Various
technological advances have attempted to increase the surgeon’s ability to identify cancer tissue,
including ultrasound, 5-ALA fluorescence guided resections, Raman spectroscopy, intra-operative
magnetic resonance imaging (iMRI), and intra-operative computed tomography (CT). These
modalities, however, have different strengths and limitations in terms of resolution, field of view
(FOV), sensitivity/specificity and the ability to provide quantitative and three-dimensional (3D)
continuous imaging guidance. Optical coherence tomography (OCT) is a non-invasive, real-time,
high-resolution and three-dimensional cross-sectional imaging technique that may be effective and
practical at distinguishing brain cancer from non-cancer. Table and table legends are originally
from Kut et al., Detection of human brain cancer infiltration ex vivo and in vivo using
quantitative optical coherence tomography. Science translational medicine, 7(292),
292ral100-292ra100 (2015). Reprinted with permission from AAAS.
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SECTION 7: OVERVIEW OF OCT SYSTEM DESIGN

This chapter details the OCT system design (credited mainly to Dr. Jiefeng Xi, a former student in
our group) and hardware specifications used to evaluate the feasibility of brain cancer detection in

the operating room.

Several parameters should be considered in the design of an OCT imaging system which
is designated for use in the operating room. First of all, to enable real-time continuous surgical
guidance, the imaging system must be able to perform high-speed imaging over a relatively large
tissue volume. This can be achieved by using a Fourier-domain OCT (FD-OCT) imaging system,
which generally allows for higher speed imaging since no movement is required for the mirror in
the reference arm. As noted in the earlier sections, there are two major types of FD-OCT imaging
systems: the SD-OCT, and the SS-OCT. For this particular dissertation, a SS-OCT imaging system

with at least 100 kHz is suggested for intra-operative applications.

Secondly, to ensure high-speed data acquisition, processing and display, a high speed
digitizer with about a few hundred mega to 1 GigaSamples (GS) per second and a graphics
processing unit (GPU) video card are also required to sustain the data stream >1 GigaByte (GB)
per second. For example, for a 100 kHz SS-OCT system, 100,000 AOlines will be acquired per
second. Each A-line consists of approximately 2,000 data points, which translates into 2 million
data points per second, and a data rate at 400 MB per second (with 2 bytes per sample). In Chapter
3, we will also discuss the software and algorithmic related requirements for high-speed OCT

imaging.

Thirdly, an infrared light source with a higher wavelength (for example, at 1300 nm instead

of 800 nm) is desired as it can provide a greater imaging depth. Finally, the OCT handheld imaging
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probe should be miniature (at a probe diameter of 4-26 mm, which is equivalent in size to the
models for intra-operative ultrasound handheld probes), lightweight, and easy to operate. By
choosing the right combination of imaging lenses and other probe parameters, it is possible to
equip the OCT imaging probe with the desired specifications such as resolution, working distance,
and the probe diameter and size. Further details of the OCT imaging system and handheld probe

parameters can be located in the following sections.

SECTION 8: SWEPT-SOURCE OCT IMAGING SYSTEM

The results from this dissertation are primarily obtained from a home-built, swept-source OCT
imaging system which is equipped with a Fourier-domain mode-locking (FDML) swept fiber laser
20, 55 This swept fiber laser operates at a fundamental frequency of 40 kHz, but can reach a 220
kHz frequency after double buffering. Since the imaging speed of a SS-OCT system is determined
by the wavelength swept rate of the laser source, a 40-220 kHz frequency means that the system
is capable of imaging at a rate of 40,000 to 220,000 A-lines per second.

The swept fiber laser operates at a central wavelength of 1300 nm and at a 3dB spectral
bandwidth of approximately 110-130 nm. The full bandwidth is at 150 nm, and on average, the
laser source outputs over 50 mW power after amplification by a semiconductor optical amplifier
(SOA) booster using the 220 kHz FDML configuration. Among the 50 mW output power, only
about 15 mW will be delivered to the tissue sample through the OCT handheld imaging probe.

Using a high-speed data acquisition card (Alazar ATS9350 at 500 MegaSamples per
second, 12-bit) and GPU-based signal processing, SS-OCT images can be acquired, processed,
displayed and stored in real time at a speed of up to 220,000 A-lines per second, or up to 220
frames per second (fps) assuming that each frame consists of approximately 1,000 A-lines and

approximately 2,000 pixels per A-line. This translates to a total of 1.2 to 2.4 seconds for the
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scanning, processing and display of OCT cross-sectional data (and the optical property colormap)
for an 8-16 mm? tissue sample (at 256 cross-sectional frames per volume) at the high-speed mode,
(at around 110 — 220 frames per second). Such an imaging speed is ideal for surgical resection of
the infiltrative brain cancer margins, as the usual volume resected by surgeons at a time is also
about 16 mm? (67)

Figure 2 gives an overall description of the home-built swept-source OCT imaging system.
In Figure 2A, a cabinet-sized, home-built SS-OCT imaging system was used to obtain imaging
data for a systematic quantitative study involving ex vivo, freshly resected human brain tissues as
well as in vivo murine model implanted with patient-derived, infiltrative brain cancer. In Figure
2B, a handheld imaging probe with a diameter of 12-mm and two galvanometer optical scanners
(for lateral scanning in the x and y directions) was used to image the brain tissue samples. Finally,
Figure 2C details the schematic of the SS-OCT system. First, an A-line trigger is sent from the
swept fiber laser source directly to the high-speed data acquisition (DAQ) interface. Using a 95/5
optical fiber coupler, 5% of the FDML signal is tapped off from the frequency-swept laser and
coupled into a Mach-Zehnder interferometer (MZI) to generate a calibration interference signal
which adjusts for any asymmetry between the sample and reference arm lengths. The remaining
95% of the FDML signal is then delivered to the OCT interferometer, where a 70/30 optical fiber
coupler splits and redirects the beams to sample arm and the reference arm, respectively. At the
sample arm, the light beam passes through the handheld imaging probe to reach the biological
tissue sample; while at the reference arm, the light beam passes through a collimator to reach the
reference mirror. Any reflected or backscattered light from both arms are then directed through

two fiber optic circulators and redirected to a 50/50 fiber coupler and recombined to form the OCT
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Figure 2. Swept-source optical coherence tomography (SS-OCT) system. OCT is a non-
invasive, high-speed, high-resolution, cross-sectional imaging technique that may be effective at
distinguishing cancer from non-cancer tissue. OCT measures reflected light (similar to B-mode
ultrasound imaging). (A) A home-built SS-OCT system, which includes a 40-220 kHz Fourier
Domain Mode Locking (FDML) swept fiber lase. (B) A 2D scanning handheld imaging probe
were used for imaging all samples. (C) Schematic of the SS-OCT system. BD: balanced detector;
CIR: circulator; CL: collimating lens; DAQ: data acquisition; MZI: Mach-Zehnder Interferometer;
OC: optical coupler. Figure and figure legends are originally from Kut ez al., Detection of
human brain cancer infiltration ex vivo and in vivo using quantitative optical coherence
tomography. Science translational medicine, 7(292), 292ra100-292ra100 (2015). Reprinted
with permission from AAAS.
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interference signal. Notably, two circulators and a dual-balanced detector are installed in order to
cancel out any excess laser noise. Finally, an OCT interferometric fringe signal is acquired by the
high-speed data acquisition system and then delivered to the OCT imaging software for additional

data processing and display.

In terms of imaging parameters, this SS-OCT imaging system achieves an axial resolution
of approximately 6.4 pm in tissue, and a lateral resolution of approximately 15 pm in the x-y
direction. Finally, the system is capable of imaging at a depth of 2.5 mm (in air) with a detection
sensitivity of better than -125 dB (given an incident power in the sample arm of approximately 15

mW).

SECTION 9: ADDITIONAL SS-OCT SYSTEM FOR IN VIVO STUDY

At the beginning of this project and as described in the previous section, a cabinet-sized SS-OCT
imaging system was used to obtain imaging data for the systematic quantitative study involving ex
vivo, freshly resected human brain tissues as well as in vivo murine model implanted with patient-
derived, infiltrative brain cancer. At the later stages of this project, however, a separate suitcase-
sized SS-OCT system (aka system prototype B) was chosen instead for an overseas study in
Guadalajara, Mexico, since this suitcase-sized system is more portable and better equipped for
collection of in vivo human data from brain cancer patients in the operating room.

There is a fundamental design variation between the cabinet and suitcase sized imaging
systems. For the cabinet-sized system, a calibration signal (from the Mach-Zehnder interferometer)
is sent directly to the high-speed digitizer acquire the corresponding spatial frequency for each
OCT data point versus time. For the suitcase-sized system, however, a K-clock generator is

installed to convert the calibration signal into a digital clock signal which is uniformly distributed
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in the frequency domain (i.e. K-space) to trigger OCT data digitization (36). This digital clock
signal is then used to drives the high-speed digitizer. This reduces the need for numerical
calibration algorithms (usually performed at the digitizer stage), and consequently, reduces the
demand for digitization, data processing and storage speed.

For the most part, the suitcase-sized imaging system has similar operating parameters when
compared with the cabinet-sized imaging in terms of axial resolution (about 6.25 um in air), central
wavelength (about 1310 nm), detection sensitivity (between than -120 dB), and average output
power to the sample (about 15 mW). However, the suitcase-sized imaging system has a lower
sweeping rate for its laser source (up to 100 kHz), but enjoys a better imaging depth (at 6 mm in
air) when compared with the cabinet-sized system (with sweeping rate of up to 220 kHz and

imaging depth of 2.5 mm in air).

SECTION 10: HANDHELD IMAGING PROBE DESIGN

A compact, handheld OCT imaging probe is used to acquire the data presented in this dissertation,
and the probe is compatible with both SS-OCT imaging systems as described in the previous
section. This imaging probe is small, lightweight and easy to use with a 12 mm tube diameter. The
probe is forward-viewing and is equipped with two miniature galvanometer optical scanners
(Cambridge Technologies ®) which is capable of scanning in the x and y directions.

The probe design involves the installment of four anti-reflection coated doublet lenses
(lenses 1-4) housed in a stainless steel lens tube. First, an optical fiber directs the infrared light
beam into the imaging tube. Then, the beam is collimated with an anti-reflection double-coated
lens of a focal length fi = 11 mm (lens 1). At the next step, the beam is redirected by two
galvanometer optical scanners into a stainless steel metal tube. Within the metal tube, the beam is
refocused by 3 additional anti-reflection double-coated achromatic lenses with focal lengths f> =
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25 (lens 2), 3 = 35 (lens 3) and f4 = 25 mm (lens 4). Furthermore, lens 2 and lens 3 are separated
by a distance of 55 mm, and lens 3 and lens 4 are also separated by a distance of 55 mm. These
parameters are chosen to balance the overall probe magnification (relevant to the lateral
resolution), probe length, and working distance (relevant to ease of operation).

For example, the readers may recall from earlier sections that the lateral resolution is
determined by the focusing power of the imaging probe in the sample arm. Based on the lens
configuration provided, the overall probe magnification is given by M = (f2/f1) * (f«/f3) = (25/11) *
(25/35) = 1.6. Considering that the mode-filed diameter of the single-mode fiber used in the OCT
system is 9.2 um, this will result in a lateral resolution of M * 9.2 pm = 14.9 pm. The probe length,
on the other hand, is determined the length of stainless metal tube (55 mm + 55 mm = 110 mm =
11 cm, assuming that the lenses have negligible thickness) added to the length of the metal box
used to house the two galvanometers. Finally, the working distance of the probe (i.e. the distance
between the probe and the tissue surface) is determined by the focal length of lens 4, which is 2
centimeters for this particular handheld probe design. Depending on the user preference, these
imaging parameters can be easily readjusted by replacing the lens configuration.

Notably, the galvanometer optical scanners are mirror-motor assemblies which are used to
perform 2D (XY) scanning; in other words, it is used to move the focused beam laterally on the
biological tissues in both X and Y directions. Generally speaking, a function generator (with
square, ramp or sinusoidal input) is used to drive the rotatory behavior of the galvanometer mirrors
and consequently redirect the beam onto a different X and Y coordinate on the biological tissue
sample. Finally, an optical ray tracing simulation software such as Zemax is used to calculate the

XY scanning range of the imaging probe. For this particular design, a lateral beam scanning range
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of 2.5 mm can be conveniently achieved without beam vignetting (i.e. a reduction in the brightness
and saturation at the image periphery), given the lens and probe configuration.

In addition, the handheld probe is easily detached. This is advantageous for two reasons: first
of all, it allows users to easily change the internal lens configuration of the probe to achieve their
desired imaging parameters such as lateral resolution, probe length, probe diameter and working
distance; secondly, it allows for easy detachment and sterilization of the imaging probe for use in
the operating room. For our particular design, the stainless tube of the handheld imaging probe is
attached to the base of the galvanometers via precision threads and a locking setscrew. As a result,
the tube (and the lenses inside) can be easily removed from the base for sterilization protocols.

There are two possible methods for sterilization of the imaging probe. First of all, the
disassembled probe can undergo a cold sterilization method using ethylene oxide or hydrogen
peroxide. Secondly, the probe can be simply wiped down with alcohol and then encased in a
disposable, sterilized and FDA approved plastic sheath (which are routinely used for sterilization
of the intra-operative ultrasound probes in standard neurosurgical procedures at Hopkins). Both
sterilization methods are approved for routine use in the operating room.

Finally, it should be noted that the OCT infrared light source has a 1310 nm wavelength and
therefore outside of the visible spectrum (i.e., invisible to the eye). In the laboratory setting,
researchers use near infrared sensor cards to visualize the location of the beam on the biological
tissue. In the surgical setting, however, this method is impractical and rarely practiced in the
operating room. To address this issue, a green aiming beam is coupled into the handheld probe and
co-registered with the near infrared OCT imaging beam. This enables the neurosurgeon to
visualize the light beam and consequently pinpoint the exact location in the human brain for OCT

to image. Figure 3 demonstrates the effectiveness of the green aiming beam in ex vivo imaging of
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freshly resected human brain cancer (66), in vivo imaging of a rodent model implanted with
patient-derived brain cancer (66), and finally, in vivo imaging in a human high-grade brain cancer

patient.

Figure 3. Green aiming beam for OCT imaging for (A) ex vivo in freshly resected human brain
cancer tissue (high-grade glioma); (B) in vivo in a mouse with patient-derived high-grade brain
cancer (GBM272) and (C) in vivo in a high grade brain cancer patient. The green aiming beam in
the figures delineated the OCT field of view (FOV) at approximately 2 mm x 2 mm x 1.8 mm on
the biological tissue sample (in the X, y, and z directions, respectively). Figures 3A and 3B are
adapted from Kut e al., (2015). Detection of human brain cancer infiltration ex vivo and in
vivo using quantitative optical coherence tomography. Science translational medicine, 7(292),
292ral100-292ra100. Reprinted with permission from AAAS.
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CHAPTER 3:

OCT SOFTWARE AND ALGORITHMS

SECTION 1: OVERVIEW

This chapter details the OCT software and the algorithms implemented for brain cancer detection.
More specifically, this chapter will discuss the overall layout of the home-built C++ OCT software
program, and then focus on the particular theories and algorithms used to extra the optical

properties from biological tissues for cancer margin detection.

SECTION 2: BASIC IMAGING SOFTWARE

In this dissertation, basic OCT data acquisition, processing and displayed are performed on a
Windows® operating system using a C++ based software program which is developed in the

laboratory over the years (http://bit.bme.jhu.edu).

The C++ software program includes a graphical user interface and can be used to perform
the following functions: 1) it controls and synchronizes the hardware components such as the high-
speed digitizer and galvanometer optical scanners; 2) it acquires, processes, displays and stores
OCT data in real-time; and 3) it synchronizes the data flow between the central processing unit

(CPU) and the graphics processing unit (GPU).

The overall workflow of the OCT software is described in the PhD dissertation by Jiefeng
Xi, PhD in our group (the Biophotonics Imaging Technologies, or BIT, Laboratory), and is
summarized as follows. Essentially, the program includes 5 major modules (#1 to #5). First, a data

acquisition module (Module #1) is used to control the hardware components of the OCT imaging,
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and to acquire raw OCT signals from the OCT imaging system. Then, the OCT raw data is first
saved in the data storage module (Module #2). At the same, time, the raw OCT data is also sent to
the data processing module (Module #3) where the raw OCT data undergoes Fourier transforms
and basic image processing (such as image filtering, image calibration and contrast/brightness
adjustments). In addition, more advanced processing algorithms (such as en face imaging, Doppler
imaging, and attenuation mapping) are also performed in this module. The processed images are
then displayed onto the computer screen using the image display module (Module #4). Finally, the
core module (Module #5) synchronizes and manages the data flow among all the other existing
modules (i.e. Module #1 to #4). The core module, in return, receives input from the graphical user
interface (GUI) which is implemented to seek real-time user feedback in the specification of

various imaging parameters during imaging.

While the core architecture of the data processing module is housed in the central processing
unit (CPU), much of the data is actually directed into the graphics processing unit (GPU) to
significantly reduce the computational time. In particular, GPU programming (also known as
parallel programming) is particularly powerful for functions which require simple but repetitive
operations for a large volume of data. As a result, GPU programming is highly beneficial for OCT
imaging, since the average data size is large (at about 2 gigabytes with a total of about 512,000,000
A-lines collected for a 10 mm? tissue sample in approximately 1-2 seconds). Furthermore, most
processing algorithms for OCT required simple operations. For example, some algorithms are
applied individually to each of the A-lines within the dataset (e.g. summation functions to compute
the en face map). Other algorithms are applied to a small subset of the A-lines at a time (e.g.
averaging and fitting functions). Thanks to the GPU speedup and to the high-speed hardware

components, the OCT imaging system is able to acquire, process, display and store data in real-
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time at a rate of 40 — 220 frames per second (fps). At the high-speed mode (about 110 to 220 fps),
the program is able to scan, process, and display both the OCT cross-sectional data and any
additional processing results (e.g. en face, Doppler and attenuation) at a speed of 1.2 to 2.4 seconds
for a 8 — 16 mm? tissue sample.

The following sections will now focus on the theory and algorithms behind the development

of the optical attenuation mapping method.

SECTION 3: CALCULATION OF THE OPTICAL ATTENUATION
COEFFICIENT USING A PHANTOM CALIBRATION METHOD
Once the OCT software acquires a raw imaging dataset, several basic processing steps are
performed. First, the dataset is calibrated using the signal from the Mach-Zehnder interferometer.
This can be achieved either by using a calibration algorithm to map all the data uniformly onto the
K-space (e.g. by tracking the extrema values of the calibration signal), or alternatively, by
implementing a uniform K-space sampling method (e.g. K-clock generator). Then, a fast Fourier
transform (FFT) operation was performed on the calibrated data. Finally, the dataset is averaged
laterally for speckle suppression (generally for every 300 — 500 A-lines, with a step size of 30 —
50 A-lines as described in Figure 1). The resultant OCT intensity signal profile can be described
by the following equation (68):

1(z) =k u,, e h(z), (1)
where [(z) is the OCT signal profile versus depth z (in mm), £ is the system constant, u; and ups

are the optical attenuation and backscattering coefficients, respectively, and /(z) is the geometric

factor of the imaging beam (which has a Gaussian beam profile).
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Figure 1. Averaging window for computation of optical attenuation properties. First of all,
the attenuation map represents the attenuation values for a volumetric tissue sample with
approximately 2000 A-lines in the x direction, 200 frames in the y-direction, and approximately
2000 pixels per A-line in the z-direction. Thus, each cross-sectional OCT frame (i.e., the dotted
blue frame shown in the bottom right) contributes to a single horizontal line of attenuation data in
the attenuation map (i.e., the dotted blue line on the attenuation map). To obtain the attenuation
values for each pixels, we take the data from approximately 300 A-lines and average them laterally.
Then, we fit the averaged intensity data to obtain an attenuation data, and shift the averaging
window laterally by approximately 30 A-lines (i.e. moving from the magenta to the bright red
rectangle). The fitting process is repeated, until we obtain approximately 50 attenuation data points
for each cross sectional OCT frame. Figure is modified from materials in Kut ez al., Detection
of human brain cancer infiltration ex vivo and in vivo using quantitative optical coherence
tomography. Science translational medicine, 7(292), 292ra100-292ra100 (2015). Reprinted
with permission from AAAS.

To extract the optical attenuation coefficient using Equation (1), we need to solve the
equation with 3 unknowns (k, u: and uss) and a function 4(z). However, multi-parametric fitting is

extremely difficult and often results in large errors in the estimation of the unknowns.
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In order to overcome the challenges of multi-parametric fitting, a method (68) was
introduced in 2013 which removes the influence of the depth-dependent effects of the beam
profiles h(z). Furthermore, this method allows users to accurately assess the y; coefficient while
removing the influence from the other two unknowns (k and uss). This method is summarized as
follows in the following paragraphs.

First of all, gelatin phantom is embedded with silicon dioxide (SiO2) nanospheres with an
average diameter of 180 + 20 nm and a pre-specified concentration. Since the diameter of the
nanospheres are significantly smaller than the wavelength (at 1310 nm), the Rayleigh theory can
be used to estimate the optical attenuation coefficient (u/) of the silicon oxide phantom(69).

As an example, we estimate the following parameters for a silicon oxide phantom with 180
nm diameter nanospheres and a concentration of 50 mg/mL in the laboratory setting:

Averaged diameter of the nanospheres (2a) = 180 nm

Wavelength in vacuum () = 1310 nm

Refractive index of the nanospheres (ns) =1.45 @ 1300 nm for SiO>
Refractive index of the background (np) =1.32 @ 1300 nm for H,O
Specific weight of nanosphere (ps) =2.648 g/cm® for SiO»

Concentration of nanospheres by weight (C) = 50 mg/mL = 50 mg/cm?
Using these parameters, we can predict the propagation constant (k) in the background
medium, relative refractive index (n1), polarizability (o), scattering cross section (c), mass of
sphere (m) and the number density of scatterers (Ns) by the following equations (69):

2nn
p=—7=63311x10°m™"

n
Npep = n—z = 1.0985
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= 4.6984 * 10723 m3
(n72”el + 2)

1
os = 8m* kp *|a|* * (§) = 29713 107" m?

4
M= pgx ox Tk a® = 7.5364 x 107> gram

C
N, = — = 6.6345 * 1018 ;3
m

Finally, the attenuation coefficient (L) is the sum of the absorption coefficient (na) and the
scattering coefficient (us). Using the above parameters and estimating the absorption coefficient
of water to be 0.135/mm, we can compute both the scattering and attenuation coefficients to be:

g = og* Ng = 0.197 mm™!
e = Pg+ Mg =0.197mm™1 +0.135 mm™! = 0.3 mm™!
As a result, we have computed the attenuation coefficient to be approximately 0.3 mm™ for a
silicon oxide phantom with an averaged diameter of 180 nm and a concentration of 50 mg/mL
using the Rayleigh theory. Notably, the Rayleigh theory is only applicable if the diameter of
nanospheres is significantly smaller than the laser source wavelength. Additional simulations using
the Mie theory gives compatible estimates of the optical attenuation results as shown in the above
example. Based on previous calibration studies, the attenuation coefficient of the silicon oxide
nanospheres matched very well with both Rayleigh and Mie theory predictions (/8).
As a result, the attenuation coefficient for the phantom can be accurately calculated using

the aforementioned formulas and simulations. Recall from Equation 1 that the OCT intensity
signal can be characterized by /(z) = k/u,, e ** h(z). By normalizing the OCT signal from the

tissue sample Ip(z) with the one from the silicon oxide phantom I,(z), the attenuation coefficient
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b for each section from biological sample can be efficiently and accurately calculated by linear

regression using the following equation:

In 1,(z)

1,(2)

=C+(1ut7p_lutib)*za (2)

where /5(z) and /,(z) are the averaged OCT signal values of the biological tissue and phantom at a
depth z (in mm), and C'is a depth-independent constant. u; ,and u » are the attenuation coefficients
of the phantom and biological tissue, respectively (66, 68).

To summarize, the phantom calibration method allows the user to accurately and
expediently extract the attenuation coefficient without the need for multi-parametric fitting. Since
the phantom construction and calibration steps can be performed prior to the imaging procedure,
this method is ideal for in vivo intra-operative application which requires high-speed and often

real-time computation of a tissue’s optical attenuation properties.

SECTION 4: COMPARISON OF THE FOURIER DOMAIN, LOG-
AND-LINEAR, AND EXPONENTIAL FITTING METHODS

As demonstrated in Equation 1, the optical attenuation coefficient is generally calculated by
assuming a single scattering model, i.e. the exponential decay of light intensity in a homogeneous
tissue sample along depth. Traditionally, the attenuation coefficient is obtained by using one the
following two fitting methods: 1) an exponential fitting method (EF), which is very accurate but
time-consuming as it involves an iterative computational step; and 2) a log-and-fitting method (LF)
as shown in Equation 2, which first takes the natural log of the OCT signal profile and then
performs linear fitting of the resulting dataset. This method is fast, but more prone to the effects
of multi-scattering if the tissue is heterogeneous and/or highly scattering. As a result, a novel

frequency domain (FD) method was developed to enable fast and robust characterization of the
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attenuation coefficient, especially for in vivo clinical applications where the tissue surface is

uneven and subject to motion artifacts (70).

After some algebra and Fourier transforms, the optical attenuation coefficient can be
derived from Equation 2 by comparing the amplitude of any two harmonic coefficients in the
frequency domain. For example, the optical attenuation can be calculated by taking the ratio of the

DC component with the first harmonic coefficient,

2 2
|F(r=0)] ’K + (Utp— ﬂt,p)
B = = (3)

|F(K= 2 (Ut — Uep)

N ~Az) |

where « is the spatial frequency, 4z is the pixel size along depth, and N is the total number of data points
(i.e. pixels) for each A-line. This FD method originated from the frequency domain method used to
compute fluorescence lifetime in the microscopy field (77), and has been modified for the purposes of this
dissertation. For discrete time sampling, the A-line data can be described (as opposed to /(z) when there is
continuous time sampling). In this scenario, the amplitude of any harmonic coefficients (denoted by the

order m) can be computed by the following

F(k =mx*wg) =[N3 (n- Az) e” " ™*22hy [(n - Az) | (4)

where wy = 2m/(N - Az) is the fundamental spatial frequency, and n = 0 to N — 1 denotes the
sequential index for the A-line data by I(n - Az) during discrete time sampling.

As aresult, we can obtain the relative attenuation coefficient term, u; , — p;,, using Equations 3
and 4. Since the phantom attenuation coefficient u; ,, is known, we are able to reliably and quickly extract
Ut b, the optical attenuation coefficient for biological tissues.

Additional studies have also been conducted to compare the performance of the frequency domain
(FD) method versus the exponential fitting (EF) and log-and-linear fitting (LF) methods (70). In terms of
speed, a benchmark test was performed using a dataset with approximately 524,000 A-lines (2048 Alines
per frame x 256 frames). As shown in Figure 2A, the FD method and LF method have comparable
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computational speeds, as both methods are able to process 524,000 A-lines in under 1 second using CPU-
based Matlab programming (i.e., without GPU programming). Both FD and LF methods are significantly
faster than the EF method, which takes approximately 22 times longer to process an idential dataset.

In terms of robustness, the FD method is found to be more robust against multi-scattering when
compared with the LF and EF methods. While all the equations presented in this section have assumed a
single scattering model, it is necessary to understand that multi-scattering occurs in real-life conditions.
Generally speaking, the probability of multi-scattering increases when 1) the tissue is heterogeneous in
nature; 2) when the tissue has a high attenuation coefficient; and 3) when the attenuation coefficient is
computed using a larger fitting length (along the z-direction). As shown in Figure 2B & C, the fitting
methods were compared against one another for their robustness against multi-scattering(70). A silicon
oxide phantoms were used for this study. Three different regions of interests were selected based on their
attenuation results (which are approximately 3 mm™, 5§ mm™, and 7 mm, respectively). When the region
of interest has low attenuation (at 3 mm™), all three methods (FD, LF and EF) seemed to be equally robust
against multi-scattering as the fitting length increases along the z-direction. When the region of interest has
a medium attenation (at 5 mm™), the LF method becomes susceptible to the effects of multi-scattering and
exhibited large fluctuations in its attenuation estimates as the fitting length increases. In contrast, the EF and
FD method remains fairly robust against the multi-scattering effects as the fitting length increases. Finally,
when the region of interest has a high attenuation (at 7 mm™), the LF method suffered a 35% reduction in
its estimation of the the attenuation coefficient at a fitting length of 1200 data points. In comparison, the FD
method experienced a 20% reduction in its estimation of the attenuation coefficient, while the EF method

remains the most robust against multi-scattering effects.

Finally, we evaluated the robustness of the 3 methods when the tissue surface detection is
inaccurate. As shown in Figure 2B, we displayed the averaged intensity signal I(z) for a region of
interest with approximately 3 mm™ attenuation when the tissue surface is detected accurately (i.e.
the blue line) and again when the tissue surface detection is incorrectly detected (i.e. the magenta
line as shown in the image). When the tissue surface detection is incorrect, Figure 2D
demonstrated how both the EF and LF methods suffers by exhibiting large errors in their estimation
of the attenuation coefficient. In fact, even negative attenuation coefficients were found with both

the EF and EF methods when the surface detection is incorrect. In contrast, the FD method is
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considerably more robust and produced attenuation coefficients which are much closer to its true
value at 3 mm™'. As a result, the FD method is desirable for in vivo and high-speed applications,
where the experimental subject often undergoes complex motions as a result of respiratory motions
heartbeat and other voluntary or involuntary bodily movements.

As a matter of fact, we predicted that the FD method will provide more reliable results when the tissue
surface detection is inaccurate. Since our derivations assume a single scattering model, we can get the
depth-dependent OCT signal with a single exponential decay by dividing the sample OCT signal /y(z) with
the reference phantom OCT signal 7,(z) in Eq. (2):

In 1,(z)

1,(2)

= C+(:Ut7p _lutib)*za

S
where C = /ﬂbs/llr is a constant, i = U3, — Ui, 1S the attenuation coefficient, and z is the
bs

depth. To derive u, we can calculate the Fourier transform of Eq. (4):

c

)
where « is the frequency in space. The optical attenuation coefficient pcan be derived by

comparing the DC component with the module of first harmonic coefficient, i.e.

IF(k=0)| _ JKkZ+u?
F=gz|  n

(6)

where 4z is the pixel size along depth and N is the total number of data points (i.e. pixels) per A-
line. When the sample surface is not correctly detected, it equivalents to a spatial shift in z and the
corresponding Fourier transform of Eq. (4) is:

e~ Uktu)zo (7)

RO =[0G ethrhr gy = €

To derive the optical attenuation coefficient ¢ by comparing the DC component with the module
of first harmonic coefficient of Eq. (7), we can reach the same result as Eq. (6). Thus, we find that
in theory, FD method gives robust results even if surface detection is inaccurate.
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Figure 2. (A), CPU time required to process a dataset with approximately 2048 A-lines/frame *
256 frames using the Fourier domain (FD), linear fitting (LF), and exponential fitting (EF)
methods. (B), representative OCT averaged intensity signals I(z) with high (black line), medium
(red line) and low (blue line) attenuation coefficients. Magenta line shows the same 1(z) at low
attenuation coefficient (blue line), but with incorrect tissue surface detection. (C) and (D), using
the same averaged intensity signals as shown in (B), the attenuation coefficients were calculated
using the FD (rectangles), EF (circles) and LF (triangles) methods as the fitting window length
(i.e. the number of data points in the z direction) increases. Figure and figure legends originally
published by Wu Yuan, Carmen Kut, Wenxuan Liang & Xingde Li (2016). Ultrafast and
robust characterization of OCT-based optical attenuations using a novel frequency-domain
algorithm. Biomedical Optics Express (To be submitted).

SECTION 5:
ADDITIONAL ALGORITHMS FOR IN VIVO IMAGING

In order to reliably extract optical attenuation coefficients in in vivo surgical applications, there are
several major challenges to overcome: 1) the uneven topology of the in vivo brain (as opposed to
the flat surface of sectioned ex vivo tissues in the laboratory); 2) the presence of blood pooling on
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top of the tissue surface during the resection procedure; 3) the presence of aliasing artifacts due to
the limited imaging depth of the OCT imaging system; and finally, 4) the need for real-time and

intuitive display of the optical attenuation data throughout the surgical resection procedure.

To overcome the uneven topology of the in vivo brain, a peak detection algorithm is
implemented to automatically analyze the OCT signal profile and identify the tissue surface along
the x-direction. Additionally, the algorithm also needs to be optimized for the identification
between the blood and tissue layers during surgical resection. Figure 3 illustrates how the peak

detection algorithm overcomes the uneven topology and the presence of blood on the brain surface.

Furthermore, the uneven topology of the brain surface also led to the presence of aliasing
artifacts, which were produced when the upper part of the brain surface moves outside of the OCT
imaging depth (which is 1.8 mm in the cabinet-based FDML SS-OCT system, and 6 mm in the
suitcase-sized K-clock SS-OCT system). When this occurs, the upper part of the brain surface will
appear “folded” into the image after OCT signal processing (involving fast Fourier transform, or
FFT). In those cases, the artifacts do not reflect the true optical property of the tissue and should

be cropped out of the image. Figure 4 provides an example of aliasing artifact in in vivo mice.
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Figure 3. Automated peak detection algorithm to separate diluted blood from brain tissue
signals. During surgical resection in vivo, we applied saline solution to dilute the blood pool
accumulated within the resection cavity. (A) The resulting cross-sectional OCT image. (B) The
corresponding OCT signal for an axial-line (A-line). In this study, an automated peak detection
algorithm was implemented to distinguish between the diluted blood (red arrows) and the tissue
signals (green arrows) along the same A-line. Figure and figure legends are originally from Kut
et al., Detection of human brain cancer infiltration ex vivo and in vivo using quantitative
optical coherence tomography. Science translational medicine, 7(292), 292ra100-292ra100
(2015). Reprinted with permission from AAAS.
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Figure 4. Aliasing Artifacts during in vivo imaging of brain tumor in mice. Aliasing artifacts
are produced when the brain topology is so uneven such that the upper portion of the brain is
“folded” back into the image since it is outside of the OCT imaging depth.

Finally, we need to provide a real-time and intuitive display of the optical attenuation data.
Given the time and safety consideration in the operating room, it will be impossible for the surgeon
it down and carefully study the numerical data for each image pixel before making his/her surgical
decision. To combat this challenge, we have developed a novel optical property mapping method

to provide real-time, color-coded and intuitive visual cues to the surgeons continuously throughout
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the surgical resection procedure. Using this optical property mapping method, the cancer tissues
will be displayed in red and the non-cancer white matter will be displayed in green. Infiltrative

areas, on the other hand, will be displayed as yellow.
The optical mapping protocol is described as follows:

First, the OCT imaging system scans a three-dimensional brain region at a volume of
approximately 8 mm? per scan. Over 524,000 A-lines are collected for each OCT dataset obtained

(at 2048 A-lines per frame X 256 frames).

Secondly, the OCT signal profile is averaged laterally (in the x-direction) with a window
of approximately 300 A-lines (i.e. ~0.3 mm in the spatial coordinates) and a step size of
approximately 30 A-lines (i.e. ~0.03 mm in the spatial coordinates). Since the y resolution is
defined by the number of cross-sectional frames obtained (i.e., 256 frames for a 2-mm span) and
the z resolution is defined by the OCT imaging depth (i.e., 1.8 mm in tissue), the three-dimensional
resolution of the optical mapping method is therefore 0.03 mm X 0.008 mm X 1.8 mm for the

scanned volume (in the x, y and z dimensions, respectively).

Thirdly, the OCT data undergoes additional processing to combat the effects of brain
motion, blood flow, and uneven tissue surfaces in in vivo applications. For example, thresholding
and peak detection algorithms can be implemented to pinpoint the beginning depth of the tissue
surface and to ignore the presence of blood pooling on top of the tissue surface. These algorithms
are sequentially performed on the averaged OCT signal profiles (each representing approximately
300 A-lines of the OCT imaging data). After optimization, the beginning depth for each averaged

OCT signal profile is recorded in terms of its pixel coordinates along the z direction.
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Next, the phantom calibration technique is applied using a pre-recorded dataset obtained

from a silicon oxide with known nanospheric diameter and concentration.

Then, fitting methods are applied to extract the attenuation coefficient from the averaged
OCT signal profiles. Generally speaking, the fitting method is not applied to the entire length of
the OCT signal profile (in the z direction). Rather, a fitting length (e.g. 400 to 800 pixels) is

specified to minimize the computational time and also to reduce the effects of multi-scattering.

Finally, the program will output an en face attenuation matrix (with 52 x 256 pixels in the
x and y directions). Each of the pixel values in this matrix represents the attenuation coefficient
for the OCT signal profile located at the specific x and y coordinates. Using this matrix, a pseudo-
colormap can be generated where cancer is coded in red, non-cancer white matter is coded in green,

and infiltrative cancer margins are coded in yellow.

Figure 5 summarize the general protocol required to generate an optical property map for
a volumetric OCT dataset. With GPU CUDA-based programming, it is possible to accomplish all

of the above steps in approximately 1-2 seconds for the entire dataset.
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Figure 5. Protocol used to generate an optical property map for an ex vivo, freshly resected human
brain cancer tissue. The OCT hardware is capable of acquiring up to 220,000 A-lines per second
(after double buffering). Generally, up to 110 — 220 cross-sectional OCT frames are obtained per
second from the three-dimensional tissue sample. Once a 3D dataset is obtained, data processing
steps include phantom calibration and fitting, speckle suppression and blood and motion detection.
If GPU-based CUDA programming is implemented, the C++ based software is capable of
acquiring the en face attenuation map at a speed of 0.0025 seconds per frame, i.e. around 1.2 to
2.3 seconds per 8 — 16 mm? tissue block. Figure is modified from materials in Kut et al.,
Detection of human brain cancer infiltration ex vivo and in vivo using quantitative optical
coherence tomography. Science translational medicine, 7(292), 292ra100-292ra100 (2015).
Reprinted with permission from AAAS.

SECTION 6:
MATLAB CODE FOR OPTICAL PROPERTY MAPPING

For OCT software development, the MATLAB platform is generally used for debugging and code

optimization before any new algorithms are introduced to the stable version in C++.
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Figure 6 describes the overall workflow for the home-built MATLAB optical property
mapping software. First, the software reads the raw OCT dataset and performs fast Fourier
transform. If a FDML imaging system is used, the software will also need to perform an extra
calibration step which maps all the data uniformly onto the K-space (i.e., by tracking the extrema
values of the calibration signal captured by the Mach-Zehnder interferometer). Then, a core
function is used to synchronize the data flow among different functions. First, the imaging
parameters are specified prior to data processing. Then, different algorithms are implemented for
tissue surface detection, removal of blood artifacts, phantom calibration and finally fitting and
extraction of the optical attenuation coefficients. Finally, the processed dataset and the resultant
attenuation matrix is returned to the core function, which performs the final step in the protocol:
generating a pseudo-colormap for the attenuation matrix (known as the optical property map). The
map is then graphically display in MATLAB. The imaging parameters, processed data, attenuation
map and optical property maps are subsequently saved and stored in the Windows or OS based

operating system.

The MATLAB software is generally used for debugging and code optimization for several
reasons: (1) MATLAB has excellent documentation support and built-in functions for handling
large data matrices and images; (2) MATLAB facilitates the debugging process by enabling the
user to perform benchmark tests and output the value of any variables in the midst of data
processing; (3) MATLAB has excellent graphical capabilities which enables mapping, display and
storage of the color-coded optical property map with minimum coding necessary. Nevertheless,
MATLAB has a major disadvantage as it suffers from long computational times and cannot be
readily used for real-time applications. For example it generally takes about 100 — 200 seconds to

obtain the attenuation map from a standard volumetric OCT dataset using the MATLAB platform,
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but only about 1 — 2 seconds using the C++ platform. In addition, it will not be feasible to acquire,
process, display and store all OCT data in real-time using the MATLAB platform, especially in
conjunction with a graphical user interface (GUI) and other additional algorithms (e.g. Doppler
and en face mapping). For this reason, any new algorithms are eventually translated onto the C++
platform, where a stable release of the OCT software is generated and updated periodically

throughout the code development process.

Data acquisition

Core function synchronizes data flow among different
functions

Run algorithms for tissue surface detection, phantom
calibration, and fitting of attenuation coefficients

Core function outputs a color-coded optical property map

Figure 6. Workflow of the MATLAB software for optical property mapping.

SECTION 7: C++ CODE FOR OPTICAL PROPERTY MAPPING

The final section of this chapter discusses the C++ code for optical property mapping.
There are three major differences between the MATLAB and C++ versions. First of all,
the C++ platform contains a considerably larger software architecture which also houses other

OCT imaging modules including Doppler imaging and en face imaging. Secondly, the C++
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platform is linked to the OCT hardware and acquires data in real-time (as opposed to the MATLAB
platform where pre-recorded OCT datasets are fed into the software for post-processing); and
thirdly, GPU-based CUDA programming must be implemented to maintain the computational
speed of the C++ software. Currently, the OCT hardware is capable of acquiring, processing,
displaying and storing data in real-time in approximately 1 to 2 seconds for each 8-16 mm?® tissue
block. As a result, the optical mapping algorithm must operate at an equal or faster speed to
maintain the same level of computational efficiency.

Figure 7 describes the overall workflow for the home-built C++ code for optical property
mapping. First, we take advantage of the existing OCT software architecture which already
calibrates and performs fast Fourier transforms on the raw OCT dataset by default. If the user
selects the attenuation module, the data will then be automatically transferred from the central
processing unit (CPU, or “host”) to the graphical processing unit (GPU, or “device”) for CUDA
programming. It should be noted that large chunks of data (e.g. 10,000 to 20,000 A-lines) should
be transferred to the GPU at a time, as it takes a relatively long time to complete each CPU-GPU
transfer. Once the transfer is complete, several CUDA functions are performed (e.g. averaging the
OCT signal laterally for speckle suppression, tissue surface detection, phantom calibration, data
fitting and finally, the extraction of the attenuation coefficient). For each of these CUDA function,
the data is divided into hundreds and thousands of smaller sub-segments (e.g. 30 A-lines), which
are then sent to different threads of the GPU for simultaneous computation of simple operations
such as averaging, taking the natural log, or performing a linear fit. Then the results from these
multiple threads are integrated once again to form the en face attenuation matrix (at 52 attenuation

values per frame x the number of frames passed to the GPU at a time). Finally, the en face
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attenuation matrix is transferred back to the CPU where the optical property map is computed and

shown on a display device controlled by OpenGL on the graphical user interface (GUI).

Data acquisition

CUDA functions to average the OCT signal laterally, detect the tissue surface, and
perform phantom calibration and fitting algorithms

to extract the attenuation coefficient.

Figure 7. Workflow of the C++ based optical property mapping algorithm

SECTION 8: SUMMARY

In this chapter, we first described the overall software architecture designed for the OCT imaging
system. Then, we focus on the theory and mathematics used to obtain the optical attenuation
coefficients for brain cancer applications. Finally, we discussed the algorithms used to process

and display the attenuation using both the MATLAB and C++ platforms.
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CHAPTER 4: A SYSTEMATIC STUDY OF

EX VIVO HUMAN BRAIN CANCER

SECTION 1: OVERVIEW

In this chapter, we investigated the potential of OCT for label-free imaging of human brain cancer
in a systematic study with 32 patients and over 4,600 data points (66, 72). First, we established a
set of optical attenuation parameters and statistically analyze a training dataset (with 16 patients)
to establish a diagnostic threshold for pathologically confirmed cases of brain cancer. Then, we
applied this diagnostic threshold in an independent double-blinded study (with another 16 patients)
to identify the OCT detection sensitivity and specificity. Finally, we constructed a color-coded
map from the ex vivo dataset in order to offer direct visual cues to the neurosurgeons for real-time

detection of cancer versus non-cancer at high resolution.

SECTION 2: EXPERIMENTAL DESIGN

As demonstrated in Figure 1, the purpose of this systematics study is to evaluate the feasibility of
OCT in distinguishing cancer from non-cancer for patients undergoing brain surgery (66, 72). As
the first step, freshly resected ex vivo human brain tissues were identified and resected using MRI-
guided surgical navigation for patients with low-grade (grade II glioma) and high-grade (grade IV
glioma, or glioblastoma, GBM) brain cancers. Two-dimensional OCT cross-sectional images (in
the x and z directions) were then acquired over the three-dimensional tissue sample ex vivo at a
uniform interval of 0.5 mm (in the y-direction) using one of the two swept-source OCT (SS-OCT)

imaging systems. Each cross-sectional image was then divided into 3 sub-sections to obtain 3
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different attenuation data points. After imaging, the tissues were sent for histological processing

and were reviewed by a pathologist for validation of the brain tissue type and cancer grade.
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Figure 1. Study design to differentiate cancer versus non-cancer with OCT. We recruited 37
patients for this study, generating over 4670 data points. (B) Brain cancer samples were obtained
from cancer core (red arrow), infiltrated zone (orange arrow), and resection margin (green arrow)
during surgery. (C) Tissues were marked with yellow dye (at the 1% scan line) for imaging
registration. Cross-sectional OCT imaging of the tissue was then performed along dotted lines.
The depth-dependent OCT signal profiles were acquired over different, relatively homogenous
regions and analyzed to obtain the optical attenuation values for differentiating cancer versus non-
cancer samples. Results showed that OCT signal profiles (curves) and the tissue attenuation values
(slope of the curve) differed among cancer core (red), infiltrated zone (orange) and non-cancer
resection margin (green). After OCT imaging, tissues were prepared for histology and evaluated
by a neuro-pathologist. (D) Based on the OCT data, optimal attenuation thresholds and receiver
operating characteristics (ROC) curves were determined using brain tissues in the training dataset.
Using these parameters, a validation dataset was recruited to establish the OCT sensitivity and
specificity in identifying cancer versus non-cancer using a double-blinded procedure. (E) To
facilitate potential intra-operative use, a 3D volumetric reconstruction of the OCT images was
generated with an overlaid color-coded attenuation map of the ex vivo human brain tissue. Figure
and figure legends are originally from Kut ez al., Detection of human brain cancer infiltration
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ex vivo and in vivo using quantitative optical coherence tomography. Science translational
medicine, 7(292), 292ra100-292ra100 (2015). Reprinted with permission from AAAS.

For the purposes of this study, more than 1450 data points were acquired from the training
dataset with 16 patients (i.e., 9 high-grade, 2 low-grade, and 5 non-cancer) (66, 72). The data from
this training set is used to establish an optimal diagnostic threshold which can differentiate brain
cancer from non-cancer (white matter) based on the optical attenuation properties of imaged tissue.

Once the optimal diagnostic threshold is established, we perform a separate, double-
blinded study in a validation dataset with another 16 patients (7 high-grade, 9 low-grade) and over
3200 data points to establish the OCT detection sensitivity and specificity (using the diagnostic
threshold as determined by the training dataset).

In other words, we have acquired a total of 4675 data points from a total of 32 patients (16
high-grade, 11 low-grade, 5 non-cancer) for a systematic and quantitative analysis of human brain
cancer tissues. Finally, 5 additional patients were imaged which included the attenuation analyses
for 3 grade III glioma patient, and OCT-histology correlations for 2 additional grade IV glioma
patients for OCT-histological correlations. In total, 37 patients were imaged and were assigned to
the different datasets (e.g. training versus validation) serially based on the date of the surgery.

Table 1 summarizes the patient characteristics for all 37 patients recruited for this study
(66, 72). These patient characteristics included age at surgery, sex, race, diagnosis, treatment, age
at diagnosis, brain cancer location, and the recruited category. Notably, patients with grade I
gliomas were excluded from this systematic study because of its distinct nature from other glioma
grades; while grade II-IV gliomas are incurable brain cancers which are extremely aggressive and

infiltrative in nature, grade I gliomas are typically non-infiltrative and is generally curable.
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# Ageat Sex Race Diagnosis Treatment Age at Cancer location Recruited
surgery diagnosis category
1 60 M C Seizure New 60 Temporal T
2 21 M C Seizure New 21 Temporal T
3 23 M C Seizure New 23 Temporal T
4 23 F AA Seizure New 23 Temporal T
5 32 F AA Seizure New 32 Temporal T
6 41 M \W Grade 11 New 41 R temporal T
7 23 M W Grade II New 23 R frontal T
8 54 M W Grade IV New 54 R temporo- T
parietal
9 24 M O Grade IV New 24 L occipital T
10 27 F \W% Grade IV New 27 L frontal T
11 51 F \W% Grade IV Recurrent 51 R temporal T
12 41 F w Grade IV~ Recurrent 41 L occipital T
13 74 M O Grade IV New 74 R frontal T
14 47 M H Grade IV New 47 R parieto-occipital T
15 29 M W Grade IV~ Recurrent 25 R frontal T
16 75 M \W% Grade IV New 75 L frontal T
17 53 M W Grade II New 53 R frontal \Y
18 32 F \W Grade 11 New 32 L frontal v
19 41 F H Grade 11 New 41 L frontal A"
20 33 M O Grade II New 33 L temporo-parietal A%
21 70 F W Grade II New 70 R frontal \Y
22 39 M w Grade 11 Recurrent 20 R frontal \%
23 29 M W Grade II New 29 R frontal \Y
24 28 F W Grade II New 28 L temporal A%
25 36 M W Grade 11 New 36 R frontal A"
26 64 F H Grade 11 New 64 L frontal v
27 50 M AA  GradeIV  Recurrent 49 R temporal \Y
28 71 M O Grade IV New 71 R temporal A%
29 63 M AA  GradeIV  Recurrent 63 R frontal Vv
30 70 M W Grade IV New 70 L temporal \Y
31 73 M W Grade [V Recurrent 71 L temporo-frontal \Y
32 56 F O Grade IV New 56 R parieto-occipital A%
33 62 M O Grade IV New 62 R fronto-parietal OHC
34 80 M W Grade IV New 80 R frontal OHC
35 33 M " Grade III New 33 R perirolandic 111
36 32 M \W Grade 11T New 32 L frontal 11
37 31 F W Grade III New 31 R temporo- 111
occipital

Table 1. Patient characteristics. Thirty-seven patients were recruited for this study. M: Male, F:
Female, C: Caucasian, AA: African American, H: Hispanic, O: other, R: right, L: left, T: training
dataset, V: validation dataset, OHC: OCT-histology correlation and III: attenuation analyses for
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grade III glioma. Table and table legends are originally from Kut ef al., Detection of human
brain cancer infiltration ex vivo and in vivo using quantitative optical coherence
tomography. Science translational medicine, 7(292), 292ra100-292ra100 (2015). Reprinted
with permission from AAAS.

SECTION 3: IMAGING OF EX VIVO HUMAN BRAIN CANCER

For the ex vivo study, fresh human brain tissues were surgically removed from 37 patients and
scanned over a given volume to generate depth-dependent OCT signal profiles using the cabinet-
sized FDML swept-source OCT (SS-OCT) imaging system and a 12-mm diameter handheld
imaging probe (66, 72). Tissue attenuation values were estimated with the phantom calibration
method (39), where the averaged OCT signal profile from the human brain tissue sample is

normalized with the OCT signal from a silicon oxide phantom with known attenuation coefficients.

As demonstrated in the previous chapters, the cabinet-sized FDML SS-OCT imaging
system is capable of scanning up to 220,000 A-lines per second, or 110 - 220 frames per second
(assuming that 1000 — 2000 A-lines are captured for each cross-sectional frame). In other words,
our OCT imaging system took approximately 1 to 2 seconds to acquire, process, display and store

the raw OCT data and its associated attenuation results for an 8-16 mm? tissue block.

The default OCT field of view (FOV) is currently set to 8-16 mm?>. However, we can
significantly increase the field of view using a robotic translational stage. For example, Figure 2
demonstrates how a robotic translational stage can be used to increase the FOV by 4.5 times (from
8 mm? to 36 mm?) (66, 72). In fact, the FOV can increase even more by employing the use of a
high-performance and long-range robotic translational device. In our case, the FOV is actually
restricted by the size of the raw OCT dataset (which is currently at 2GB for each 8 mm? tissue

block, and can conceivably reach a data size at around 200 GB if the FOV is increased 100-fold).
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5.5 mm' threshold

Figure 2. Improved OCT field of view with robotic positioning. Expanded field of view (at 10
mm X 2 mm x 1.8 mm = 36 mm®) was conveniently demonstrated with the use of a robotic
translational stage for ex vivo imaging of a high-grade human brain cancer tissue block.
Corresponding histology is shown, with high cancer density. Scale bars, 0.5 mm. Figure and
figure legends are originally from Kut ef al., Detection of human brain cancer infiltration ex
vivo and in vivo using quantitative optical coherence tomography. Science translational
medicine, 7(292), 292ra100-292ral100 (2015). Reprinted with permission from AAAS.

Finally, an optimal attenuation threshold is established based on the attenuation results and
the corresponding histological validation of the imaged tissues. This threshold is established for
the identification of high-grade (i.e., grade IV) and low-grade (i.e. grade II) human brain cancer
with high detection sensitivity and specificity. Finally, OCT images were displayed in 3D and
overlaid with an en face, color-coded optical property map which reflects the attenuation properties

of the brain tissues. We will go over the methodology and results in detail in the following sections.
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SECTION 4: ACQUIRING HUMAN BRAIN TISSUE SAMPLES

For all of the 37 patients in the study, brain tissues were freshly resected from the patient using
standard neurosurgical techniques (which includes microsurgical dissection when necessary, and
the use of routine intra-operative surgical navigation). Tissues necessary for clinical diagnosis of
the patient were obtained and sent to the Pathology department. If there are any excess tissues
(which will otherwise be discarded in the course of surgery), these tissues will be sent to the
laboratory for research purposes.

Non-cancer tissue samples were obtained from control, non-cancer patients who underwent
surgery (i.e. temporal lobectomy) as part of seizure treatment. Tissue samples from high-grade and
low-grade brain cancer patients, on the other hand, were obtained from the cancer core and
infiltrated zone, as categorized by the neurosurgeon and later validated by a neuro-pathologist.
Finally tissues were also obtained from the resection margins of brain cancer patients which
showed normal pathology (i.e., less than 5% cancer cells based on visual estimate by the
neuropathologist). These resection margins from brain cancer patients were either obtained as part
of the planned trajectory to the cancer core, or were resected along the surgically defined margins

at the interface between infiltrated cancer and the normal brain.

SECTION 5: IMAGING PROTOCOL

As described in Chapter 2, a home-built cabinet-sized FDML SS-OCT system was used to image
all the ex vivo brain tissue samples obtained from brain cancer and control patients.

The ex vivo OCT imaging protocol can be described as follows. First, each tissue sample
was freshly obtained from the operating room and immediately sent to the laboratory for imaging.

Then, each tissue was re-sectioned into flat, homogeneous samples at approximately 50 mm? per
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sample. For histological registration and correlation purposes, the tissue surfaces were marked
with a 3-mm line using a yellow margin marking dye (MasterTech). After the yellow dye is affixed
onto the tissue surface, a cover glass was carefully placed on top of the tissue surface to prevent
dehydration of the tissue and also to flatten the tissue surface. The tissues were then kept in a 4°C
refrigerator until it is time for imaging.

To begin the imaging procedure, the tissue sample is first transferred onto the imaging
stage. Then, an infrared sensor card was used to align the OCT infrared imaging beam onto the 3
mm yellow line on the tissue. This marked our first OCT scan line and the first two-dimensional,
cross-sectional (B-scan) OCT image was obtained in the x and z directions. Afterwards, the
translational stage was moved manually such that cross sectional images can be acquired at 0.5
mm intervals along the horizontal plane in the y direction using the C++ based, home-built OCT
imaging software. Finally, the OCT imaging data was stored digitally in a computer for image
post-processing and attenuation analyses. Notably, the real-time optical mapping algorithm (which
is developed in 2014) was not implemented for the purposes of this systematic study. This is
because the systematic ex vivo study started in 2011, several years before the real-time optical
mapping algorithm was developed. However, we will discuss the results of the real-time optical
mapping algorithm in the later sections of this chapter.

At the end of the imaging session, the tissue samples were placed in 10% neutral buffered
formalin overnight. After formalin fixation, the tissue samples were then transferred to a phosphate
buffered saline (PBS) solution and re-sectioned at the first OCT scan line (yellow line) for

histological processing and correlation.
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Each of the resulting histological slides contained multiple 5-pm thick H&E-stained tissue
samples sectioned at an interval of 0.5 mm per slide, and bears a close correspondence to the
location and orientation of the OCT cross-sectional images. A neuropathologist reviewed the
histological slides and allocated each tissue sample to one of three categories (cancer core,

infiltrated zone, and non-cancer).

SECTION 6: TRAINING DATASET - OPTICAL ATTENUATION
DIFFERENCES BETWEEN CANCER AND NON-CANCER

After imaging, the attenuation results are obtained using the following protocol. First, the depth-
dependent OCT signal profiles are quantitatively analyzed. Each OCT image is divided into 1 to
3 sections depending on the tissue features and characteristics, such that each section roughly
consists of a homogeneous tissue region. Then, the optical attenuation value was computed using
the phantom calibration method (68) and other processing techniques as described in the previous
section (66, 72). After processing, the attenuation coefficients for the brain tissues were divided
into several categories for statistical analyses. These categories include cancer core, infiltrated
zone and resection margin for tissue samples obtained from cancer patients, and non-cancer

samples obtained from control patients. The results are described as follows:

First, let us study the attenuation results from the training dataset. Freshly resected ex vivo
human brain tissue samples from 16 patients (i.e. 9 high-grade, 2-low-grade and 5 non-cancer)
were characterized to establish the differences in optical attenuation between brain cancer and non-
cancer white matter (66, 72). To ensure that the grouping of cancer and non-cancer tissues is
accurate, the diagnosis of all cancer versus non-cancer tissues were first confirmed with

histological validation by a neuro-pathologist.
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As shown in Figure 3A, there was little to moderate overlap in the distribution of optical
attenuation values between cancer and non-cancer white matter (66, 72). There is a 9% overlap
between high-grade infiltrated zone and non-cancer white matter, versus a 33% overlap between
high-grade cancer core and non-cancer white matter. Similarly, there is a 6% overlap between low-
grade infiltrated zone and non-cancer white matter, versus a 37% overlap between low-grade

cancer core and non-cancer white matter.
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Figure 3. Establishing the optical attenuation threshold for high-grade and low-grade brain
cancers in patients. The histogram distribution (A), the diagnostic sensitivity/specificity (B), and
the optimal attenuation threshold (C) for both cancer core and infiltrated zone in tissue blocks
freshly resected from 9 high-grade, 2 low-grade and 5 control patients within the training dataset.
At the 5.5 mm! optical attenuation threshold, maximum sensitivity was achieved while
maintaining at least 80% specificity for differentiating cancer versus non-cancer tissues in cancer
core and infiltrated zone. Figure and figure legends are originally from Kut et al., Detection of
human brain cancer infiltration ex vivo and in vivo using quantitative optical coherence
tomography. Science translational medicine, 7(292), 292ra100-292ra100 (2015). Reprinted
with permission from AAAS.
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On the overall, brain cancer tissues (including both cancer core and the infiltrated zone)
were found to have lower attenuation values when compared with the surrounding non-cancer
white matter. Table 2 summarizes the attenuation data for the different tissue types and cancer
grade (66, 72). For the comparison between high-grade brain cancer and non-cancer patients, the
average optical attenuation value of non-cancer white matter (at 6.2 mm™') was significantly higher
than the attenuation value of the infiltrated zone (at 3.5 mm™') and of the cancer core (3.9 mm™).
Similarly, for the comparison between low-grade brain cancer and non-cancer patients, the average
optical attenuation value of non-cancer white matter (at 6.2 mm™') was significantly higher than
infiltrated zone (2.7 mm™), but not significantly higher than cancer core (4.0 mm').

However, no significant differences were found for the attenuation values in low-grade
versus high-grade patients in both the infiltrated zone (i.e., at 2.7 £ 1.0 in low-grade versus 3.5 +
0.8 in high-grade; p = 0.45) and in the cancer core (i.e., at 4.0 = 1.4 in low-grade versus 3.9 + 1.6
in high-grade; p = 0.94). The p-values are computed using Welch’s t-test, which is an adaptation

of the student t-test but assumes unequal variance between the 2 samples.

SECTION 7: TRAINING DATASET - SETTING AN
OPTIMAL DIAGNOSTIC ATTENUATION THRESHOLD

Next, we perform a systematic, quantitative analysis on the data in the training dataset with 16
patients (i.e., n = 16) to establish an optimal diagnostic attenuation threshold which can be used to
distinguish between brain cancer and non-cancer white matter.

As demonstrated in Figure 3A, the distribution of optical attenuation coefficients for non-
cancer, cancer core and infiltrated zone tissue samples were grouped into binned histograms at 0.5

mm!/bin for high-grade and low-grade cancers (66, 72). To find the attenuation threshold, we
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estimated and plotted the sensitivity and specificity for each of these categories which were
published in Figure 3B for the detection of brain cancer versus non-cancer white matter (66, 72).
Finally in Figure 3C, we obtained the estimation for the sensitivity/specificity values when the
diagnostic threshold is set to different attenuation values (i.e., over an attenuation range of 0-10
mm! evaluated at step intervals of 0.1 mm™) for both high-grade and low-grade brain cancer
tissues (66, 72).

Based on the results, we determine the optimal attenuation threshold to be the threshold

value which yielded maximum sensitivity while maintaining at least 80%specificity.

Tissue n Attenuation P-value
mean £ SD (mm™!)  (vs. non-cancer tissue)

Control patients (seizure)
Non-cancer white matter 5 62+0.8 N/A

High-grade cancer patients

Cancer core 9 39+1.6 0.002
Infiltrated zone 3 35+08 0.004
Non-cancer resection margin 4 7.1+1.0 0.902

(white matter)
Low-grade cancer patients
Cancer core 2 40+£14 0.120

Infiltrated zone 2 27+1.0 0.037

Table 2. Attenuation data in the training dataset for patients with high- and low-grade brain
cancer. Quantitative attenuation values are provided for 16 patients in the training set (9 high-
grade, 2 low-grade, 5 control). P-values were calculated using two-sample, one-tailed Welch’s t-
test based on the hypothesis that non-cancer white matter has higher attenuation. Table and table
legends are originally from Kut ef al., Detection of human brain cancer infiltration ex vivo
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and in vivo using quantitative optical coherence tomography. Science translational medicine,
7(292), 292ra100-292ra100 (2015). Reprinted with permission from AAAS.

Now, let us take a look at the results (66, 72). Based on the training set, we determined the
optimal threshold attenuation value. There are different criteria we can use to determine the
optimal threshold attenuation value. For example, one common criteria is to find the threshold
value which yields the highest sum of sensitivity and specificity. For brain cancer applications,
however, surgeons value specificity over sensitivity as inadvertent resection of the normal brain
(especially in eloquent areas such as the speech and motor areas) will have tremendous negative
consequences to the patient’s prognosis and quality of life. As a result, here, we choose to adopt a
criteria which ensures that the optimal diagnostic threshold will be able to achieve at least 80%
specificity, while yielding the highest sensitivity. Consequently, we find this optimal attenuation
threshold to be 5.5 mm™. Even though the optimal attenuation threshold was evaluated
independently for high-grade versus low-grade brain cancer patients, we found that the optimal
attenuation threshold happened to be identical at 5.5 mm™ for both cancer grades. Using this
specified optimal diagnostic attenuation threshold, we determined the receiver operating
characteristics (ROC) for the detection of both high-grade and low-grade brain cancers. The results
are demonstrated in Figure 4A (66, 72).

Furthermore, the attenuation results of the brain cancer sample can be displayed as a color-
coded optical property map which is well correlated with histology (66, 72). Figure 4B shows one
example of the OCT-histology correlation (66, 72). Notably, the en face color-coded optimal
property map represents the attenuation characteristics of a three-dimensional brain tissue sample
along the entire imaging depth (1.8 mm), while the corresponding histology images are denoting
a two-dimensional horizontal sectioning of this tissue sample which is cut at a specific depth, or z

—coordinate. During histo-pathological validation, the neuro-pathologist reviewed different
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histological sections at different z-coordinates, and concluded that this particular brain cancer
sample contained areas with high cancer density (which is shown in red in the optical property
map), areas with medium cancer density (which is shown in yellow in the optical property map)
and areas with low cancer density which is described by the pathologist as a diffusely infiltrated
area with mostly non-cancer white matter with some neoplastic cell components (shown in green

in the optical property map).

SECTION 8: VALIDATION DATASET — DETERMINING THE
OCT DETECTION SENSITIVITY AND SPECIFICITY

Next, we conducted an independent and double-blinded study to determine the sensitivity and
specificity associated with the optimal attenuation threshold. For this independent study, we

recruited brain tissues from an additional 16 patients to form the validation dataset (66, 72).

In order to achieve a double-blinded study, the OCT researcher was blinded to the tissue
type and grade when imaging the tissue and performing post-processing to obtain the attenuation
coefficients. Similarly, the neuropathologist for this study was also blinded to the tissue type and
grade when giving his histopathological evaluation of the tissue samples. For this dataset, a total
of 59 tissue samples (i.e., 19 tissue samples from high-grade brain cancer patients, and 40 tissue

samples from low-grade brain cancer patients) (66, 72).

To obtain the OCT detection sensitivity, we need to divide the tissue samples into four
different categories (i.e., true condition positive, true condition negative, predicted condition
positive and prediction condition negative). First of all, the high-grade and low-grade brain tissue
samples were grouped separately and therefore evaluated separately (in other words, we are

evaluating the OCT detection sensitivity and specificity for each of the two cancer grades).
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Figure 4. Sensitivity and specificity in cancer core and infiltrated zones and histology
correlating with OCT maps. (A) Receiver operating characteristic (ROC) curves with true-
positive (sensitivity) and false-positive (1 - specificity) rates were computed for cancer core and
infiltrated zone in tissues obtained from 16 patients within the training dataset. (B) En face
attenuation results of a high-grade brain cancer tissue block (2 mm x 2 mm x 1.8 mm) are shown
with corresponding histology. Areas of high cancer density have low optical attenuation (red).
Areas of medium cancer density have medium optical attenuation (yellow). Areas with low cancer
density (diffusely infiltrated area) have high optical attenuation (green). The corresponding
histology, obtained en face (same orientation as the attenuation map), was provided for
comparison. Scale bars, 100 um. Figure and figure legends are originally from Kut ez al.,
Detection of human brain cancer infiltration ex vivo and in vivo using quantitative optical
coherence tomography. Science translational medicine, 7(292), 292ra100-292ra100 (2015).
Reprinted with permission from AAAS.

For the purposes of this study, a tissue sample (at about 50 mm? volume) was classified as
prediction condition positive (i.e. predicted as cancer using OCT) if <50% of the attenuation data
points were lower than the diagnostic threshold value at 5.5 mm™. On the other hand, a tissue
sample was classified as prediction condition negative (i.e., predicted as non-cancer using OCT)
if >50% of the attenuation data points were higher than the diagnostic threshold at 5.5 mm.

Furthermore, the true conditions were determined based on histo-pathological analysis of
the brain tissue samples by a neuro-pathologist who was blinded to the OCT results and to the true
diagnosis of the patients. In other words, the tissue sample was classified as true condition positive
(i.e. determined to be cancer using histology) if >5% of the tissue sample contained cancer cells.
Similarly, the tissue sample was classified as true condition negative (i.e. determined to be non-
cancer based on histology) if there is <5% cancer cells on the histological slides.

Based on the prediction outcomes (i.e., OCT attenuation data) and the true outcomes (i.e.,
the histological evaluation), we count the number of tissue samples in the following major
categories: (1) true positive, or TP (which means the number of samples which are prediction
condition positive and true condition positive); (2) true negative, or TN (which means the number

of samples which are prediction condition negative and true condition negative); (3) false-positive,
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or FP (which means the number of samples which are prediction condition positive but true
condition negative); and (4) false-negative, or FN (which means the number of samples which are
prediction condition negative but true condition positive). Notably, false-positive is known as Type
I error while false-negative is known as Type Il error in standard statistical analyses.

Finally, the OCT detection sensitivity (which is also known as the true positive rate and is

defined by the proportion of true condition positive which are identified correctly as such) can be

TP
TP+FN’

obtained with the following equation: Sensitivity = The OCT detection specificity

(which is also known as the true negative rate, and is defined by the proportion of true condition

negative which are identified correctly as such) can be obtained with the following equation:

TN
TN+FP’

Specificity =

Finally, the OCT detection sensitivity and specificity results are summarized in Table 3
(66, 72). Using a diagnostic optical attenuation threshold of 5.5 mm’!, the specificity was found to
be 100% and the sensitivity was found to be 92% for high-grade brain cancer patients (n = 7).
Using the same diagnostic optical attenuation threshold, the specificity was found to be100% and

the sensitivity was found to be 80% for low-grade brain cancer patients (n = 9).

Cancer n OCT Surgeon
patients —— —— —— ——
Sensitivity  Specificity Sensitivity Specificity
(%) (%) (%) (%)
High-grade 7 92 100 100 50
Low-grade 9 100 80 100 40

Table 3. Sensitivity/specificity analyses for brain cancer patients in the validation dataset.
For the validation dataset, an independent subset of tissues from 16 patients with high- and low-
grade brain cancers were obtained for blinded analyses at the chosen optical attenuation threshold
(5.5 mm™). These data as well as the surgeon’s independent assessment of the tissues were
compared with the gold standard histopathology to obtain sensitivity and specificity. Table and
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table legends are originally from Kut ez al., Detection of human brain cancer infiltration ex
vivo and in vivo using quantitative optical coherence tomography. Science translational
medicine, 7(292), 292ra100-292ra100 (2015). Reprinted with permission from AAAS.

SECTION 9: OCT VERSUS SURGEON IN DETECTION OF

HUMAN BRAIN CANCER VERSUS NON-CANCER

Furthermore, the diagnostic sensitivity and specificity values for OCT were compared with the
diagnostic sensitivity and specificity of the surgeon in the identification of brain cancer tissues.

Here, the surgeon detection sensitivity and specificity are defined by the following. Here,
the prediction conditions are determined by the surgeon’s impression of the tissue sample (i.e.
whether the sample is cancer or non-cancer). In other words, the surgeon gave his perception of
cancer and non-cancer tissue samples based on all pre-operative and intra-operative imaging
information which are available (such as surgical microscope, surgical navigation data and intra-
operative or pre-operative MRI scans). In addition, the surgeon is also added by his surgical
experience in detecting cancer versus non-cancer based on the gross appearance of the tissue
samples resected, as well as by the surgeon’s knowledge of the patient’s clinical history.

After the surgeon gave his impression, the results were recorded and the same tissue
samples were sent to the laboratory for OCT imaging and attenuation computations. Finally, the
OCT and surgeon detection sensitivity and specificity were evaluated using similar techniques as
described in the previous section.

Here are the results (which are also shown in Table 3) (66, 72): after comparing the
surgeon’s impression of the tissue with the blinded histological diagnosis for 16 patients in the
validation cohort, we find that the surgeon has a detection specificity of 50% and sensitivity of

100% for high-grade brain cancer. For low-grade brain cancer, the surgeon has a detection
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specificity of 40% and a sensitivity of 100%. In contrast, OCT has a detection specificity of 80-
100% and a detection specificity of 92-100% (as described in the previous section). These results
are significant, since surgeons generally value specificity over sensitivity in the operating room in

an attempt to preserve critical brain functions including motor, speech and sensory areas.

SECTION 10: ATTENUATION RESULTS FOR THE NEWLY
DIAGNOSED VERSUS RECURRENT BRAIN CANCER

To evaluate whether previous brain cancer treatments have an effect on the attenuation results, we
consolidated the training and evaluation datasets in an attempt to study the differences in optical
attenuation values among different sub-groups of low- and high-grade cancer.

The results are summarized in Table 4 (66, 72). On the overall, we find that regardless of
whether the patient is newly diagnosed with brain cancer or if the patient is suffering from a
recurrent brain cancer, brain cancer tissues have significantly lower attenuations when compared
with the non-cancer white matter. In addition, there were no significant differences between the

attenuation values for the newly diagnosed versus recurrent brain cancers.

SECTION 11: ATTENUATION RESULTS FOR
CANCER CORE AND INFILTRATED ZONE

Furthermore, we conducted additional analyses to evaluate if there are any differences in the
optical attenuation values for different cancer locations (66, 72). Our results showed that the cancer
core had comparable attenuation values when compared with the infiltrated zones (with p-value at
0.51 for high-grade and p-value at 0.80 for low-grade using Welch’s t-test). In addition, there were

no significant differences in the attenuation values between low-grade and high-grade brain cancer.
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Tissue n Attenuation P-value P-value
(mm™) (vs. non-cancer (new vs.
WM) recurrent)

Control patients (seizure)
Non-cancer white matter 5 6.2+0.8 N/A N/A

High-grade patients (newly diagnosed)

Cancer core 9 36+1.6 <0.001 0.225
Infiltrated zone 3 37+1.3 0.030 N/A
Non-cancer resection 5 64+1.0 0.368 0.835

margin (white matter)

High-grade patients (recurrent)

Cancer core 6 46+14 0.022 0.225
Infiltrated zone 1 37+0.7 N/A N/A
Non-cancer resection 2 62+1.0 0.500 0.835

margin (white matter)

Low-grade patients (newly diagnosed)

Cancer core 10 38+1.3 <0.001 N/A
Infiltrated zone 4 36+1.3 0.005 N/A
Non-cancer resection 3 59+1.1 0.353 N/A

margin (white matter)
Low-grade patients (recurrent)
e (Cancer core 1 32+£0.5 N/A N/A

e Infiltrated zone 1 36+1.6 N/A N/A

Table 4. Optical attenuation differences between treated and untreated brain tissues for
patients in the combined training and validation datasets. Data are provided for 32 patients
and are reported as averages = SD. P-values were determined using a two-sample, one-tailed
Welch’s t-test based on the hypothesis that non-cancer white matter (WM) has higher attenuation
than cancer and newly diagnosed and recurrent brain tissues have equal attenuation, respectively.
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Table and table legends are originally from Kut ez al., Detection of human brain cancer
infiltration ex vivo and in vivo using quantitative optical coherence tomography. Science
translational medicine, 7(292), 292ra100-292ra100 (2015). Reprinted with permission from
AAAS.

SECTION 12: ATTENUATION RESULTS FOR
CANCER VERSUS NON-CANCER GRAY MATTER

In the previous sections, we primarily compared the attenuation results between cancer and non-
cancer white matter. Table 5 summarizes the attenuation results for superficial non-cancer gray
matter which exists in the brain tissue surface in the cortical areas (66, 72).

According to the table, non-cancer gray matter had significantly lower attenuation when
compared with high- and low-grade cancer cores, but not with high- or low-grade infiltrated zones.
It should be noted that the non-cancer resection margin referred to tissue samples which consisted
of primarily non-cancer gray matter (as opposed to the non-cancer resection margins in the

previous tables which referred to tissue samples consisting primarily of non-cancer white matter).

SECTION 13: QUALITATIVE, STRUCTURAL DIFFERENCES
BETWEEN CANCER AND NON-CANCER
In addition to optical property mapping, OCT is also capable of identifying microscopic structures
from within the tissue sample. The qualitative structural characteristics of these brain tissues can
therefore complement attenuation data and aid in the detection of cancer from non-cancer.
Figure 5 illustrated some of the characteristic, qualitative differences between brain cancer
and non-cancer white matter (66, 72). Using OCT, we were able to identify the presence of necrosis
and hypercellularity in high-grade brain cancer. On OCT images, these structural features appeared
as heterogeneous regions of hypo-intense signals (representing necrosis) which were surrounded

by hyper-intense signals (representing regions with hypercellularity) in high-grade cancer.
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For low-grade brain cancer, we were able to identify the presence of hypercellularity and
also microcysts in low-grade brain cancer. The presence of microcysts are specific to human brain
cancer (especially in low-grade brain cancers); in other words, microcysts will only be present
when there is brain cancer, and not when there is inflammation or other non-neoplastic pathologies
in the brain (73). In comparison, the OCT images for non-cancer white matter were much more

homogeneous and did not show the presence of any neoplastic changes.

Tissue n Attenuation P-value
(mm™) (vs. non-cancer GM)
Control patients (seizure)

Non-cancer gray matter 5 28+09 N/A

High-grade cancer patients

Cancer core 15 42+ 1.5 0.014
Infiltrated zone 4 3.7+£1.2 0.132
Non-cancer resection margin 6 34+1.1 0.173
(gray matter)

Low-grade cancer patients

Cancer core 11 3.8+1.2 0.047
Infiltrated zone 5 3.6+1.4 0.160
Non-cancer resection margin 4 3.1+1.5 0.370
(gray matter)

Table 5. Optical attenuation differences between cancer and non-cancer gray matter for
patients in the combined training and validation datasets. Data are averages + SD. P-values
were determined using a two-sample, one-tailed Welch’s t-test, based on the hypotheses that non-
cancer gray matter has lower attenuation than cancer. Table and table legends are originally
from Kut et al., Detection of human brain cancer infiltration ex vivo and in vivo using
quantitative optical coherence tomography. Science translational medicine, 7(292),
292ral100-292ra100 (2015). Reprinted with permission from AAAS.
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Cancer
(high-grade)

Cancer
(low-grade)

Non-cancer
(control)

Non-cancer
(resection margin)

Figure 5. OCT revealed microscopic features that can help distinguish brain cancer versus
non-cancer tissue in patients. Cross-sectional OCT images visualized tumor-specific
characteristics, such as necrosis (N) and hypercellularity (H), in high-grade brain cancer. Similarly,
OCT revealed microcyst formation (black arrows) and hypercellularity (red arrows) in low-grade
brain cancer. In contrast, non-cancer white matter tissues—obtained from resected tissues from a
seizure patient (control) and from the resection margin of a brain cancer patient—appeared
homogeneous with high attenuation on OCT images. Scale bars, 500 um. Figure and figure
legends are originally from Kut ef al., Detection of human brain cancer infiltration ex vivo
and in vivo using quantitative optical coherence tomography. Science translational medicine,
7(292), 292ra100-292ra100 (2015). Reprinted with permission from AAAS.
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SECTION 14: ATTENUATION RESULTS FOR GRADE Ill GLIOMA

It should be noted that our study primarily focused on the attenuation results for high-grade (grade
IV) and low-grade (grade II) brain cancer. This is because grade I gliomas were intentionally
excluded from this study due to its non-infiltrative nature (which is unlike all other glioma grades)
and due to the fact that grade I glioma patients rarely undergo surgery for tumor resection. As for
grade III glioma, this is because the differentiation of grade III is traditionally difficult and often
very controversial (74).

Nevertheless, we have studied the attenuation results for three patients with grade III brain
cancer to complete our comprehensive evaluation of brain cancer tissue samples. Figure 6
demonstrated the results of this analysis (66, 72).

On the overall, there was moderate to significant overlap in the distribution of optical
attenuation values between non-cancer and grade III brain cancer tissues. There is a 24% overlap
between grade III infiltrated zone and non-cancer white matter, and a 77% overlap between grade

III cancer core and non-cancer white matter.
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Figure 6. Dataset for grade III glioma. Histogram distributions were shown for both grade 111
cancer cores and infiltrated zones from three patients. The optimal attenuation threshold for grade
III gliomas was determined to be at 5.5 mm™'. Histological validation for the infiltrated zone
samples revealed diffuse cancer infiltration (primarily white matter with some neoplastic cell
components). Scale bar, 20 pm. Figure and figure legends are originally from Kut e? al.,
Detection of human brain cancer infiltration ex vivo and in vivo using quantitative optical
coherence tomography. Science translational medicine, 7(292), 292ra100-292ra100 (2015).
Reprinted with permission from AAAS.
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Based on histo-pathological validation by the pathologists, the H&E slides for the grade I11
infiltrated zone revealed diffuse cancer infiltration which comprised of primarily non-cancer white
matter with some neoplastic cell components. This (and the fact that only 3 grade III patients were
recruited for this study) may account for the high percentage of overlap between grade III

infiltrated zone and non-cancer white matter.

SECTION 15: SUMMARY OF STATISTICAL ANALYSES USED TO
EVALUATE THE OPTICAL ATTENUATION OF HUMAN BRAIN

In this section, we summarized the statistical analyses used to determine whether there are
significant differences in the optical attenuation values between two of the cancer or non-cancer
sub-categories (66, 72). For example, to distinguish cancer from non-cancer white matter in the
training dataset (i.e., Table 2), we performed a two-sample, one-tailed Student’s t-test while
assuming unequal variance (which is otherwise known as the Welch’s t-test). The hypothesis here
is that the optical attenuation values for non-cancer white matter is higher than the optical

attenuation values for cancer core, infiltrated zone, and/or resection margins.

For intergroup analyses to evaluate whether there are any attenuation differences between
newly diagnosed and recurrent brain cancer patients in the consolidated dataset containing both
training and validation data (i.e., Table 4), we performed a two-sample, one-tailed Welch’s t-test

with the hypothesis that both groups have comparable attenuation values.

Similarly, for intergroup analyses to evaluate the optical attenuation values based on cancer
density (i.e., cancer core versus infiltrated zone) and cancer grade (i.e. high-grade versus low-
grade) using the consolidated dataset, we performed a two-sample, one-tailed Welch’s t-test with

the hypothesis that both groups have comparable attenuation values.
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Finally, to evaluate the optical attenuation differences between cancer and non-cancer gray
matter using the validation dataset, we performed a two-sample, one-tailed Welch’s t-test with the
hypothesis that gray matter has a lower attenuation compared to both cancer and non-cancer white

matter tissues.

For all of the tests mentioned in this section, we have set the alpha value ( also known as
the significance level) to be 0.05. This means that in statistical hypothesis, we have attained
statistical significance when the p-value is less than the significance level, or alpha (i.e., p < 0.05
for our study). Furthermore, we have also assumed a normal Gaussian distribution in the

attenuation values for all of the brain tissue categories.

SECTION 16: BOOSTRAPPING

We have also performed bootstrapping for further validation of our statistics (75). In bootstrapping,
we use the observed training dataset (n = 16) to generate 10,000 resampled datasets in an attempt
to better estimate the true population distribution. First, we need to calculate the difference in mean
(between cancer and non-cancer white matter). This difference in mean is calculated for both the
observed data and the bootstrapped dataset. Then, we find the bias value for each tissue category
(which is defined as the bootstrapped difference in mean minus the observed difference in mean).
Finally, we estimate the true averaged attenuation value for each tissue category after accounting
for the bias. Our results in Table 6 revealed that there are no statistically significant differences
between the original and bootstrapped distributions for all brain tissue categories (with p-values
between 0.35 and 0.46). As a result, this suggests that our training and validation datasets can
adequately reflect the true attenuation distribution of human brain tissues. For this study, n =

10,000 datasets were chosen since it is a sufficiently large number for estimation of the population
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distribution; further increase in the resampling size does not exhibit changes in the obtained

sampling means.

Tissue Difference in Mean Bias Corrected Mean P-Value

(WM - Tissue)

LGG Tumor Core 2.2 0.02 2.18 0.44
LGG Infiltrated Zone 3.5 -0.04 3.54 0.35
HGG Tumor Core 2.3 -0.03 2.33 0.35
HGG Infiltrated Zone 2.7 -0.01 2.71 0.46

Table 6. Bootstrapping. Sixteen patients were recruited in the observed training dataset, while
10,000 resampled datasets were generated in an attempt to better estimate the true population
distribution. Since p-values > 0.05, we cannot reject the null hypothesis that our observed dataset
representative of the estimated true distribution of the population. LGG: low grade glioma; HGG:
high-grade glioma; WM: white matter. Table and table legends are originally published by Kut
etal., (2016). Detection of human brain cancer infiltration in vivo in murine and human brain
using quantitative optical coherence tomography (to be submitted).

SECTION 17: SUMMARY AND DISCUSSION

In summary, the goal of surgery in many cancers and especially in brain cancer is to achieve
maximal safe cancer resection, while avoiding the damage of functional, non-cancer tissues.
Studies have repeatedly and consistently shown that there is substantial survival benefit and
delayed recurrence if a surgeon is able to achieve a clean cavity margin for the brain cancer patient
(1, 2, 8). Furthermore, patients who underwent gross total resection (when compared with patients

who only underwent subtotal resection) for both high-grade and low-grade brain cancers enjoyed
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a 200% and 160% increase in median survival, respectively (2, 8, 76, 77). Furthermore, it is very
important to preserve the surrounding non-cancer brain tissues. Studies have shown that patients
who unfortunately incurred surgery-related deficits is associated with a 25% decrease in median
survival, when compared with patients who underwent the surgery without deficits, regardless of

the extent of cancer resection (78).

As discussed in a previous section, many imaging tools have been developed in an attempt
to identify cancer tissues more readily in the operating room. These imaging tools include surgical
navigation, ultrasound, fluorescence imaging, and intra-operative CT and MRI (25, 28, 30, 79, 80).
However, while these modalities provide significant contributions to neurosurgery, each has its
unique limitations in the identification and resection of infiltrative brain cancer margins. For
example, pre-operative CT/MRI is currently the clinical standard of care and provides excellent
anatomical details of the whole brain for surgical planning, but is very sensitive to brain shifts and
position errors in the surgical environment (22). Intra-operative CT/MRI, on the other hand, is
beneficial because it allows surgeons to assess the resection cavity of the patient mid-surgery,
which can reduce the need for a second resection. However, intra-operative CT/MRI is also very

expensive, time-consuming and does not provide real-time, continuous guidance.

Intra-operative ultrasound, on the other hand, is useful in the operating room because it can
identify in vivo blood flow during the surgical resection, which can help to minimize excessive
bleeding and stroke-related complications during surgery. However, its resolution and contrast is
very limited for the detection of brain cancer and non-cancer, which is very difficult to tell apart

using ultrasound alone (24).
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5-ALA is a very promising technology which can provide intra-operative, fluorescence
guided detection of human brain cancer. In addition, preliminary clinical studies have
demonstrated that 5-ALA guided surgery can result in an increased extent of resection and
improved overall survival for the brain cancer patient (76, 77). However, 5-ALA suffers from
limited sensitivity in detecting the infiltrative cancer areas (and in detecting low-grade gliomas),
since the uptake of 5-ALA uptake varies as a result of blood-brain barrier permeability, edema,

cellular/vascular proliferation and cancer grade.

Finally, other emerging technology include stimulated Raman scattering microscopic
which provided impressive identification of microscopic brain cancer structures with sub-cellular
resolution (30); however, additional research is necessary to improve its imaging depth (~0.1 mm),
field of view (~0.35 x 0.35 mm), and imaging speed (~1 fps) in order to translate this technology
for surgical use in the operating room. On the other hand, visible and near-infrared spectroscopy
provides precise estimation of multiple optical parameters which includes scattering, absorption
coefficient and anisotropy factors (87); however, this imaging technique does not provide

sufficiently high resolution for intra-operative brain cancer applications.

As discussed previously, OCT is an imaging modality which is complementary to the use
of existing imaging tool. Most importantly, the results in this dissertation suggest that OCT and
our developed optical property mapping is more effective than other surgical adjuncts for the
specific application to reliably, quantitatively and volumetrically distinguish cancer from non-

cancer tissues in real time and with continuous, intra-operative imaging guidance.

Compared with other imaging tools, OCT allows for a good imaging penetration (compared

to visible light), label-free contrast, high-resolution imaging, and the ability to provide real-time
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quantitative evaluation of optical properties e.g. the optical attenuation used in this study (66, 72,
82). In addition, OCT is attractive for intra-operative applications since it is easy to use and it
provides non-contact imaging (i.e. imaging at several centimeters above the tissue surface) which

minimizes the infection risks for the patients in the operating room.

As mentioned in previous chapters, several groups have made important contributions to
the study of human brain cancer using OCT (60-65, 83). Our study builds upon these previous
studies and moves OCT a critical step forward toward routine clinical use in patients. We
accomplish this by performing a systematic and quantitative study which analyzes the optical
characteristics of brain cancer and non-cancer in 32 patients (66, 72). In addition, we have
developed a high-resolution, color-coded attenuation map which can enable real-time and intuitive
differentiation of cancer versus non-cancer in large volumetric brain tissue samples. Furthermore,
OCT is capable of providing real-time and continuous feedback to the surgeons as they resect the

brain tumor core and as they clean up the resection cavity for residual cancer.

Very importantly, our data demonstrated that human brain cancer has a lower attenuation
when compared with the surrounding non-cancer white matter (66, 72). Here, some readers may
be initially perplexed by the outcomes, since it is well known that cancers in most systemic organs
are associated with a higher optical attenuation than non-cancer, since cancer tissues generally

have an increased cell density and a higher nuclear-to-cytoplasmic (NC) ratio.

To fully understand why brain cancer actually has a lower attenuation than non-cancer
white matter, we need to first understand the biological and physical properties which determine

the optical attenuation for a tissue sample. For most systemic organs, it is true that the optical
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attenuation is governed by two key factors, which increases when there is an increase in cell

density and in the NC ratio.

For brain cancers, however the optical attenuation is governed an additional key factor. In
other words, the human brain is unique in that the degradation of myelin in white matter (which
happens during brain cancer infiltration) will also result influence the attenuation values in the
brain, and result in a significant drop in the optical attenuation value. As a result, this and other
studies have demonstrated how non-cancer white matter has a higher optical attenuation owing to
high myelin content, whereas gray matter has a lower attenuation owing to the absence of myelin

(60, 73, 84-87).

Moreover, when brain cancer infiltrates into white matter, the optical attenuation is
primarily determined by the percentage of myelin present (and only secondarily influenced by
cancer density and NC ratio). In human brain cancer, it is known that the invading cancer cells will
break down and decrease the expression of myelin in white matter in order to infiltrate the
surrounding normal brain (§4-86); as a result, this lowers the attenuation for both cancer core and
infiltrated zone when compared with non-cancer white matter. Thus, our results in this dissertation
are consistent with this physiological phenomenon, i.e., that non-cancer white matter had

significantly higher attenuation when compared with brain cancer (regardless of grade) (66, 72).

On the other hand, when brain cancer infiltrates into gray matter (which lacks myelin),
optical attenuation is primarily determined by an increased cell density and NC ratio;
consequently, as shown in our study, both cancer core and infiltrated zone had higher attenuation
when compared with non-cancer gray matter (66, 72). Furthermore, there is no significant

difference between the cancer core and infiltrated zone, presumably because the cancer core has a
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higher cell density (which increases attenuation) but more complete breakdown of myelin (which
decreases attenuation). Finally, all of the attenuation comparisons (for non-cancer versus cancer,
low-grade versus high-grade, and cancer core versus infiltrated zone) were largely consistent for
both newly diagnosed and recurrent patients (66, 72). Thus, we are able to detect brain cancer from
non-cancer tissues based on their optical attenuation properties. As a result, OCT is promising as
a translational technique to guide the resection of primary brain cancer, especially when used in
conjunction with other existing techniques such as cortical stimulation mapping to identify normal,

eloquent cortex.

Furthermore, this systematic study reviewed over 4,6000 data points from 32 patients in
order to establish an OCT diagnostic threshold in distinguishing cancer from non-cancer with
excellent sensitivity (92-100%) and specificity (80-100%) (66, 72). Based on the attenuation data,
we find that high-grade brain cancer had a higher OCT detection sensitivity but lower specificity
when compared with low-grade brain cancer, even though the differences can be attributed to a
limited number of tissue samples (and patients recruited) for each sub-category (66, 72). More
importantly, OCT (at 92-100% sensitivity and 80-100% specificity) exhibited comparable
sensitivity but enjoyed much improved specificity when compared with the clinical standard of
care (100% sensitivity and 40-50% specificity) (66, 72). Here, the clinical standard of care is
interpreted as the surgeon’s perception of cancer versus non-cancer based on gross appearance of
the tissue sample and aided with all imaging tools which are available to the surgeon during
resection (which includes surgical navigation, surgical microscopic data, clinical history of the
patient, as well as pre-operative and/or intra-operative MRI data). Finally, OCT on the overall also
enjoyed better sensitivity (92-100%) and specificity (80-100%) when compared with studies on

other imaging tools (which reported a sensitivity of 26-87% and specificity of 42-100% (66, 72).
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In addition to attenuation analyses, OCT was also capable of detecting brain cancer based
on its histological cancer features which include the presence of microcysts, hypercellularity and
necrosis (66, 72). These histological cancer features are useful as their detection will aid the
surgeon in his or her diagnostic of the brain cancer margin, and consequently assist him or her to
achieve a cleaner resection margin. Notably, microcysts are generally found in lower-grade brain
cancer, while heterogeneous patterns of necrosis/hypercellularity are generally found in higher-
grade brain cancer. These cancerous features are helpful for tumor margin detection, since they

are not characteristics of the normal brain.

As aresult, OCT has great potential as an imaging tool for the localization and mapping of
brain cancer margin. However, there are several existing limitations (66, 72). For example, OCT
does not provide any provide molecular information (unlike Raman spectroscopy or fluorescence
imaging). In addition, the current imaging system is also limited by a small imaging volume (at 8-
16 mm?). In order to scan the entire resection cavity to check for residual cancer, we will need to
address two existing technical constraints: 1) we need to use a high-performance, high-range
robotic device which can substantially increase the OCT imaging area (and volume) by 10- to 100-
fold; 2) the computer hardware needs to increase its capacity to allow for storage of hundreds of
GBs of data at a time (which will be necessary once we increase the OCT imaging area by 100-
fold or higher). Alternatively, the imaging volume can also be addressed by co-registering the OCT
images with surgical microscopes, which will allow seamless and continuous surgical guidance in
the operating room (61, 62). Furthermore, OCT can be complemented by wide-field imaging
technologies (e.g. MRI and fluorescence) to facilitate maximal safe cancer resections. In addition
to optical property mapping, OCT can also yield other functional information such as Doppler to

detect the presence of in vivo blood flow, and therefore preventing bleeding and stroke-related
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complications during surgery. Finally, OCT can also benefit from future research and advances in
the OCT light sources, which can in turn yield faster imaging speeds (e.g. >400 fps vs the current
speed at up to 220 fps) (88) and axial resolution (e.g. <3 um versus the current resolution at 6.4

um in tissue) (89).

In conclusion, OCT could have immense translational potential in guiding primary brain
cancer detection and resection in the operating room. In addition to primary brain cancer, OCT
and the optical property mapping technique may also be useful for distinguishing cancer from non-
cancer tissue for other brain cancers including metastatic (i.e. secondary) brain cancer. Building
upon this study, we have already conducted the first in vivo clinical study on 3 high-grade brain
cancer patients (which we will discuss at the next chapter). Overall, this dissertation sets the stage
for future large-scale clinical trials and technological advancement that will eventually lead to an
uniquely and valuable technology which is capable of detecting infiltrative brain cancer margins
quickly and efficiently, resulting in cleaner resection margins for cancer patients and thus

improved patient survival and quality of life.
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CHAPTER 5: EVALUATION OF
INTRA-OPERATIVE FEASIBILITY

(IN VIVO MICE AND HUMAN STUDY)

SECTION 1: OVERVIEW

In this chapter, we investigate the intra-operative feasibility of using OCT to detect infiltrative
brain cancer margins during surgical resection in the operating room. First, we evaluated the
performance of OCT in detecting cancer in vivo in murine models implanted with high-grade
human brain cancer (66). Then, we optimized a portable SS-OCT imaging system and traveled to
Guadalajara, Mexico where we conducted a pilot feasibility study by imaging the human brain in
vivo for 3 patients with high-grade brain cancer. Beyond this dissertation, we aim to continue the

clinical studies and are currently in the midst of IRB review for a U.S. study at Johns Hopkins.

SECTION 2:
EXPERIMENTAL DESIGN FOR IN VIVO MICE IMAGING

In the previous chapter, we discussed the results for our systematic study involving ex vivo, freshly
resected human brain tissues obtained from the operating room.

In addition to human data, our study also evaluated the feasibility of OCT in detecting
human brain cancer in vivo in murine models (66). Since the protocols for brain cancer
implantation and resection protocols are already well-established for rodent models (90-92), only
five mice were used for OCT imaging in an attempt to provide proof-of-concept data which

evaluates the performance of OCT in the detecting of brain cancer.

81



SECTION 3: HIGH-GRADE BRAIN CANCER CELL LINES

In order to evaluate the intra-operative feasibility of OCT for the in vivo detection and resection of
brain cancer margins in the operating, we settled on the use of 5 mice which are implanted with
two different high-grade human brain cancer xenografts. These two brain cancer xenografts
included 1) a U87 cell line which is a commercial, high-grade human brain cancer (i.e.
glioblastoma) cell line; and 2) a NS272 cell line which is derived from a high-grade brain cancer

(i.e. glioblastoma) patient-here at Johns Hopkins (66).

It is well known that human glioblastoma is extremely infiltrative in nature and forms
fingerlike projections which extend from the tumor mass into different areas of the brain. In some
cases, glioblastoma cancer cells can even result in the formation of “butterfly gliomas”, which
means that the glioblastoma cells have migrated via the corpus callosum into the opposite
hemisphere of the brain. However, the U87 commercial cell line tends to form a very well-defined

brain tumor and does not necessarily capture the highly infiltrative nature of glioblastoma cells.

In contrast, Dr. Alfredo Quinones-Hinojosa’s research group (http://doctorgmd.com/the-

team/basic-research-team/) has developed NS272, one of the brain tumor-initiating cell (BTIC)

cell lines which accurately recapitulate features of the patient’s glioblastoma histologically,
molecularly and behaviorally (93-100). In other words, NS272 is a patient-derived cell line which
forms highly aggressive and invasive brain tumors, and is a much more accurate representation of

the true infiltrative nature of a human glioblastoma.

Figure 1 demonstrates the range of brain cancer behavior in mice, and the differences
between the brain tumors formed by a commercial glioblastoma U87 cell line versus the patient-
derived NS272 glioblastoma cell line (66). It should be noted that only glioblastoma (i.e. high-
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grade brain cancer) cell lines were used in this study because there are no authoritative murine

models with lower-grade gliomas at the time of this dissertation.

Commercial U87 Patient-derived NS272
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Figure 1. Human cell lines U87 and NS272 demonstrate the range of brain cancer behavior
in mice. Mice were implanted with U87 (n = 3) or NS272 (n = 2) cancer cell lines in the right,
unilateral hemisphere and underwent cancer resection. After surgery, the brains were extracted and
processed for histology. Representative histological images demonstrate that U87 primarily
produced spherical tumors with relatively clean margins, whereas NS272 produced remote brain
cancer infiltration into the left, contralateral hemisphere via the white matter tracts. Figure and
figure legends are originally from Kut ez al., Detection of human brain cancer infiltration ex
vivo and in vivo using quantitative optical coherence tomography. Science translational
medicine, 7(292), 292ra100-292ral100 (2015). Reprinted with permission from AAAS.

SECTION 4: IMPLANTATION OF BRAIN CANCER CELL LINES

In order to evaluate the OCT performance in distinguishing brain cancer from non-cancer in vivo,
we stereotactically inoculated five NOD/SCID male mice (purchased from Charles River
Laboratories) when they are 8 weeks old. The inoculation protocol has been previous described
(90). For the purposes of this study, we used the bregma as a reference point and inoculated the

brain cancer cell lines into the murine brain using the coordinates X : 3.5, Y : 1.4and Z : 3.5 (66).

In three of the mice, we injected approximately 10° glioblastoma cells into the right
hemisphere of each mouse brain in vivo using the commercial U87 cell line (purchased from

ATCC), which produces mostly spherical and well-defined brain tumor masses (66) (Figure 1).
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In the remaining two mice, we injected approximately 10° glioblastoma cells into the right
hemispheres of each mouse brain in vivo using a patient-derived glioblastoma cell line (NS272)
which is more infiltrative in nature and as a result, the NS272 cell is able to more accurately
recapitulate the migratory and invasive behavior of cancer cells in high-grade brain cancer patients

(Figure 1) (66, 91, 92).

Regardless of the cell line injected, all 5 mice underwent cancer resection (90) at
approximately 4 weeks post implantation. The resection protocol is described as follows (66).
First, we use a scalpel to make an incision on the scalp of each mouse. Then, we use a speed drill
to expand the craniotomy window on the skull of each mouse. After surveying the brain tissue
surface and making an initial estimate for the cancer location, we will then attempt a surgical

resection of the brain cancer using a surgical microscope (Zeiss Pentero 800).

SECTION 5: IN VIVO IMAGING PROTOCOL FOR MICE

This section describes the in vivo imaging protocol used to image the mice brain during a brain
cancer resection procedure (66). First, we acquired OCT images of the in vivo brain through the
opening of the craniotomy window. Even though the OCT laser source is infrared and invisible to
the eye, our imaging system is equipped with a green aiming beam which helps the researcher to

direct the OCT beam onto the region of interest for imaging.

Before surgery, we image the tumor mass with OCT and generate the color-coded optical
property map. Then, we begin the surgical resection procedure and attempt to remove as much
cancer as possible with the help of a surgical microscope. Once surgery is completed, we image
the resection cavity again using OCT and scan for the presence of any residual cancer. As control,

we have acquire data on the contralateral (left) side of the brain which was not implanted with any
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human brain tumor. To summarize, we collect a total of 3 OCT imaging datasets from each mouse
at the following locations: 1) at a selected cancer site before surgery; 2) at the same cancer site
after surgery, and 3) at a selected non-cancer site (which serves as the control) in the contralateral

hemisphere of the brain which has not been inoculated with any cancer cells.

For each imaging dataset, 52 attenuation data points were acquired for each OCT cross-
sectional frame. Generally speaking, we acquire 256 OCT cross-sectional frames over a 2-mm
span in the y-direction. Using our SS-OCT imaging system and the handheld probe, we are thus
able to acquire real-time, volumetric OCT datasets and to generate the corresponding optical
property map in approximately 1-2 seconds for a tissue block which is 8 — 16 mm? in volume. For
each of the OCT imaging datasets, an optical property map was generated by applying the same

diagnostic attenuation threshold (at 5.5 mm™) obtained from the ex vivo human study.

After imaging, we sacrifice the mice and harvest their brains for pathological analysis.
First, the mice brain was fixed in formalin overnight and then placed in a phosphate buffered saline
(PBS) solution. Then, the mice brains were re-sectioned into coronal sections and submitted for
histological processing. Once the histological slides are ready, the neuropathologist reviews the

histological slides for validation of the OCT results.

SECTION 6: RESULTS FOR THE IN VIVO MICE STUDY

Figure 2 illustrates the results of the in vivo mice study (66). Based on this figure, we can observe
that there is significant cancer present in the mouse brain prior to surgery. In the post-surgery and
control images, however, we find residual traces of the brain cancer in the histological images.

These residual brain cancer takes up approximately 5% to 10% of the imaged area.
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To make sense of the data, histological data was also provided in Figure 2. Here, the
histological slide was sectioned and displayed in the same orientation as OCT cross-sectional
images (i.e., perpendicular to the tissue surface, or perpendicular to the OCT attenuation map and

along the dotted lines in Figure 2) (66).

First of all, the optical property map in Figure 2A suggests that there is a significant
amount of cancer (shown in red) present in the right hemispheric mouse brain. This suggests that
the tumor implantation into the right hemisphere of the mouse brain was successful. Next, we
observe in Figure 2B that there is still some residual cancer (shown in red) remaining in the right
hemisphere of the mouse brain after surgery. This is confirmed by the corresponding histology in
Figure 2C, which revealed the presence of cancer infiltration. Surprising, Figure 2D suggested
that there is cancer in our control site, i.e., the left hemisphere of the brain which is not implanted
with any brain cancer cells. While this may be puzzling at first, this phenomenon is caused by the
presence of highly aggressive glioblastoma cells which has migrated from the right hemisphere

into the left (or control) hemisphere of the mouse brain via the corpus callosum.

To conclude, we find good correlation between the optical property maps and the
histological results. This suggests that while the attenuation threshold at 5.5 mm™ was obtained
from the ex vivo human study, the same threshold is also applicable in the in vivo mice model.
Furthermore, we find that the optical property map is fairly accurate even in the presence of brain
motions, uneven tissue surface and other surgical complications (e.g. bleeding). This result

suggests that OCT is a feasible and attractive technology for use in the operating room.
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Figure 2. In vivo brain cancer imaging in a mouse with patient-derived high-grade brain
cancer (GBM272). (A to E) Brain tissues were imaged in vivo at the cancer site before surgery
(A) and at the resection cavity after surgery (B). After surgical imaging, mice (n = 5) were
sacrificed and their brains were processed for histology. The corresponding histology for the
resection cavity after surgery is shown (C). Using the same mouse, control images were imaged at
a seemingly healthy area on the contralateral, left side of the brain (D), with its corresponding
histology (E). The red circle indicates cancer, gray circle indicated resection cavity and square was
the OCT field of view. 2D optical property maps were displayed using a 5.5 mm™! attenuation
threshold. C, cancer; W, non-cancer white matter; and M, non-cancer meninges. Aliasing artifacts
at the image boundaries, which were produced when dorsal structures from outside the OCT depth
were folded back into the image, were cropped out of image. 3D volumetric reconstructions were
overlaid with optical property maps on the top surface. Optical attenuation properties were
averaged for each sub-volume of 0.326 mm x 0.008 mm x 1.8 mm within the tissue block, with a
step size of 0.033 mm in the x direction. Each histological image (C and E) represented a cross-
sectional view of the tissue block: the image corresponds to a single perpendicular slice through
the attenuation map, along the dotted lines in (B and D), respectively. Residual cancer cells were
marked with black arrows and correspond to yellow/red regions on the attenuation maps (at the
level of the dotted line). Scale bars, 0.2 mm. Figure and figure legends are originally from Kut
et al., Detection of human brain cancer infiltration ex vivo and in vivo using quantitative
optical coherence tomography. Science translational medicine, 7(292), 292ra100-292ra100
(2015). Reprinted with permission from AAAS.
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SECTION 7: REAL-TIME OCT BLOOD FLOW/VESSEL IMAGING

In addition to providing structural and attenuation data, OCT is also cable of detecting in
vivo blood flow (due to the Doppler Effect). The detection of blood flow and blood vessel imaging,
which is critical for in vivo studies to 1) avoid blood influence (false negatives) on OCT cancer
detection using the quantitative optical property map); 2) minimize bleeding and stroke-related
complications during surgery, especially for blood vessels with a diameter >= 0.5mm; and 3)
enable characterization of tumor angiogenesis through blood vessel distribution and morphology,
which provides additional parameters and increases sensitivity/specificity in identifying infiltrated

brain cancer.

As proof-of-concept, we have implemented real time Doppler and/or speckle de-correlation
methods to detect the presence of blood flow. Note that for brain cancer applications, it is important
to detect the presence of blood vessels which are embedded beneath the brain tissues surface, and
as a result, is not visible to the eye. If we can accomplish that, we will be able to reduce the
probability for the surgeon to cut into a normal blood vessel, and therefore reduce the chances of

bleeding and stroke complications during surgery.

After trying several different algorithms (such as Doppler OCT and Speckle Variance
OCT) available in the existing literature (/0/-106) and by imaging the in vivo mice brain for the
detection of blood flow, we conclude that the Intensity-Based Doppler Variance (IBDV) algorithm
is the preferred method for brain cancer applications. While Doppler OCT and speckle variance
OCT are generally excellent in the identification of microvasculature on the brain tissue surface,
we are actually interested in the detection of embedded blood vessels which are invisible to the
eye, and are relatively large in size (i.e., >0.5 mm which are the blood vessels at greater risks for

bleeding and stroke complications during surgery). In short, the IBDV algorithm combines the
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advantages of intensity-based methods and Doppler variance method. First, it retains more
functional information of blood flow (e.g. transverse flow velocity); second, it is more specific in
detecting flow signals especially for embedded blood vessels, and third, it is more robust against

the bulk motion and phase instability within an in vivo setting.

Now, let us study the algorithm to obtain the IBDV signal. First of all, the algorithm to

calculate Doppler variance is derived from autocorrelation techniques and is given by (103, 105,

106):

0_2 — i 1 — |Ai+1,zAzz l
TZ Ai+1,ZAzz

where o is the Doppler variance, 4;44 , is the (i+1)" frame at a depth of z and T is the time needed
to capture two adjacent frames. Generally, this algorithm is used alongside with averaging in the

lateral direction, or in both lateral and axial directions (103, 105, 106):
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where N;j is the total number of frames in the y (pitch) direction, and N is the total number of
pixels in the axial direction. Notably, the last two equation involve both the amplitude and phase
terms of the imaging data; as a result, they have good results only when the phase stability of the
system is high. However, in an intra-operative environment where the subject is prone to brain
shift and the pulsatile motions of the in vivo blood vessels, it is necessary to modify the algorithm

such that it is more robust against in vivo brain motions.

This modified algorithm is described by
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Where all of the phase terms are cancelled out, which leaves only intensity or amplitude terms in

the equation (/03)

A normal NOD/SCID mouse was used to evaluate the utility of IBDV algorithm in
detecting in vivo blood flow in the brain. We used a scalpel to create an incision site on the scalp,
and a speed drill to create the craniotomy window. The meningeal layer was also removed for easy

access to and imaging of the cortical blood vessels.

Figure 3 presents a representative image of the intracranial blood vessels which are
detected by the SS-OCT system. While the OCT imaging dataset was acquired, processed,
displayed and stored in real-time, we currently use an off-line MATLAB implementation of the

IBDV algorithm which took approximately 1 second per frame to process.

Using this imaging protocol, we were able to clearly identify blood vessels which are
embedded underneath the brain surface. Using the IBDV algorithm, our OCT imaging system can
detect blood vessels which are at least tens of microns in diameter. Naturally, larger vessels of

more serious surgical concerns can be more readily visualized with OCT.
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Figure 3. Real-time OCT imaging of blood vessels in vivo in normal mouse during brain surgery.
(A) Volumetric OCT image (gray scale) overlaid with blood vessel en face projection map
(brightness indicates blood flow). (B) 2.5X magnified view. (C) Cross-sectional OCT image
superposed with blood flow profile. (D) 2.5X magnified view shows embedded blood vessel
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beneath tissue surface. Figure and figure legends are published by Kut ef al. (2016), Detection
of human brain cancer infiltration in vivo in murine and human brain using quantitative
optical coherence tomography (to be submitted).

SECTION 8: EFFECT OF TISSUE DEGRADATION

Finally, we have studied the effect of tissue degradation on the ex vivo mice brain once it is resected
from the animal. 4 NOD/SCID mice were used to conduct this study. Overall, we find that there
were no significant changes to the quality of the OCT image at 0 to 6 hours after harvesting the
brain. In addition, the attenuation data did not change significantly at O to 6 hours after harvesting
the brain. However, both the OCT image and the attenuation data deteriorated significant when

imaged approximately one day after the brain had been harvested.

SECTION 9: OVERVIEW IN VIVO HUMAN STUDY

Since the ultimate goal of this project is to test the ability of OCT in detecting infiltrated brain
cancer margins in vivo and in real time during surgery, our next step is to evaluate the OCT

performance in the operating room without introducing risks to the patients.

Since November 2015, we have been actively recruiting brain cancer patients for our
overseas clinical study in Hospital Civil de Guadalajara in Guadalajara, Mexico. To this date, we
have collected OCT data from 3 adult primary brain cancer patients, which includes two adult
patients with glioblastoma (i.e., high-grade brain cancer) and one adult patient with
medulloblastoma (i.e., a cerebellar brain tumor which is more commonly found in pediatric

patients). The OCT imaging protocol and in vivo results are described in the following sections.

SECTION 10: OCT IMAGING SYSTEM

21



For the in vivo human study, we are using a portable, suitcase-sized swept-source imaging system
with a K-clock generator. As described in Chapter 2, this imaging system operates at a center
wavelength of around 1310 nm with a spectral bandwidth of around 134 nm. The suitcase-sized
system is above to scan at a rate of up to 100 kHz (i.e., up to 100,000 A-lines per second). In
addition, we use a home-built, handheld imaging probe which is forward viewing and is capable
of performing two-dimensional beam scanning (in the x and y direction) using two galvanometer
optical scanners. Overall, the SS-OCT imaging system is capable of imaging at an axial resolution
of around 9 pm and a lateral resolution of around 15 um. Finally, a high-speed digitizer (ATS8351)
and graphics processing unit (GeForce GTX 760) is used to enable real-time imaging of the brain
tissue at several seconds per tissue sample.

Figure 4 illustrated the components of the complete OCT imaging system which included
the suitcase-sized SS-OCT engine, a green aiming beam (for visualization of the infrared scanning

beam on the brain tissue surface), galvanometer drivers and power supply, and a desktop computer

system equipped with a high-performance digitizer and GPU video card.

Figure 4. Components of the complete OCT imaging system used for the in vivo clinical study
in Hospital Civil de Guadalajara in Guadalajara, Mexico.
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SECTION 11: IN VIVO HUMAN IMAGING PROTOCOL

The imaging protocol for imaging in vivo in patients is described as follows:

For each brain cancer patient, the surgery will go as usual as part of routine clinical care.
Then, the neurosurgeon will select some suitable brain regions for in vivo OCT imaging. Notably,
these imaged brain regions should be resected in the course of surgery anyways as part of standard

of care; as a result, the site selection is not influenced by this study in any way.

Generally, it will take about 1-2 minutes to acquire in vivo OCT data for each selected brain
region (at a volume of approximately 8 — 16 mm?® per region). After the in vivo OCT dataset is
acquired, the neurosurgeon will be free to resume his or her routine surgical duties. The research
team will then receive the freshly resected tissues and place the tissues in formalin for the fixation
process. Afterwards, the fixed tissues will be transferred to a phosphate buffered saline (PBS)

medium, and stored in sealed containers.

Finally, the resected tissue samples are processed as H&E histological slides and reviewed

by the neuro-pathologist for histological confirmation of the tissue type and cancer grade.

SECTION 12: SAFETY CONSIDERATIONS IN THE OR

Like any other clinical studies, it is of utmost importance to first ensure the safety of the patients.
In this section, we demonstrate how previous literature have proven that OCT is a safe imaging
tool for use in the clinical setting. We will also discuss what steps we have towards minimizing
the risks for any patients who participate in this study.

First of all, the OCT imaging technology has been proven safe in multiple previous clinical

studies. Multiple research groups have conducted clinical studies regarding the use of OCT
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imaging on human patients (41, 49, 58, 60, 107), and no safety issues have occurred. Furthermore,
OCT has is approved by the Food and Drug Administration (FDA) in the U.S. for retinal imaging,
which has quickly become the standard of care for the diagnosis of many retinal diseases. In
addition, OCT has also been approved by the FDA for other indications which include
intravascular and esophageal imaging. For both intravascular and esophageal imaging, an FDA-
approved OCT catheter is generally used to insert into the cavity (of the blood vessel or of the
esophagus) for imaging. In contrast, our project uses a handheld OCT imaging probe which is
expected to be safer (when compared to the OCT catheter) and is more robust against infection
risks as the handheld probe will not contact the brain surface of the patient throughout the
procedure.

In terms of sterilization, we will follow a standard sterilization protocol (which is routinely
used for intra-operative ultrasounds in neurosurgical procedures here at Johns Hopkins). First, the
OCT handheld probe is wiped down with a germicidal cleanser. Then, the OCT probe is encased
in an FDA approved plastic sheath. Figure 5 demonstrates the sterilization procedure for our OCT
handheld imaging probe in the operating room, respectively. When compared to intra-operative
ultrasound imaging, our handheld imaging probe has an inherent advantage as it is non-contact
and will not directly contact the brain during imaging; instead, it will image at a working distance
of 2.5 cm above the brain tissue surface. As a result, infection risks for OCT imaging should be
comparable to the regular surgical procedure.

Most importantly, the imaging data collected in this study will only be used to evaluate the
intra-operative feasibility of the technology. The data will not be used to influence the clinical

decision in any way. In other words, the patient care remains unchanged.
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Finally, patients will be monitored by the attending neurosurgeon for any potential side
effects during the OCT imaging procedure. In addition, the patients will be monitored during
follow-up visits (as part of their routine clinical care) by their primary neurosurgeon at 1, 3 and 6
months after the surgery. If any unanticipated problems occur, they will be reported promptly to
the IRB. The aforementioned neurosurgeon(s) will be available to provide necessary care during
the procedure and follow-ups, and to determine when and if the OCT imaging should stop.

Since we recruited our first patient for in vivo OCT imaging in November 2015, no

complications have been reported for any of the recruited patients as a result of this clinical study.

Figure 5. Handheld OCT imaging probe in use in the operating room. In this clinical study,
we follow the standard sterilization procedure in the operating room. Figure and figure legends
are published by Kut ef al. (2016), Detection of human brain cancer infiltration in vivo in
murine and human brain using quantitative optical coherence tomography (to be submitted).

SECTION 14: IN VIVO HUMAN DATA

The following section summarizes the results from the in vivo clinical study.
At the time of this dissertation, 3 primary brain cancer patients (2 glioblastoma and 1
medulloblastoma patients) have already been recruited for this study. A total of 22 tissue samples

were imaged in real-time using the suitcase-sized, swept-source OCT imaging system with the

95



built-in K-clock generator. Figure 6 illustrates the use of the OCT handheld imaging probe on the

human brain during the surgical resection procedure.

Figure 6. Imaging of the human brain during surgery. The OCT handheld imaging probe was
used to image the brain tissue surface at working distance of 25 mm. At the time of this dissertation,
we have collected data from 3 primary brain cancer patients for a total of 22 tissue samples. Figure
and figure legends are published by Kut ef al. (2016), Detection of human brain cancer
infiltration in vivo in murine and human brain using quantitative optical coherence
tomography (to be submitted).

Based on a careful review of the imaging datasets, we find that the optical attenuation
values for the in vivo human brain is approximately 1 mm™ lower than the optical attenuation
values found in ex vivo human brain tissues. This suggests that we should also lower the optical
attenuation threshold value accordingly, although we need to recruit more patients and tissue

samples in order to make any statistically meaningful conclusions. Figure 7 summarizes the

attenuation results for the in vivo versus ex vivo datasets.

96



There could be several reasons behind the lower attenuation results found in in vivo
datasets: 1) the OCT signal could be weaker due to the addition of the sterilized plastic sheath; 2)
the presence of blood flow and brain motions may influence the OCT signal profile and
consequently the attenuation results; 3) the suitcase-sized SS-OCT system (used for in vivo data
collection) may have different imaging parameters which causes it behave slightly differently

when compared with the cabinet-sized SS-OCT system (used for ex vivo data collection).
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Figure 7. Comparison of attenuation results for the in vivo versus ex vivo dataset. The in vivo
dataset (shown in red) was collected from 2 glioblastoma patients. The ex vivo dataset (shown in
blue) was collected from the 9 glioblastoma patients in the ex vivo training dataset. Notably, in
vivo data from the medulloblastoma patient was excluded for the purposes of this analysis. Figure
and figure legends are published by Kut ez al. (2016), Detection of human brain cancer
infiltration in vivo in murine and human brain using quantitative optical coherence
tomography (to be submitted).

To account for the drop in attenuation values (by 1 mm™), we have decided to display the
optical property maps with a diagnostic attenuation threshold of 4.5 mm™' (as opposed to the 5.5
mm’! reported in the ex vivo human study). On the overall, the in vivo dataset behaves as expected;

brain cancer tissues have a lower attenuation when compared with non-cancer white matter.

Figure 8 gives representative data of cancer versus non-cancer tissues detected in the in vivo study.
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Figure 8. Optical property maps generated from the in vivo human data. On the left, we show
the optical property map and the histological results for a brain tissue which exhibited high cancer
density. On the right, we show the optical property map and histology for brain tissue which
contained areas of concentrated cancer as well as areas of non-cancer white matter. On the overall,
in vivo brain cancer has a lower attenuation the brain tissue when compared with in vivo non-
cancer white matter. WM: White matter and C: Cancer. Figure and figure legends are published
by Kut ef al. (2016), Detection of human brain cancer infiltration in vivo in murine and
human brain using quantitative optical coherence tomography (to be submitted).
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CHAPTER 6: MULTI-PHOTON

FLUORESCENCE

SECTION 1: OVERVIEW

In this chapter, we investigate the feasibility of using multi-photon fluorescence in detecting brain
cancer margins, which will prove especially useful when used in conjunction with OCT. First, we
evaluated the performance of MPF in detecting cancer ex vivo in murine models implanted with
high-grade human brain cancer. Then, we obtained MPF images of ex vivo, freshly resected human
brain cancer tissues from the operating room. Finally, we analyze the MPF data both qualitatively

and quantitatively, and explore the potential of the OCT/MPF technique in clinical applications.

SECTION 2: COMPLEMENTARY TECHNIQUE TO OCT

As established in the previous chapters, OCT is a valuable technique which can be used to identify
brain cancer margins with great sensitivity and specificity in the operating room. While OCT can
be used as a standalone device, we believe that maximum clinical value will be achieved if OCT
can be integrated into existing imaging technologies for eventual translation into the operating
room. Macroscopically, OCT can be integrated with surgical image guidance systems such as
surgical microscopes or marker-based tracking systems, which can be used to establish spatial
coordinates for cancer versus non-cancer throughout the entire resection cavity. Microscopically,
spot detection techniques such as Raman spectroscopy or multi-photon fluorescence are attractive
because they can further improve the detection accuracy of OCT by providing complementary

molecular information and by identifying subcellular structures at critical zones in the brain. In
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this chapter, we focus on exploring the feasibility of identifying brain cancer margins with multi-
photon fluorescence, and explore the future potential of an OCT-MPF integrated imaging system

for brain cancer and other clinical applications.

SECTION 3: IMAGING PRINCIPLES

In traditional fluorescence imaging, a single photon is used to excite the electron of a fluorophore
from the ground state to the excited state. Shortly after, the excited electron relaxes and return
back to the ground state, releasing a lower-energy photon and thus generating a fluorescence signal
in the process. In order for fluorescence to occur, the energy of the exciting photon must be
equivalent to the energy difference between the excited and ground states of the electron (108).
In multi-photon fluorescence imaging, two or more photons are used to simultaneously
excite the electron of a fluorophore. However, the combined energy of these photons must still
match the energy difference between the excited and ground states of the electron (which is
referred to as AE in this chapter). In order for the photon energies to combine, the photons must
all arrive at the same location within a narrow time window (107'%) to excite the same electron
(108). Under normal daylight or white light conditions, it is virtually impossible to get two or more
photons to arrive at the same location with such accuracy. As a result, a high photon flux at
approximately 102°-10°° photons per cm? per second is necessary for multi-photon excitation to
occur (/08). Nevertheless, we run into another problem: in order to achieve such a high photon
flux, we will need to deposit approximately 10'> W per cm?, which is equivalent to the power
output of 5000 nuclear reactors converted to light and deposited on a single square centimeter
(109). Clearly, biological tissues cannot remain viable when exposed to such a high power density

for prolonged periods of time. How, then, can we achieve viable biological imaging without
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vaporizing the tissue sample using multi-photon fluorescence? The answer lies in using pulsed
lasers instead of using a continuous illumination source (/09). For a pulsed laser, the laser emits
pulses which are extremely high in power density but are only on for very short periods of time.
As aresult, even though the peak power during a pulse is extremely high, the averaged laser power
is relatively low and roughly equivalent to the power output of a conventional confocal microscope
(109). Generally speaking, the Ti:Sapphire lasers are preferred for multi-photon fluorescence
imaging because they are capable of generating laser pulses for a duration of approximately 100
femtoseconds per pulse and with a low repetition rate at approximately 100 MHz (i.e. a time gap
of 10 nanoseconds between 2 pulses) (108, 109). In addition to concentrating the photons
temporally, we also concentrate the photons spatially by using a microscope objective lens with
moderate to high numerical aperture (NA); since the numerical aperture is inversely proportional
to the spot size in a Gaussian beam, a higher numerical aperture will focus the beam onto a small
spot on the focal plane where the photon flux is extremely high. In summary, researchers are able
to greatly increase the probability of multi-photon absorption by concentrating the photons both
temporally and spatially. In additions, we are able to avoid depositing excessive power onto the
tissue sample by the use of a pulsed laser.

In this chapter, we will focus on discussing the principles of two sub-categories of
multiphoton fluorescence imaging: two-photon fluorescence (TPF) and second harmonic
generation (SHG). In addition, we will detail the results made from our study of brain cancer
tissues using these imaging modalities. Finally, we will discuss briefly regarding the future

directions of the multi-photon imaging techniques and its implications in clinical applications.
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SECTION 4: TWO-PHOTON FLUORESCENCE

Two-Photon Fluorescence (TPF) functions by exciting an electron in the fluorophore by the
simultaneous arrival of two photons within a time window of 10!® seconds (/08). In order to
generate a fluorescence signal, the combined energy of both photons must be roughly equal to the
energy difference between the excited and ground sates of the electron. As a result, any
combinations of two photons can be used to produce the required energy difference (AE). For
convenience, however, two identical photons at half the energy level (i.e., 0.5 AE) are generally
used to generate two-photon fluorescence images. Since the energy of a photon is inversely
proportional to its wavelength, this means that we use photons at approximately double the
wavelength for TPF when compared with traditional single-photon fluorescence imaging.

In addition, it is well known that the fluorescence emission by the fluorophore increases in
proportion to the square of the excitation intensity (i.e. the number of photons per time and per
square area). Furthermore, the excitation intensity is maximized at the focal point along the optical
axis, but decreases in proportion to the square of the distance away from the focal point. This
means that on the overall, the fluorescence emission reaches its peak at the focal point but
decreases in proportion to the distance raised to the fourth power. As a result, we are able to confine
the two photon fluorescence imaging volume to less thanl pum? at the focal point. This is a chief
advantage of two-photon (and other types of nonlinear) fluorescence: since all fluorescence
emissions can be pinpointed to the focal point, we are able to achieve superior image resolution
when compared with confocal microscopy (which often suffers from poorer resolution due to out-

of-focus fluorescence signals).
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In fact, there are multiple advantages associated with TPF and other multi-photon
fluorescence imaging methods (when compared with confocal microscopy) (/08). First, multi-
photon fluorescence has superior resolution since all fluorescence emissions can be pinpointed to
the immediate vicinity of the focal point (108, 110, 111). Second, multi-photon fluorescence
enjoys an improved depth penetration (//2, 113). Readers may recall that multi-photon excitation
uses longer wavelengths since two or more photons are required to reach the energy difference
between the excited and ground states of the electron. As a result, MPF uses infrared light which
penetrates deeper into the biological tissue with less absorption and scattering when compared
with UV or visible light. Third, MPF has superior contrast when compared with confocal
microscopy (/14). Since a high photon flux is required for two or more photos to team up and
excite an electron, any photons which are scattered are too diluted to produce an emission
fluorescence signal. As a result, even though these scattered photons cannot contribute to the
fluorescence signal, they also do not compromise the image contrast (unlike single-photon
fluorescence in confocal microscopy) (/08). Finally, photo-bleaching and photo-damage is
localized to the focal point only MPF, but can occur throughout the tissue sample in confocal

microscopy (/15).

SECTION 5: SECOND HARMONIC GENERATION

Unlike other types of multi-photon fluorescence, higher order harmonic generation do not need to
excite the electrons in a fluorophore to generate a fluorescence signal. Instead, higher order
harmonic generation is a process where two or more photons are simultaneously scattered and
combined to generate a new photon at higher energy (i.e. the sum of all original photons). While

the process of higher order harmonic generations has long been recognized since the early days of
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laser physics in the 1970s (116, 117), the method is not widely adopted for three-dimensional
imaging of biological tissues until recently in the 21% century (108, 118, 119).

Generally, researchers adopt either second harmonic generation (SHG) or third harmonic
generation (THG) for biological imaging. As suggested by their names, second harmonic
generation uses the simultaneous scattering of two photons to generate a new photon at double the
energy), whereas third harmonic generation uses the simultaneous scattering of three photons to
generate a new photon at triple the energy. Since the photon energy is proportional to its frequency,
SHG generates a new photon with twice the energy and therefore twice the frequency. Similarly,
THG generates a new photon with triple the energy and triple the frequency. As a result, SHG and
THG are often referred to as frequency doubling and tripling techniques, respectively. However,
TGH is significantly more difficult to achieve than SHG; this is because there is very little third
order non-linearity in biological tissues. As a result, this dissertation will focus on discussing the

principles behind SHG, as well as the results generated with SHG imaging.

SECTION 6: AUTOFLUORESCENCE

Traditional confocal fluorescence imaging generally requires the injection of an exogenous
contrast agent into the biological tissue/organism which is being studied. This is not ideal for
clinical applications, as most exogenous fluorescence contrast agents are not FDA approved and
therefore are difficult to translate into clinical use. Autofluorescence imaging, on the other hand,
takes advantage of the natural emission of light produced directly from biological materials such
as mitochondria or lysosomes when they have absorbed light. As a result, it is ideal for clinical
applications as no exogenous contrast agents are necessary. Furthermore, the autofluorescence
signals may reflect molecular and/or functional information regarding the biological

tissue/organism, thus providing additional information to the clinical user.
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Both two-photon fluorescence and second harmonic generation are excellent techniques
to provide non-invasive and three-dimensional autofluorescence imaging of biological tissues.
While confocal microscopy can be used with infrared light sources to produce an autofluorescence
signal from the biological tissue, it is generally difficult for confocal techniques to separate other
unwanted fluorescence signals from the true emission spectrum of the autofluorescence signals
(which are very broad in spectrum). In addition, confocal microscopy can only image at very
limited depths (at up to few of tens of micrometers). In contrast, two-photon fluorescence and
second harmonic generation are capable of focusing the emission signal to the focal spot of the
beam; as a result, it is capable of imaging at superior resolution while filtering unwanted signals
from other locations of the tissue sample (/20). Finally, TPF and SHG use light sources in the
infrared range, with allows for imaging at up to 1-2 mm in depth.

In this study, we study the presence of nicotinamide adenine dinucleotide (NADH) and
flavin adenine dinucleotide (FAD) signals in TPF imaging. NADH and FAD signals mostly
originate from the cell mitochondria, as both are cofactors in the citric acid cycle for energy
production. In addition, we also study SHG which requires the presence of non-centrosymmetric
structures in order to produce a strong enough autofluorescence signal. Examples of non-
centrosymmetric structures which are intrinsic to the biological tissue/organism include collagen,
myosin and microtubules (/217). In the next sections, we will discuss the study design and results

associated with the NADH, FAD and SHG autofluorescence imaging of human brain cancer.

SECTION 7: MPF IMAGING SYSTEM

In this study, we use a home-built multiphoton fluorescence imaging platform which is modified
from an Olympus confocal microscope. This platform is able to provide a lateral resolution of 0.34
pum and an imaging depth of 2 mm. Figure 1 gives an overview of the imaging system.
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Figure 1. Design of the multi-photon fluorescence imaging system. Ti:S laser: Titanium-
Sapphire laser; EOM: electro-optical modulator and PMT: photomultiplier tube. Figure and
figure legends are published by Kut ez al. (2016), Detection of human brain cancer in ex vivo
human using multi-photon fluorescence (to be submitted).

An excitation wavelength between 750 nm and 780 nm was used to collect both two-photon
fluorescence and second-harmonic generation signals, while different filters are used to separate
the emission spectrums for NADH, FAD and SHG respectively. Table 1 shows the two-photon
and SHG emission spectra. When an excitation of 750 nm is used, the peak emissions for two-
photon imaging are 450 nm and 525 nm, respectively; for SHG signals, the peak emission is 400
nm. As a result, we have selected an emission filter at 447 + 30 nm to isolate the NADH signal;
an emission filter at > 496 nm to isolate the FAD signal; and finally, an emission filter at 390 + 9
nm to select the SHG signal. For human brain cancer applications, we deposited a total of

approximately 30-40 mW onto the brain tissue samples. Images were captured with a field of view

of up to 0.75 X 0.75 mm? per two-dimensional frame at a particular depth in the image. If three
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dimensional imaging is desired, we can also capture a series of two-dimensional images of the

brain cancer tissue at a step size of approximately 1um per frame in the z direction.

Table 1. Emission spectra of two-photon fluorescence and second harmonic generation
imaging. The shaded areas represent the emission spectra captured by the NADH filter (in red),
FAD filter (in blue) and SHG filter (in green), respectively.

In this study, we recruited a total of 32 patients who are undergoing brain lesion surgeries
at Johns Hopkins. These patients include 19 patients with primary brain cancer in the cerebrum
(i.e., 7 grade II, 6 grade III and 6 grade IV gliomas), 10 patients with secondary brain cancer (i.e.,
9 lung metastasis and 1 gastrointestinal metastases) as well as 3 patients with miscellaneous brain
lesions (i.e., 1 cerebellar brain tumor, 1 meningioma and 1 radionecrotic lesion).

For the purposes of this dissertation, we will only focus on the results from patients with
primary brain cancer in the cerebrum (grade II-IV glioma) and with lung metastases to the brain.
This is because we have very limited datasets for patients with other cancer types. In addition, it
should be noted that patients with grade I gliomas were purposefully excluded from this systematic
study because of its distinct nature from other glioma grades; while grade II-IV gliomas are
incurable brain cancers which are extremely aggressive and infiltrative in nature, grade I gliomas

are typically non-infiltrative and is generally curable.

SECTION 8: ACQUIRING HUMAN BRAIN TISSUE SAMPLES
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For all of the 32 patients in the study, brain tissues were freshly resected from the patient using
standard neurosurgical techniques (which includes microsurgical dissection when necessary, and
the use of routine intra-operative surgical navigation). Tissues necessary for clinical diagnosis of
the patient were obtained and sent to the Pathology department. If there are any excess tissues
which will otherwise be discarded in the course of surgery), these tissues will be sent to the
laboratory for research purposes.

Brain tissue samples from were obtained from patients and classified as cancer versus non-
cancer, as categorized by the neurosurgeon and later validated by a neuro-pathologist. Notably,
non-cancer tissues were also obtained from the resection margins which showed normal pathology
(i.e., less than 5% cancer cells based on visual estimate by the neuropathologist). These resection
margins from brain cancer patients were either obtained as part of the planned trajectory to the
cancer core, or were resected along the surgically defined margins at the interface between

infiltrated cancer and the normal brain.

SECTION 9: IMAGING PROTOCOL

As described in the earlier sections, a home-built MPF imaging system was used to image all the
ex vivo brain tissue samples obtained from primary and secondary brain cancer patients.

The ex vivo MPF imaging protocol can be described as follows. First, each tissue sample
was freshly obtained from the operating room and immediately sent to the laboratory for imaging.
Then, each tissue was re-sectioned into flat tissue samples for optimal MPF imaging.

For histological registration and correlation purposes, the brain tissue samples were glued
to a petri dish and then marked with India ink on the tissue surface. After the India ink is affixed

onto the tissue surface, a cover glass was carefully placed on top of the tissue surface to prevent
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dehydration of the tissue and also to flatten the tissue surface. The tissues were then kept in a 4°C
refrigerator until it is time for imaging.

To begin the imaging procedure, the tissue sample is first transferred onto the imaging
stage. Then, we add a drop of water to the cover glass and lower the objective lens onto the tissue
surface. Next, we use the eyepiece to locate and center the India ink mark onto the center of the
microscopic field of view (FOV). This marked our zero coordinates in the x and y direction. A
translational stage was then used to record the spatial coordinates of the imaging beam as we move
around the tissue sample. Once we have identified a region of interest, we will capture two-
dimensional images with a 0.35 x 0.35 mm? field of view. Notably, we can direct the MPF imaging
software to capture a three-dimensional volume at approximately 1-2 um per frame in the z-
direction. In addition, the x-y translational stage can be used to capture a mosaic image at a much
larger field of view. Finally, the OCT imaging data was stored digitally in a computer for image
post-processing and quantitative analysis using the ImageJ software or the MATLAB platform.

At the end of the imaging session, the tissue samples were placed in 10% neutral buffered
formalin overnight. After formalin fixation, the tissue samples were then transferred to a phosphate

buffered saline (PBS) solution and submitted for histological processing and correlation.

SECTION 10: STRUCTURAL CHARACTERISTICS

FOR NON-CANCER BRAIN TISSUES

First, we study the structural characteristics of non-cancer white matter and gray matter in brain.
Gray matter is a component of the central nervous system which contains numerous neuronal cell
bodies as well as some supporting structures including neuropils, glial cells, synapses and
capillaries; it is generally found in the cerebral cortex and in deep gray nuclei. White matter is also

a component of the central nervous system which consists mostly of myelinated axons (which
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transmit signals from one region in the brain to another) and the supporting glial cells; it is found
in the deeper regions (i.e. sub-cortical layers) of the brain. The color difference between white
matter and gray matter is mainly attributed to the presence of myelinated axons in white matter,

which is highly scattering and therefore appears white to the human eye.

In this study, we study the qualitative brain characteristics of gray matter versus white
matter, and validate with the corresponding histology. Figure 2 shows the two-photon results (i.e.,
NADH and FAD images) as well as the corresponding histology for gray matter and white matter.
Notably, we are able to detect the presence of neuronal cell bodies (marked by n) and the presence
of supporting glial cells which include satellite oligodendrocytes (marked by so) and protoplasmic
astrocytes (marked by pa). Notably, neuronal cell bodies (also known as soma) houses the cell
nucleus of the neurons, as well as a myriad of different cell organelles including mitochondria, and
Nissi granules. Satellite oligodendrocytes can be found adjacent to the neuronal cell bodies and
are used to regulate the extracellular fluid and the micro-environment in gray matter (/22).
Protoplasmic astrocytes, on the other hand, are often found near the blood vessels to produce the
perivascular effect, i.e., the interactions between the astrocytes and the endothelial cells of the
blood vessels in an effort to regulate the blood-brain barrier; in addition, some protoplasmic
astrocytes are also found adjacent to the pial surface. All of these structures can be found in the
NADH, FAD and H&E images. Overall, gray matter is characterized by the presence of many
neuronal cell bodies, which have a larger diameter when compared with the other supporting cells.

Depending on the neuronal type, the cell body can appear ovoid, triangular, or star-shaped.
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Figure 2. Structural characteristics of non-cancer gray matter versus white matter. Two-
photon images (including NADH and FAD imaging) are presented along with its corresponding
H&E histology. Overall, non-cancer gray matter can be characterized by the presence of neuronal
cell bodies, and non-cancer white matter can be characterized by a dense population of supporting
glial cells (e.g. oligodendrocytes and astrocytes) as well as the presence of myelinating axons.
Notably, myelinating axons cannot be visualized on H&E histology alone without the addition of
special stains e.g. Luxol blue stain. Abbreviations include n: neuronal cell body; so: satellite
oligodendrocyte; pa: protoplasmic astrocyte; fa: fibrous astrocyte; mo: myelinating
oligodendrocyte; and ma: myelinated axon. Figure and figure legends are published by Kut et
al. (2016), Detection of human brain cancer in ex vivo human using multi-photon
fluorescence (to be submitted).

White matter, on the other hand, is characterized by an absence of neuronal cell bodies,
and the presence of numerous myelinated axons (marked by ma) and supporting glial cells which
include the fibrous astrocytes and myelinating oligodendrocytes (marked by mo). Here, the fibrous

astrocytes are generally used to form perivascular and subpial endfeet; addition, many fibrous

astrocytes are also used to form perinodal processes at the nodes of Ranvier (i.e., the gaps in the
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myelin sheath of a neuron). Myelinating oligodendrocytes, as the name suggests, are used to
support and provide insulation to the neurons by forming the myelinated sheath (/22). Overall, we
can locate the presence of oligodendrocytes and astrocytes in NADH, FAD and H&E images.
However, it should be noted that we can only observe the presence of myelinated axons in the
NADH and FAD images, but not in the H&E image. This is because the presence of myelination
cannot be easily observed using H&E stains alone, and will require special stains e.g. Luxol fast
blue stain for visualization. Overall, white matter is characterized by a dense population of glial

cells (e.g. oligodendrocytes, astrocytes) and also by the presence of myelinated axons in the image.

SECTION 11: STRUCTURAL CHANGES FOR GLIOMAS

Figure 3 and 4 demonstrates the typical cellular and vascular changes in primary brain cancer. In
terms of cellular changes, grade II-IV gliomas are characterized by an increase in cellular density,
increase in cellular heterogeneity, and a higher nuclei-to-cytoplasmic (NC) ratio when compared
with non-cancer. In terms of vascular changes, grade II-IV gliomas are characterized by an increase
in blood vessel density, the presence of dilated and irregularly shaped blood vessels, and the

presence of invading cancer cells into the blood vessels.

Using two-photon fluorescence imaging, we study the brain characteristics for non-cancer,
grade II glioma, grade III glioma and grade IV glioma. Figure 5 demonstrates the cellular changes
found in the different grades of primary brain cancer. First of all, let us look at the cellular changes
for grade II glioma (when compared with the non-cancer white matter). While the cancer changes
for grade II glioma is somewhat subtle, we can observe an increase in cellular density and an

increase in cellular diameter on the overall. These cellular changes are especially evident in grade
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IIT and IV glioma samples, which showed clearly enlarged and irregular-looking cancer cells

which arise from the supporting glial cells of the brain. In addition, the cellular density is increased.

Figure 3. Typical cellular changes in primary brain cancer. Overall, primary brain cancer is
characterized by a higher cell density, increased cell heterogeneity and a higher nuclei-to-
cytoplasmic ratio. Figure and figure legends are published by Kut ez al. (2016), Detection of
human brain cancer in ex vivo human using multi-photon fluorescence (to be submitted).

Figure 4. Typical vascular changes in primary brain cancer. Overall, primary brain cancer is
characterized by a higher blood vessel density, the presence of dilated, irregularly shaped blood
vessels, and the presence of infiltrating cancer cells into the surrounding blood vessels. Figure
and figure legends are published by Kut ez al. (2016), Detection of human brain cancer in ex
vivo human using multi-photon fluorescence (to be submitted).

The vascular changes of primary brain cancer can be found in Figure 6. First of all, let us
look at the vascular changes for grade II glioma (when compared with the non-cancer white

matter). While the cancer changes for grade II glioma is somewhat subtle, we can observe a slight

increase in blood vessel diameter. For grade III glioma, blood vessels are often dilated with
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infiltration of cancer cells into the bloodstream. Finally, grade IV glioma shows the presence of

necrosis and microvascular infiltration; it is common for blood vessels to appear distorted.

Figure 5. Cellular changes found in grade II-1V glioma when compared with non-cancer. On
the overall, we observe and increase in cell density and an increase in cellular diameter as the
cancer grade increases. Zoomed-in view of the cancer cell is at ~4X magnification. Abbreviations
include a: astrocyte; o: oligodendrocyte, and c: cancer. Figure and figure legends are published
by Kut ez al. (2016), Detection of human brain cancer in ex vivo human using multi-photon
fluorescence (to be submitted).
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Figure 6. Vascular changes found in grade II-IV glioma when compared with non-cancer.
On the overall, we observe and increase in cell density and an increase in cellular diameter as the
cancer grade increases. Zoomed-in view of the cancer cell is at ~4X magnification. Abbreviations
include a: astrocyte; o: oligodendrocyte, and c: cancer. Figure and figure legends are published
by Kut ez al. (2016), Detection of human brain cancer in ex vivo human using multi-photon

fluorescence (to be submitted).

SECTION 12: VOLUMETRIC GLIOMA DATA

Notably, it is possible to reconstruct a three-dimensional volume of the multi-photon fluorescence
data. To accomplish this, we obtain one 350 x 350 um? frame (in the x-y direction) for every 1 pm
step in the z direction. The three-dimensional volume can subsequently be generated using
MATLAB or the Avizo software. Figure 7 shows one such example, with the NADH volumetric
reconstruction of different categories of freshly resected human brain tissues (which include non-

cancer gray matter, non-cancer white matter, as well as grade IV infiltrated zone and cancer core).

SECTION 13: SECOND HARMONIC GENERATION IN GLIOMAS
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As mentioned in the previous sections, second harmonic generation detects the presence of non-
centrosymmetric fibers in biological tissues such as collagen, myosin and microtubules (/27). In
particular, the second harmonic generation (SHG) signal is strong when collagen is present in

blood vessels, collagenous scars, or the growth of fibrous tissues surrounding a tumor mass.

In addition, the second harmonic generation is dependent on the collagen types. For
example, collagen I exhibits a strong SHG signal while collagen IV has little to none SHG activity
(123). Generally speaking, the SHG signal is weak in the normal brain. When glioma is present,
however, the content of collagen I increases in pathological tumor vessels which will can exhibit
a visible SHG signal (124, 125). Figure 8 shows the example of a grade III brain cancer tissue
sample with a pathological tumor blood vessel; in this example, the blood vessel has become
hyperplastic as a result of the brain cancer. A hyperplasic blood vessel is characterized by a
significant thickening of the vessel fall, the proliferation of pericytes and smooth muscle cells

which support the blood vessels, and also the proliferation of endothelial cells.
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Figure 7. Volumetric reconstruction of two-photon fluorescence images. Here, we show the
three-dimensional reconstruction for non-cancer gray matter, non-cancer white matter, grade IV
infiltrated zone and grade IV cancer core using the NADH signal. Figure and figure legends are
published by Kut ef al. (2016), Detection of human brain cancer in ex vivo human using multi-
photon fluorescence (to be submitted).
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Figure 8. Example of pathological, hyperplastic blood vessel in glioma. Here, we show the
NADH, SHG and H&E images for a grade III glioma with a hyperplastic blood vessel.
Hyperplastic blood vessels are characterized by a marked thickening of the vessel wall, the
proliferation of pericytes and smooth muscle cells surrounding the blood vessels, and in the
proliferation of endothelial cells. Both collagen I and IV expressions will increase for a
pathological tumor blood vessel in the brain, although collagen I is the collagen type which is
responsible for the SHG signal. Figure and figure legends are published by Kut et al. (2016),
Detection of human brain cancer in ex vivo human using multi-photon fluorescence (to be
submitted).
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SECTION 14: INTRODUCTION TO SECONDARY BRAIN CANCER

In addition to primary brain cancer, multi-photon fluorescence is also capable of differentiating
among different secondary brain cancer types. Secondary brain cancer originates from cancer cells
which have breached the blood-brain barrier and infiltrated into the brain from another part of the
human body (i.e., from the primary cancer site). Overall, about 25-35% of all cancer patients
eventually develop metastases to the brain, which often leads to severe neurologic symptoms and
an overall worse prognosis; while the median survival for patients is less than 1 year with
treatment, survival can decrease to 1-2 months without treatment (/26, 127). Generally speaking,
patients with only 1-2 isolated brain metastases are recommended for surgery, and maximal cancer
resection is needed to prolong survival and delay recurrence. As a result, better image guidance
techniques are necessary to identify the pathological characteristics of brain cancer in real-time
during surgery and to maximize the extent of cancer resection.

Of all the cancers, lung cancer is the most common type to metastasize to the brain (35%);
in addition, breast cancer, kidney cancer, gastrointestinal cancer and melanoma are also prove to
metastasize to the brain (/27, 128). In this study, we only focus on the differentiation of lung
cancer subtypes which have metastasized into the brain with ex vivo brain tissues from 9 patients.

There are two major categories of lung cancer: small cell lung cancer (SCLC) and non-
small cell lung cancer (NSCLC). Generally speaking, small cell lung cancer originates from small
neuroendocrine cells, and is responsible for 10-15% of all lung cancers. The classification of small
cell lung cancer is significant since this is the fastest growing and more aggressive lung cancer.
SCLC is also known as oat cell carcinoma; as suggested by the name and as shown in Figure 9,
SCLC cells are characterized by very small lung cancer cells which densely populate the tissue

sample. In general, these SCLC cells have a much smaller cell diameter (with very little cytoplasm)
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when compared to the normal lung. Due to their small and delicate nature, SCLC cells are easily
crushed during brain tissue biopsies (i.e., a crush artefact) which will prevent pathologists from
making an accurate and reliable diagnosis. As a result, imaging technologies such as multi-photon
fluorescence can be useful as they can capture in vivo images of the brain non-invasively and

without crushing the SCLC cells during the procedure.

Figure 9. Structural characteristics of small cell lung cancer (SCLC) metastasized into the
brain. Small cell lung cancer is also known as oat cell carcinoma, since the cancer is characterized
by the presence of densely populated, small-diameter cancer cells. Generally speaking, these
SCLC cells have a small cellular diameter but a high nuclei-to-cytoplasmic ratio since there is very
little cytoplasm in each cell. Here, we show the NADH and the corresponding H&E images.
Figure and figure legends are published by Kut et al. (2016), Detection of human brain cancer
in ex vivo human using multi-photon fluorescence (to be submitted).

Non-small cell lung cancer, on the other hand, are responsible for 85-90% of all lung
cancers. There are 3 major sub-types of NSLCs: large cell carcinoma, adenocarcinoma, and
squamous cell carcinoma. Large cell carcinoma is an aggressive cancer type with poor prognosis;

as demonstrated in Figure 10, it is characterized by the presence of pleomorphic giant cells (i.e.,

a tumor mass formed by the union of several cells and as a result, can be multi-nucleated).

121



Adenocarcinoma is the most common lung cancer subtype in females and in non-smokers; as
demonstrated in Figure 11, it is characterized histologically by the presence of a fibrovascular
core and by the presence of mucin in many cases. Squamous cell carcinoma, on the other hand,
are often linked to smoking and are more common in men than in women; its pathology is
characterized by the presence of large, flattened cells which originated from the squamous cells
which line the inside of the lung’s airways. In addition, key diagnostic features include the
presence of intracellular bridges and squamous pearl formation as a result of intracytoplasmic
keratin (figure not shown due to insufficient data).

To summarize, Figures 9 to 11 highlights the histological differences amongst the different
lung cancer subtypes. Overall, there are key structural and prognostic differences among the

different lung cancer types; as a result, it is important to correctly differentiate the different lung

cancer types from the normal brain during cancer resection.

Figure 10. Structural characteristics of large cell lung carcinoma metastasized into the brain.
Large cell carcinoma of the lung is a type of non-small cell lung cancer (NSCLC) and is
characterized by the presence of pleomorphic giant cells which have large nuclei and abundant
nuclei. Giant cells are formed by the joining of several cells, and can sometimes appear as multi-
nucleated. Here, we show the NADH and the corresponding H&E images. Figure and figure
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legends are published by Kut ef al. (2016), Detection of human brain cancer in ex vivo human
using multi-photon fluorescence (to be submitted).

. \3; NADH (green) & SHG (gold)
4

Figure 11. Structural characteristics of adenocarcinoma from the lung metastasized into the
brain. Adenocarcinoma of the lung is a type of non-small cell lung cancer (NSCLC) and is
characterized by the presence of fibrovascular cores and by the presence of mucin. Fibrovascular
cores are abundant with collagen, which can be seen in the overlaid NADH (green) and SHG (gold)
signals. For histological correlation, we also show the corresponding H&E images. Figure and
figure legends are published by Kut ef al. (2016), Detection of human brain cancer in ex vivo
human using multi-photon fluorescence (to be submitted).

SECTION 15: SHG SIGNALS FOR SECONDARY BRAIN CANCER

In the previous section, we describe the pathological characteristics of lung adenocarcinoma
(metastasized to the brain) which included the presence of collagen-rich fibrovascular cores. In
fact, most metastases to the brain are enclosed by a fibrotic capsule which is responsible for the
well-defined appearance of cancer metastases to the brain (as demonstrated in Figure 12). These
fibrotic capsules are rich in collagen fibers, and as a result, exhibit strong second harmonic
generation signal when imaged. As a result, the presence of abundant and strong SHG signals may

aid surgeons in localizing the brain tumor and maximizing the extent of cancer resection.
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Figure 12. Fibrotic capsule surrounding the metastases to the brain is rich in collagen. Here,
collagen-rich fibers are embedded within a brain cancer region close to the fibrotic outer capsule
of the metastases. Here, we show the NADH, SHG, and the overlaid NADH/SHG images. Figure
and figure legends are published by Kut ef al. (2016), Detection of human brain cancer in ex
vivo human using multi-photon fluorescence (to be submitted).

SECTION 16: QUANTITATIVE ANALYSIS

In addition to qualitative data, we can also post-process the MPF images and classify the images
based on their cellular characteristics, vascular characteristics, and the degree of pleomorphism.
For example, Figure 13 shows the results of a maximally stabilizing extreme region (ESER)
algorithm we have optimized for identification of cellular density and size in brain cancer. Using
a similar algorithm, we can analyze the standard deviation of the cellular size (and other
quantifiable features) to help us assess the degree of pleomorphism in the brain cancer tissue
samples. Similarly, Figure 14 shows the results of a line segmentation algorithm we have adapted
for the identification of blood vessels in brain tissues.

To summarize, software algorithms can be optimized to identify the pathological features

of brain cancer which cannot be identified by eye otherwise in the operating room.

124



Figure 13. Evaluation of cellular size and density in human brain tissues using a maximally
stabilizing extreme region (MSER) algorithm which we have optimized for brain cancer use.
The top row shows the original NADH images (in black and white), while the second row shows
the same image overlaid by cells identified using the MSER algorithm. Notably, the colors are
used to distinguish one cells from another. Figure and figure legends are published by Kut e?
al. (2016), Detection of human brain cancer in ex vivo human using multi-photon
fluorescence (to be submitted).
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Figure 14. Segmentation of blood vessels in human brain tissues using a line segmentation
algorithm which we have optimized for brain cancer use. In this example, we find the
morphological line elements at different angles (between 0° to 360°). The image on the left is the
original NADH image, while the image on the right is the segmented image. The segmented image
is produced by summing the list of all morphological elements found between 0° to 360°. Bright
yellow indicates high magnitude (i.e. morphological line elements identified at different angles),
while dark blue indicates zero magnitude (i.e. no line elements found at any angle). Figure and
figure legends are published by Kut ez al. (2016), Detection of human brain cancer in ex vivo
human using multi-photon fluorescence (to be submitted).

SECTION 17: MERGING OF OCT AND MPF

Multi-photon fluorescence is an excellent complementary imaging technique for OCT in the
operating room for the resection of brain cancer. As demonstrated in previous sections, OCT is a
volumetric imaging technique which can detect brain cancer from non-cancer with 92-100%
sensitivity and 80-100% specificity based on its optical properties. However, OCT does not
provide molecular or functional-specific information, and it is most useful in the differentiation of
white matter and brain cancer. While OCT demonstrates lower attenuation properties in gray
matter when compared with normal brain tissues, the difference is not statistically significant. MPF
can help to provide complementary information by providing molecular signatures (e.g. NADH,
FAD and the presence of non-centrosymmetric fibers). In addition, it is possible to analyze the
ratio of NADH versus FAD to obtain the metabolic activity of the tissue sample. Importantly, MPF
can help with the differentiation of gray matter and cancer with relative ease. However, MPF
provides subcellular information at a narrow field of view (FOV) and as a result, it will be
impractical to use MPF alone in the scanning of the entire resection cavity. However, it will be
ideal to use OCT as a volumetric scanning tool for the entire resection cavity, and use MPF as a
“zoom in” tool when OCT results at a specific spot in the brain is inconclusive. To summarize, the
combination of OCT and MPF eliminates each other’s disadvantages and together, they form a

powerful tool in the identification and maximal cancer resection for human brain cancer. Figure
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15 demonstrates the OCT and MPF results of the same brain tissue sample with a prominent blood
vessel across the surface of the tissue sample. In addition, preliminary work has been performed
by other members in Dr. Xingde Li’s laboratory an integrated OCT/MPF system for multi-modal

imaging of mice intestinal tissues (/29).

Figure 15. Registration of OCT and MPF images which shows the presence of a prominent
blood surface spanning the surface of the tissue sample. Figure and figure legends are
published by Kut ef al. (2016), Detection of human brain cancer in ex vivo human using
multi-photon fluorescence (to be submitted).
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CHAPTER 7: CONCLUSIONS

AND FUTURE DIRECTIONS

SECTION 1: OCT BRAIN CANCER STUDY

As demonstrated in Chapters 1 to 5 of this dissertation, complete brain cancer resection can
prolong survival and delay recurrence. However, it is challenging to distinguish cancer from non-
cancer tissues intra-operatively, especially at the transitional, infiltrative zones. This is especially
critical in eloquent regions in the brain (for example, speech and motor areas). This study tested
the feasibility of label-free, quantitative optical coherence tomography (OCT) for differentiating
cancer from non-cancer in human brain tissues. Fresh ex vivo human brain tissues were obtained
from 32 patients with grade Il to IV brain cancer and 5 patients with non-cancer brain pathologies.
On the basis of volumetric OCT imaging data, pathologically confirmed brain cancer tissues (both
high- and low-grade) had significantly lower optical attenuation values at both cancer core and
infiltrated zones when compared with non-cancer white matter, and OCT achieved high sensitivity
(92-100%) and specificity (80-100%) at an attenuation threshold of 5.5 mm™! for brain cancer
patients. We also used this attenuation threshold to confirm the intra-operative feasibility of
performing in vivo OCT-guided surgery using a murine model harboring human brain cancer. Our
OCT system was capable of processing and displaying a color-coded optical property map in real
time at a rate of 110 to 215 frames per second, or 1.2 to 2.4 s for an 8- to 16-mm? tissue volume,
thus providing direct visual cues for cancer versus non-cancer areas. Our study demonstrates the

translational and practical potential of OCT in differentiating cancer from non-cancer tissue. Its
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intra-operative use may facilitate safe and extensive resection of infiltrative brain cancers and

consequently lead to improved outcomes when compared with current clinical standards.

As aresult, OCT has great potential as an imaging tool for the localization and mapping of
brain cancer margin. However, there are several existing limitations (66, 72). For example, OCT
does not provide any provide molecular information (which is unlike Raman spectroscopy, multi-
photon fluorescence or confocal fluorescence imaging). In addition, the current imaging system is
also limited by a small imaging volume (at 8-16 mm?). In order to scan the entire resection cavity
to check for residual cancer, we will need to address two existing technical constraints: 1) we need
to use a high-performance, high-range robotic device which can substantially increase the OCT
imaging area (and volume) by 10- to 100-fold (66); 2) the computer hardware needs to increase its
capacity to allow for storage of hundreds of GBs of data at a time (which will be necessary once
we increase the OCT imaging area by 100-fold or higher) (66). Alternatively, the imaging volume
can also be addressed by co-registering the OCT images with surgical microscopes, which will
allow seamless and continuous surgical guidance in the operating room (61, 62). Furthermore,
OCT can be complemented by wide-field imaging technologies (e.g. MRI and fluorescence) to
facilitate maximal safe cancer resections (66). In addition to optical property mapping, OCT can
also yield other functional information such as Doppler to detect the presence of in vivo blood
flow, and therefore preventing bleeding and stroke-related complications during surgery (66).
Finally, OCT can also benefit from future research and advances in the OCT light sources (66),
which can in turn yield faster imaging speeds (e.g. >400 fps vs the current speed at up to 220 fps)

(88) and axial resolution (e.g. <3 um versus the current resolution at 6.4 um in tissue) (89).

In conclusion, OCT could have immense translational potential in guiding primary brain
cancer detection and resection in the operating room. In addition to primary brain cancer, OCT
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and the optical property mapping technique may also be useful for distinguishing cancer from non-
cancer tissue for other brain cancers including metastatic (i.e. secondary) brain cancer. Building
upon this study, we have already conducted the first in vivo clinical study on 3 high-grade brain
cancer patients (which we discussed in Chapter 5). Additional future considerations include the
construction of a miniature, turnkey imaging system which will facilitate the ease of transport and
set up at different operating rooms throughout the day. Overall, this dissertation sets the stage for
future large-scale clinical trials and technological advancement that will eventually lead to an
uniquely and valuable technology which is capable of detecting infiltrative brain cancer margins
quickly and efficiently, resulting in cleaner resection margins for cancer patients and thus

improved patient survival and quality of life.

SECTION 2: MPF BRAIN CANCER STUDY

As demonstrated in Chapter 6 of this dissertation, multi-photon fluorescence is an excellent
technique which can visualize subcellular structures of the brain in real-time and without the use
of exogenous contrast agents. In order to assess the performance of MPF imaging to obtain real-
time and clinically useful diagnostic information in the detection of human brain cancer versus
non-cancer, ex vivo studies have been performed using freshly resected brain tissues obtained from
patients who are undergoing neurosurgery as part of their standard of care. Ex vivo images of both
primary and secondary brain cancer demonstrates the potential to allow a pathologist to study the
pathological characteristics of the brain tumor non-invasively and in real-time at a resolution of
0.34 um. In Chapter 6, we have demonstrated the structural differences among non-cancer white
matter, non-cancer gray matter, grade II-IV glioma, as well as different subtypes of lung cancer
which have metastasized to the brain (including small-cell lung cancer SCLC, and two subtypes

of non-small cell lung cancer NSCLC including large cell carcinoma of the lung and
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adenocarcinoma of the lung). In addition to qualitative data, post-processing of the MPF images
can also help us to classify brain cancer versus non-cancer based on their cellular and vascular
characteristics (as well as the degree of pleomorphism). In addition to structural data, MPF also
provides molecular information e.g. the presence of NADH, FAD and functional information e.g.
the redox ratio as defined by relative levels of NADH versus FAD. To summarize, these results
suggest that MPF may become a useful complementary imaging technique alongside OCT to
achieve maximal detection and resection of brain cancer in the operating room. Future directions
of this project include the construction of a portable and inexpensive femtosecond laser source for
intra-operative use; the development of a miniature handheld imaging probe which is optimized
for brain cancer applications; and the development of a three detection channels in the MPF system

which will allow simultaneous capture of NADH, FAD and SHG images.

SECTION 3: OTHER PROJECTS

In addition to the OCT and MPF brain cancer studies, we have also completed 10 miscellaneous
projects throughout the course of my PhD. The results and conclusions from this study can be

located in the Appendix Section of this dissertation.

SECTION 4: CONCLUSION

This dissertation has presented the use of optical coherence tomography (OCT) and multi-photon
fluorescence in obtaining optical, structural, molecular and functional information of human brain
cancer versus non-cancer tissues. A systematic ex vivo study has been performed using OCT to
obtain the optimal diagnostic threshold for distinguishing brain cancer versus non-cancer tissues;
in addition, an independent study using the optimal diagnostic threshold is able to achieve excellent

sensitivity and specificity in the detection of brain cancer versus non-cancer. In addition, an in vivo
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study has begun to evaluate the performance of OCT in detecting brain cancer in patients in the
operating room, with excellent results. Finally, multi-photon fluorescence provides
complementary information to OCT in the real-time detection of human brain cancer. While OCT
is able to volumetrically scan the entire resection cavity in the brain, MPF can be used to zoom in
and provide additional information to assist surgeons and pathologists with the diagnosis. To
summarize, the results of this dissertation have motivated the development and optimization of the

OCT and MPF software to enable in vivo imaging and analyses of brain cancer.
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APPENDIX 0: OVERVIEW OF

ADDITIONAL RESACH PROJECTS

In this dissertation, we have discussed the study design and results of OCT and MPF in the real-

time detection of brain cancer margins in the operating room. In the appendix section, we will now
give an overview of the other projects and/or publications completed in the course of the PhD.

These projects include: (Appendix 1) Study on the effect of intracranial albumin on
extracellular fluid flow rates along white matter tracts in the brain; (Appendix 2) Viewpoint on
the importance of the blood-brain barrier to the development of neurotherapeutics; (Appendix 3)
Considerations on the planning of radiation treatment for brain tumors: Neural Progenitor Cell-
Containing Niches; (Appendix 4) The study of inter- and intra-fraction patient positioning
uncertainties for intracranial radiotherapies; (Appendix 5) A preliminary study of the injury
sustained from heating systematically delivered, non-targeted dextran-supraparamagnetic iron
oxide nanoparticles in mice; (Appendix 6) a study to evaluate the performance of MPF in detecting
acute and chronic myocardial infarction in porcine hearts.

In addition, I have also performed several brief, exploratory studies which will not be
included as part of this dissertation. These projects include an OCT study to detect the presence of
atherosclerotic plaques in porcine coronary arteries; an OCT study to detect the presence of cancer
implanted into the murine tibia; an OCT study to detecting structural characteristics of the bovine
kidney; and finally a MPF study to detect the structural differences between normal versus cancer

tissues for head and neck patients.

133



APPENDIX 1: THE EFFECT OF INTRA-
CRANIAL ALBUMIN ON EXTRA.-

CELLULAR FLUID FLOW RATES ALONG
WHITE MATTER TRACTS IN BRAIN

SECTION 1: OVERVIEW

Waste metabolites and tumor cells are typically drained from the local interstitium and carried by
extracellular fluid flow to regional lymph nodes. Although the brain lacks lymphatics, extracellular
fluid resulting from albumin extravasation through a disrupted blood brain barrier (BBB) could

passively carry neurotoxic metabolites and glioma cells down adjacent white matter tracts (WMT).

This study sought to determine if increasing intracranial albumin concentrations affect
extracellular fluid flow rates (ECFR) along WMT using both in vivo MRI imaging and ex vivo
Evans blue validation. A total of 19 Sprague-Dawley rats were used for this study. First, increasing
concentrations of bovine albumin labeled with Evans blue were injected stereotactically into the
frontal lobe of rats for an initial baseline study. 7 hours later, rat brains were extracted, sectioned
and imaged to measure ECFR. Following the baseline study, albumin labeled with Evans blue
and/or gadolinium was similarly injected into rat brains and in vivo MRI was used to estimate

ECFR. Rats were then sacrificed and their brains sectioned for Evans blue validation of ECFR.

On the overall, anterior-posterior ECFR (AP ECFR) for rats receiving 0.12 and 6.0 mg of
albumin were 0.43 + 0.15 and 1.02 £+ 0.22mm/hour (p=0.03, R=0.57). In vivo MRI yielded an

average AP ECFR of 1.3 and 1.7mm/hour after administering 3 and 6 mg of albumin, consistent

134



with our Evans blue measurements. MRI demonstrated markedly increased edema, as measured
by T2-weighted images, adjacent to the albumin injection site, which extended further down the
WMT than the albumin-gadolinium complex. To conclude, higher intracranial albumin
concentrations result in local edema and higher ECFR along WMT. These results suggest that we
could image albumin extravasation through the BBB using in vivo MRI, which have potential

implications in monitoring waste, metabolite and tumor cell clearance in the brain.

SECTION 2: INTRODUCTION

Previous studies have long recognized two major pathways of interstitial clearance: 1) the
glymphatic clearance whereby extracellular fluids drain through the astrocytic endfeet in the
paravascular space and 2) the axonal clearance whereby extracellular fluids drain along the white
matter tracts (/30-133). Recently, much emphasis has been placed on the mechanisms of
glymphatic clearance — namely, the study of aquaporin channels in the brain (AQP4) and how
their insertion and activity at the astrocytic endfeet influence the bulk flow of extracellular fluids
along the paravascular space (131, 132). However, it is also known that glymphatic clearance fails
significantly during neuro-pathologic conditions, as diffuse gliosis results in the mislocation of
aquaporin channels at the astrocytic endfeet (/3/, 132). In patients with brain tumors, the
aggregation and passive transportation of glioma cells along the white matter tracts may
additionally play a part in cancer dissemination, similar to how systemic cancer cells are carried
to regional lymph nodes (734, 135) . Consequently, we would like to highlight the importance of
the axonal clearance pathways along the white matter tracts, which could be targeted to maintain
or even regulate ECF drainage and interstitium-CSF exchange, especially when glymphatic

pathways fail. This study aims to achieve better understanding of extracellular fluid drainage along

135



the white matter tracts (in other words, the axonal clearance pathway) during blood-brain-barrier

(BBB) disruption using both in vivo MRI and ex vivo Evans blue validation.

Extracellular fluid flow rate (ECFR) plays a significant role in fluid exchange and drainage within
the brain (/30, 136-139). Research on the dynamics and pathways of extracellular fluid (ECF)
drainage from different regions of rat brain using radiolabeled tracers of different molecular
weights reported similar clearance rates, suggesting that bulk ECF convective flow, and not
diffusion, was primarily responsible for the transport (/38). In pathologic conditions such as brain
tumors, ischemia, HIV-1 encephalitis, Alzheimer’s disease, Parkinson’s disease and multiple
sclerosis, ECF flow rates often increase as a result of brain swelling from blood-brain-barrier
disruption and subsequent albumin extravasation into brain (/40). While an intact BBB restricts
the passage of large, water soluble compounds from blood to brain, a disrupted BBB allows
albumin (67 kDa) to pass with ease (133, 141-143). As serum albumin moves into the brain, it
osmotically brings water with it, creates peritumoral edema and leads to higher ECF flow rates
along the brain’s white matter tracts (WMT) which serve as the major fluid outflow pathways for

extracellular fluid.

Since the bulk flow of extracellular fluid plays a significant role in neuropathology, monitoring
and regulating the blood-brain-barrier permeability and ECFR could be a key target for therapeutic
intervention. Recent studies in the glymphatic pathway suggests a significant and beneficial role
in clearing neuro-toxic substances such as tau and beta-amyloids in Alzheimer’s disease (/31,
132) . On the other hand, the same high extracellular fluid flow rates may serve a different role in

glioma patients and instead contribute to and accelerate the transport and deposition of tumor cells
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to distant locations in the brain (130, 144, 145). Currently, glucocorticoids and agents targeting
VEGF pathways have the potential to reduce BBB disruption and the extent of peritumoral edema.
A better understanding and quantification of the degree of BBB disruption could enable us to one

day quantify and monitor the rate of extracellular fluid clearance within the brain.

In this study, we simulate different degrees of BBB disruption by injecting various concentrations
of albumin intracranially into rat brains, and evaluate the relationship between the concentration
of albumin reaching the brain and the bulk ECFR along the draining white matter tracts. Our
results illustrate quantifiable ECFR flow along the draining white matter tracts both with in vivo
MRI and ex vivo Evans blue validation, and show comparable results with both methods. In
summary, we intend to highlight the potential to monitor and measure extracellular fluid flow rates
and BBB disruption patterns non-invasively using MRI, and provide a better understanding of
interstitial clearance in the brain with important implications for neuro-therapeutic interventions.
To our knowledge, there are no previous studies that explore the relationship between varying

concentrations of BBB disruption and the ECFR along white matter tracts.

SECTION 3: EXPERIMENTAL DESIGN

SECTION 3.1 THE EFFECT OF LOCAL EVANS BLUE LABELED ALBUMIN CONCENTRATIONS
ON EXTRACELULAR FLUID FLOW RATES ALONG ADJACENT WHITE MATTER TRACTS

Experimental Plan: 19 adult, female Sprague Dawley rats at age 57-90 days and approximately
200g were purchased from Charles River Laboratories (Wilmington, MA). In 15 rats (A1-15),
specified amounts of bovine albumin tagged with Evans blue (EB-albumin) were injected
intracranially to simulate passage of increasing amounts of albumin across the BBB. The EB-

albumin draws water osmotically into the brain, which drains down adjacent WMT. The distance
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that the labeled albumin was carried over a fixed period of time was used to estimate ECFR along
WMT using histologic (EB-albumin complex) measurements. Flow rates along WMT were

analyzed as a function of the amount of injected albumin.

Injection Coordinates: All animals were anesthetized by an intra-peritoneal injection from a
ketamine/xylazine solution at doses of 75/7.5 mg/kg. Rats were placed in the prone position using
a stereotactic frame. The scalp was shaved, prepped and draped in a sterile manner, with a mid-
sagittal fronto-parietal scalp incision. The scalp was retracted and a burr hole drilled over the
frontal lobe, using a 2mm drill bit and dental drill. Injection coordinates were determined at 1 mm
anterior to the bregma, 4 mm lateral to the sagittal suture over the right hemisphere, at a depth of
3.3 mm into the frontal lobe. A needle attached to a 25 pLL Hamilton syringe was positioned
perpendicularly to the surface of the brain, and albumin labeled with Evans blue was injected into

the right frontal lobe at the gray-white matter junction.

Stereotactic Frame for Injection: For the WMT flow rate studies, a manually operated

stereotactic frame was used for the rats injected with EB- albumin complex.

Injection solution: Increasing doses of albumin ranging from 0.12-6.0 mg (or 6-300 mg/mL) of
bovine albumin and 0.04 g (or 2 g/100 mL) of Evans blue (Fisher Scientific, Pittsburgh, PA) were
mixed with 20 pL of 0.9% saline solution and injected stereotactically over 80 minutes into the
right frontal lobe at the gray-white matter junction in rats. The zero-hour time point marked the

beginning of injection.

Rat Brain Coronal Slices: At 7-9 hours post injection, the animals were euthanized by carbon
dioxide. The brains were quickly extracted and placed on a coronal rat brain matrix. The brains

were sectioned into approximately 0.75 mm coronal slices, which were placed onto positively
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charged slides (Globe Scientific Inc.) and imaged to quantify both coronal and axial transport of

the Evans-blue dye. The brains were then stored in a -80°C freezer.

Flow Rate Analysis: Anterior-Posterior (AP) ECFR were determined by counting the number of
coronal slices with visible Evans blue dye, and assuming an average coronal slice thickness of 0.75
mm. Superior-Inferior (SI) ECFR were not quantified as EB-albumin had reached the end of the
inferior dimension by the time of sacrifice, thus limiting the ability to measure flow rates in this

direction. Flow rates along WMT were analyzed as a function of the amount of injected albumin.

SECTION 3.2 COMPARISON OF FLOW DOWN WHITE MATTER TRACTS AS MEASURED BY
EVANS BLUE LABELED ALBUMIN (AUTOPSY) AND GADOLINIUM LABELLED ALBUMIN (MRI)

Experimental Design: 4 adult female Sprague Dawley rats (B1-4) were used. For B1, Evans blue
was injected intracranially without albumin or gadolinium (Gd) to verify that the Evans blue dye
alone did not affect MR image quality nor result in brain edema. In addition, this control animal
(B1) was expected to provide information on the distribution of unbound Evans blue in the brain.
In the other three animals, a Gd-albumin-Evans blue solution (Gd-albumin) was injected into brain
parenchyma to simulate passage of known amounts of albumin across the BBB. Images were
obtained to visualize the location and dispersion of Gd-albumin. The animals were subsequently
autopsied so that the distributions of the EB-albumin and Gd-albumin could be compared. For
experiments involving Gd-albumin in the injection solution: a digitally operated stereotactic frame
was used for injections; early (2-4 hours following injection) and late (6-8 hours) MRI scans were

performed and autopsies were conducted immediately after imaging.

Injection solution: For rat B1, we used a 20 pL solution of 0.02 g (or 1 g/100mL) Evans blue

(Fisher Scientific, PA) with Gd-albumin (BioPal, Massachusetts) and bovine albumin. We used a
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0.25mg/2.75mg/0.02g solution for rat B2, a 0.25mg/5.75mg/0.02¢g solution for rat B3 and a

0.5mg/5.5mg /0.04g solution of Gd-albumin/bovine albumin/Evans blue for rat B4.

Rat Brain Coronal Slices At 7-9 hours post injection, the animals B1, B2 and B4 were sacrificed
and coronal sections were processed as described above. For Rat B3 in the MRI studies, the brain

was placed in 10% formalin before coronal slices were obtained, imaged and documented.

MRI: MRI scans were obtained at approximately 2-4 hours and 6-8 hours post injection using a
Bruker horizontal bore 9.4T animal system. The following imaging sequences were used: i) 2D
fast low-angle shot (FLASH) sequence with echo time (TE)=2.3ms and repetition time
(TR)=300ms, at a flip angle (a) of 30° and slice thickness (z) = 0.5mm, field of view (FOV)=5.12
x 5.12mm and in-plane resolution at 200x200 pm?; ii) 3D FLASH sequence with
TE/TR=2.3/20ms and 0=15°; iii) 2D rapid acquisition with relaxation enhancement (RARE) spin
sequence at TE/TR=8-120/4000ms and z=0.5mm. 2D T1-weighted FLASH discriminates tissues
with higher Gd concentrations and provides quantitative estimation of ECFR; 3D T1-weighted
FLASH of select mice brains provide anatomic visualization of ECF flow patterns and its
relationship with adjacent white mater tracts; T2-weighted RARE, on the other hand, distinguishes

tissues with edema and provides a visual estimation of the degree of intracerebral edema.

Measurements of Gd-Albumin and EB-Albumin WMT flow rates: For Gd-Albumin,
Anterior-Posterior (AP) ECFR were determined by counting the number of MRI coronal cross-
sections (0.5 mm thick) with visible Gd-albumin contrast agent. ECFR in the AP direction
measured by Evans blue vs. Gd-albumin were recorded and compared. For EB-albumin, AP

ECFRs were calculated as described above.
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SECTION 4: RESULTS

SECTION 4.1 THE EFFECT OF LOCAL EVANS BLUE LABELED ALBUMIN CONCENTRATIONS
ON EXTRACELULAR FLUID FLOW RATES ALONG ADJACENT WHITE MATTER TRACTS

The site of intracranial injection was visually confirmed post-mortem in all 15 rats by the presence
of Evans blue dye at the right frontal lobe injection site. In all animals, the entire brain was white
except at the site of injection and along the ipsilateral draining WMT, especially at the external
capsule. Coronal brain slices for rats A1-15 were obtained at the end of experiment or at 7 hours
post injection. Examples of coronal slices from rats receiving 0.12 mg (A1) versus 6.0 mg albumin
(A15) are shown in Figure 1A-B. Results for 15 rats receiving EB-albumin intracranial injections
were demonstrated in Figure 1C. A correlation was observed between the intra-cerebrally
administered dose of albumin and extracellular fluid flow rates (ECFR) (R = 0.57, R? = 0.32).
Statistical significance of anterior-posterior (AP) flow rate of the labeled albumin within the WMT
of rats were established for rats receiving lower doses (A1-7 and A10-11) vs. rats receiving the
higher dose at 6mg (A12-15) (Figure 1D). Average anterior-posterior (AP) flow rate of the labeled
albumin within the WMT of rats receiving 0.12mg albumin (A1-2) was 0.43 mm/hour; and in

those receiving 6mg albumin (A12-15), the average AP flow rate was 1.02 mm/hour (p = 0.015).

SECTION 4.2 COMPARISON OF FLOW DOWN WHITE MATTER TRACTS AS MEASURED BY
EVANS BLUE LABELED ALBUMIN (AUTOPSY) AND GADOLINIUM LABELLED ALBUMIN (MRI)

Four adult female Sprague Dawley rats (B1-4) were used for this part of the study. Associated AP
flow rates for each rat were recorded in Table 1. In rat B1, Evans blue was administered directly
into brain parenchyma without albumin or gadolinium. This was done to ensure that the Evans
blue would not affect the MRI and would not result in brain edema. In addition, it would provide

information on the distribution of Evans blue that was not bound to albumin.
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Figure 1. Systematic study of extracellular fluid flow rates along white matter tracts. (A-B)
Coronal slices for rats receiving 0.12mg (left) versus 6mg (right) albumin injection, with same
concentration of Evans blue (2g/100mL) in 0.9% saline solution. (C) Estimated anterior-posterior
(AP) extracellular fluid flow based on Evans blue trajectory along external capsule in 15 female
Sprague Dawley Rats (A 1-15). Each data point represents the rate of EB-albumin flow along white
matter tracts for each rat. (D) Averaged anterior-posterior (AP) extracellular fluid flow based on
Evans blue trajectory along external capsule in 15 female Sprague Dawley Rats (A1-15). One-
tailed t-test with unequal variances was used to calculate the p-value when compared with rats
A12-15 which received the highest dose of albumin (6 mg). * indicates statistically significant
difference with p < 0.05. Figure and figure legends are published by Kut ef al. (2016), Effect
of extracellular fluid flow rates along white matter tracts in murine brain (to be submitted).
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Albumin Dose AP Flow Rate

(mg) (mm/hour)
B1 0 0.55
B2 3 1.3
B3*# 6 2.2
B4 6 1.2

Table 1. Averaged Anterior-Posterior (AP) Extracellular Fluid Flow Based on Evans Blue
Trajectory along External Capsule in 4 female Sprague Dawley Rats (B1-4) receiving Gd-
albumin injections. “B3 rat brain was preserved in formalin before AP flow rates were estimated.
Figure and figure legends are published by Kut ez al. (2016), Effect of extracellular fluid flow
rates along white matter tracts in murine brain (to be submitted).

Figure 2 shows the injection results for rat B1. No trajectories were observed along the
external capsule at 2-4 hour and 6-8 hours post injection, validating the fact that Evans blue dye
does not contribute to the lesions observed in MRI T1/T2 images. In addition, we found that when
Evans blue alone (without albumin) was injected, the dye traveled 2-3 times slower and could be
due to local protein binding or lack of edema contributed by the albumin. AP flow rate was

estimated to be ~0.55mm/hour.

2D FLASH, 2 hours post
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Figure 2. Gd-Albumin trajectory for control MRI rat B1 receiving 20 p of 1g/100mL Evans
blue, without any injections of albumin nor gadolinium. MR Images are only taken at 2 hours post
injection and are acquired using a T1 2D FLASH (Fig. S1a) and T2 RARE (Fig. S1b) sequence,
at resolution of 200 microns. T1 FLASH images do not demonstrate any gadolinium signal. T2
RARE Images does not demonstrate gadolinium signal and minimal edema. Corresponding
anterior and posterior coronal slices (fresh sections, Fig. Slc-d) are taken at 9-10 hours post-
injection. The Evans blue dye permeated 7 coronal slices, at an estimated anterior-posterior (AP)
flow rate of ~0.55mm/hour. Flow pattern was observed to be different from albumin-injected rats,
and demonstrated minimal flow/diffusion both along and peripheral to the external capsule. Figure
and figure legends are published by Kut ef al. (2016), Effect of extracellular fluid flow rates
along white matter tracts in murine brain (to be submitted).

Our results also demonstrated that intracerebral albumin injections resulted in the
development of local edema and increase flow down the WMT. Figures 3-5 showed bright edema
signal surrounding the external capsule at the right frontal lobe at 2 hours and 6 hours post
injection. This was in contrast to the dark Gd-albumin signal along the external capsule (since
gadolinium decreases both T1 and T2 values). At 2-4 hours post injection, edema signal permeated
throughout the ipsilateral external capsule and the signal is especially strong at the lower end of
the external capsule; signal enhancement from gadolinium, on the other hand, only traversed the
upper half of the external capsule, suggesting that water at a comparable rate to albumin, leading
to edema presence before enough water is drawn osmotically into the WMT to allow space for
significant gadolinium/Evans blue entry. At 6-8 hours post injection, gadolinium had traversed the

entire external capsule, with trace edema in the surrounding areas.

In rats B2-4, a Gd-albumin solution was stereotactically injected directly into brain parenchyma
to simulate passage of known amounts of albumin across the BBB. Images were obtained to
visualize the Gd-albumin signal. Figures 3-5 showed the MRI documented trajectories of Gd-
albumin dye traveling along the external capsule in the right frontal lobe at 2-4 hours and 6-8 hours
per injection for rats B2-4. At 2-4 hours post injection, enhanced T1-weighted signal intensities

reflecting the Gd-albumin were already apparent in many coronal slices and have an apparently
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accelerated flow rate of 2.5-2.8mm/hour. At 6-8 hours post injection, the dye traversed 18 coronal
slices on 2D FLASH images (0.5 mm/slice), which translates to 1.3mm/hour at 6mg albumin dose
(B4). This is consistent with our results in the previous section for EB-albumin injections, which

reports AP flow rates 0.8-1.3mm/hour at 6mg albumin dose (A12-15, n=4).

These animals were subsequently autopsied so the distribution of the EB-albumin and Gd-
albumin could be compared. Fresh coronal slices for rats B1-4 were obtained at the end of the
experiments (except rat B3 which was preserved in formalin before coronal slices were obtained).
Examples of coronal slices form rats B1-4 are shown in Figures 3-5. Based on coronal sections
obtained post-imaging (Figures 3-5), the Evans blue dye (injected within the same dose with Gd-
albumin) traversed at an estimated AP flow rate of 1.3mm/hour for rat B2 (3mg total albumin,
fresh sections) and 7.2mm/hour for rat B4 (6mg total albumin, fresh sections) (Table 1). This is
consistent with our Evans blue WMT flow rate results, which reports AP flow rate of 0.5-
I.1mm/hour at 2-4mg albumin dose (A8-11, n = 4) and 0.8-1.3mm/hour at 6mg albumin dose
(A12-15,n=4). For rat B3, the Evans blue dye traversed at an estimated flow rate of 2.2mm/hour
(6mg total albumin). However, since the brain of rat B3 was preserved in formalin before coronal
sections, it is possible that the Evans blue dyed has diffused and spread to more sections during

the formalin fixation process.
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Figure 3. Gadolinium-Albumin trajectory for rat B2. (A-B) Gd-Albumin trajectory for MRI
rat B2 receiving 20 microliters of 1g/100mL Evans blue, 0.25mg Gd-Albumin Complex and
2.75mg bovine albumin. Images are only taken at 2 hours post injection, as the animal died during
the second imaging session at 6-hours post injection. MRI Images are acquired using a T1 2D
FLASH (A) and T2 RARE (B) sequence, at resolution of 200 microns. T1 FLASH images
demonstrate bright gadolinium signal (marked by arrows) along the external capsule ipsilateral to
the injection site. T2 RARE Images demonstrate gadolinium signal (dark signal) along the upper
half of the ipsilateral external capsule. This is accompanied by edema (bright signal marked by
arrows) at the periphery and also towards end of the external capsule. Corresponding anterior and
posterior coronal slices (fresh sections, C-D) are taken at 7-8 hours post-injection. The Evans blue
dye permeated 13 coronal slices, at an estimated anterior-posterior (AP) flow rate of ~1.3mm/hour.
Note that the AP flow rate was comparable to MRI rat B4, even though the Gd-albumin and Evans
blue concentration has been cut down by 50%. This points to possible signal saturation with the
lower doses given to the MRI rat B2. (E) 3D Gd-Albumin trajectory for MRI rat B2. Images are
acquired using a T1 3D FLASH sequence, which demonstrate bright gadolinium signal along the
external capsule in axial (left), sagittal (middle) and coronal views (right). Dark spot along
trajectory indicates the injection track of the stereotactic needle. Figure and figure legends are
published by Kut ef al. (2016), Effect of extracellular fluid flow rates along white matter
tracts in murine brain (to be submitted).
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Fig. 4: Gd-Albumin trajectory for MRI rat B3 receiving 20 microliters of 1g/100mL. (A-D)
Evans blue, 0.25mg Gd-Albumin Complex and 5.75mg bovine albumin. MR Images are acquired
using a T1 2D FLASH and T2 RARE sequence, at resolution of 200 microns, and are taken at 2-4
hours (A-B) and 6-8 hours post injection (C-D). T1 FLASH images demonstrate bright gadolinium
signal (marked by arrows) along the external capsule ipsilateral to the injection site. T2 RARE
Images demonstrate gadolinium signal (dark signal) along the upper half of the ipsilateral external
capsule. This is accompanied by edema (bright signal marked by arrows) at the periphery and also
towards end of the external capsule 2 hours post injection, At 6 hours post-injection (right),
gadolinium signal permeates throughout the external capsule, accompanied by peripheral edema
(marked by arrows). Corresponding anterior and posterior coronal slices (formalin-fixed sections,
E-F) are taken at 7-8 hours post-injection. The Evans blue dye permeated 33 coronal slices (0.5mm
thick), at an estimated anterior-posterior (AP) flow rate of ~2.2mm/hour. However, since the brain
was preserved in formalin before coronal sections, it is possible that the Evans blue dyed has
diffused and spread to more sections during the formalin fixation process. Figure and figure
legends are published by Kut ef al. (2016), Effect of extracellular fluid flow rates along white
matter tracts in murine brain (to be submitted).
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Figure 5. Gd-Albumin trajectory for MRI rat B4 receiving 20 microliters of 2g/100mL. (A-D)
Evans blue, 0.5mg Gd-Albumin Complex and 5.5mg bovine albumin were injected into the rat
brain. MRI Images are acquired using a T1 2D FLASH and T2 RARE sequence, at resolution of
200 microns, and are taken at 2-4 hours (A-B) and 6-8 hours (C-D) post injection. T1 FLASH
images demonstrate bright gadolinium signal (marked by arrows) along the external capsule
ipsilateral to the injection site. T2 RARE Images demonstrate gadolinium signal (dark signal)
along the upper half of the ipsilateral external capsule. This is accompanied by edema (bright
signal marked by arrows) at the periphery and also towards end of the external capsule 2 hours
post injection, At 6 hours post-injection (right), gadolinium signal permeates throughout the
external capsule, accompanied by peripheral edema (marked by arrows). Corresponding anterior
and posterior coronal slices (fresh sections, E-F) are taken at 7-8 hours post-injection. The Evans
blue dye permeated 12 coronal slices, at an estimated anterior-posterior (AP) flow rate of
~1.2mm/hour. (G-H) 3D Gd-Albumin trajectory for MRI rat B4. Images are acquired using a T1
3D FLASH sequence, which demonstrate bright gadolinium signal along the external capsule in
axial (left), sagittal (middle) and coronal views (right). Dark spot along trajectory indicates the
injection track of the stereotactic needle. Figure and figure legends are published by Kut ef al.
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(2016), Effect of extracellular fluid flow rates along white matter tracts in murine brain (to
be submitted).

SECTION 5: DISCUSSION AND CONCLUSION

Essentially all neurological diseases are associated with abnormal interstitial clearance from the
brain. For neuro-degenerative diseases such as multiple sclerosis and Parkinson’s disease, the
failure of waste clearance leads to the aggregation of neurotoxic metabolites within the brain tissue
and consequently brain injury (/46). On the other hand, glioma cells in brain tumor patients may
aggregate and drain along white matter with brain extracellular fluid, similar to how systemic
cancer cells are carried to regional lymph nodes (734, 135).

Previous studies have recognized two major pathways of interstitial clearance: 1) the
glymphatic pathway through the astrocytic endfeet and 2) the axonal pathway e along white matter
tracts (/30-133). Since glymphatic clearance fails significantly during neuro-pathologic
conditions, our study aimed to better understand the axonal clearance pathways along the white
matter tracts, which could be a target for enhanced ECF drainage. To accomplish this, we simulated
different degrees of BBB disruption by injecting various concentrations of albumin intracranially
into rat brains, and evaluated the relationship between the concentration of albumin reaching the
brain and the resulting axonal clearance rates (ECFR) along the draining white matter tracts using
both in vivo MRI and ex vivo Evans blue validation. More specifically, we aimed to elucidate how
varying concentrations of BBB disruption affects ECFR along white matter tracts.

The BBB was first identified by Erlich in 1985 when he reported that intravenous injections
of albumin bound dyes into rats stained all tissues except the brain (/31, /47). Subsequent studies
in both animals and humans demonstrated albumin extravasation into the brain when the BBB is
disrupted by insults to the central nervous system e.g. tumor, infection, trauma, neurodegenerative

diseases, and stroke (133, 142, 143, 148).
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Furthermore, BBB disruption often results in intracranial edema and protein leakage that
is specifically localized to the white matter tracts (WMT) (/49). There is data showing a larger
increase in extracellular fluid content in edematous white matter of dog brains, when compared
with edematous cortical areas of the brain (/50). Similarly in patients suffering from brain injury
and associated edema, diffusion tensor imaging reveals the distortion, disruption and interruption
of WMT that are displaced by the tumor and surrounding edema (/5/). ECF accumulation and
drainage along WMT have additional implications for brain tumor patients and could reflect
glioma dissemination patterns, as gliomas frequently occur along white matter tracts based on
clinical, radiologic and pathologic observations (142, 143, 152, 153). These factors indicate a need
to understand, visualize and measure ECFR and ECF drainage patterns along the white matter
tract; this requires the utilization of an imaging method is safe, non-invasive and can be easily

translated into clinical use; MRI is one such imaging method.

In this study, we used the direct administration of albumin into the rat brains as a
controllable surrogate for a disrupted blood brain barrier. Instead of having albumin leak through
a disrupted blood brain barrier, we injected a known concentration of albumin behind an intact
blood brain barrier and were able to show that as we administered a larger amount of albumin into
the brain, more water accumulated, and this translated into more water flow down the axonal
pathways and along the white matter tracts. As expected, when EB-albumin was injected
intracranially, it was carried by bulk flow of extracellular fluid along nearby WMT. Furthermore,
as increasing concentrations of albumin were administered intracranially, the labeled albumin was

carried to more distant locations along WMT. This suggested that the injected albumin osmotically
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draws water into the brain from the capillaries, results in more edema around the injection site and

increases bulk flow rates down the WMT.

Following the initial baseline study using EB-albumin, we proceed to establish non-
invasive, imaging protocols for MRI using a 2D T1-weighted FLASH sequence for gadolinium
visualization, 3D T1-weighted FLASH sequence for anatomic visualization of ECF flow patterns,
and 2D T2-weighted RARE sequence for visual estimation of intracerebral edema at the 2-4 hour
and 6-8 hour time points. A Gd-albumin solution was intracranially injected into brain parenchyma
to simulate BBB disruption and resulting edema and protein leakage into brain. Based on the MRI
results, we managed to draw similar conclusions from in vivo MRI studies in rats that intracerebral
albumin injections resulted in the development of local edema and increased ECFR down the
WMT. Our MRI T2 RARE images from rats B2-4 demonstrated markedly increased edema (bright
signal) in the hemisphere where albumin was injected. This is in contrast to the dark Gd-albumin
signal along the ipsilateral external capsule (since gadolinium decreases both T1 and T2 values).
Since edema signal (bright) surrounded and extended beyond the Gd-albumin signal (dark) along
the ipsilateral external capsule in T2 RARE images, our data suggests that water was able to travel
down the white matter pathways at a comparable rate as the labeled albumin. It was worth noting
that with diffusion, Gd-albumin reached low concentrations towards the end of the external
capsule; since T2 reduction of Gd signal was much less pronounced than T1 reduction, this could
account for the weak Gd-albumin signal (dark) on the T2 RARE images when compared with the

strong edema signal (bright).

Furthermore, our 2D T1-weighted FLASH images result in bright gadolinium signal in 18
coronal slices (0.5 mm/slice), which translates into 1.3 mm/hour at 6 mg albumin dose (B4). This
result is consistent with our results in the baseline study (0.8-1.3 mm/hour at 6 mg albumin dose,
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Al12-15, n = 4) as well as subsequent autopsy result of the same animal (B4) using EB-albumin

validation (1.2 mm/hour).

As a result, we have demonstrated that non-invasive MRI scans can be used to non-
invasively track the flow of labeled albumin down WMT, as the albumin drains from the intra-
cerebral injection site. We also determined that the Evans blue dye alone did not enhance the MRI
signal. In addition, when Evans blue was injected intracranially without albumin, the dye traveled

2-3 times slower and exhibited minimal flow along and peripheral to the external capsule.

It is also worth noting that the rat serum albumin concentration is about 30 mg/mL (/47).
As a result of the blood brain barrier, albumin concentration in the brain ranges between zero to
serum albumin concentration, or 0 mg/mL to 30 mg/mL. Studies also demonstrate intracellular
uptake of albumin by astrocytes and neurons, which suggest that the total albumin content in the
brain could be higher than 30 mg/mL. In this study, we injected a total of 0 mg/mL to 300 mg/mL
albumin into the brain in order to induce maximal edema and study anterior-posterior flow rates

along the white matter tracts.

No direct comparisons between ex vivo Evans blue vs. in vivo MRI studies can be made
due to inherent methodological differences. First, high concentrations of gadolinium (12.5-
25mg/mL) resulted in higher sensitivity of detection when compared with Evans blue dye used in
flow rate studies. In addition, MRI studies receive more accurate and complete dosing using the
digital stereotactic injection frame (versus earlier WMT flow rate studies which used a manual
stereotactic injection frame); such dose saturation may account for the similar flow rates observed
for 3mg vs. 6mg albumin injections in the MRI study. Furthermore, the size and charge differences
between EB-albumin (2 disulfonate groups, ~70kDa) and Gd-albumin (gadolinium (III) chelate,

74 kDa) may influence the rate of movement along white matter tracts. Finally, one rat brain was
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preserved in formalin before coronal sections and AP ECFR measurements (as opposed to fresh
sections and measurements) and exhibited twice the AP flow rate than other rats with 6mg total
albumin injections (B4, A12-15). It is possible that the accelerated flow rates resulted from Evans

blue diffusion in the anterior-posterior direction during the fixation process.

These observations have potentially important and practical implications. Glucocorticoids
used to control peritumoral edema are associated with significant toxicities. As a result, clinicians
work diligently to keep glucocorticoid doses to a minimum when starting these medications, and
increasing the dose only when patients become symptomatic from brain edema. By then, there is
sizable peritumoral edema and, by definition, fluids are entering brain parenchyma more rapidly
than they are being cleared. Thus, the bulk flow velocity of extracellular fluid is maximal as it
travels down the WMT. These rapid flow rates could facilitate the passive transport and clearance
of neuro-toxic metabolites such as beta and tau amyloids in Alzheimer’s disease. On the other
hand, the same rapid flow rates could be detrimental to a cancer patient as it accelerates the passive
dissemination of cancer cells to distant brain regions. In addition to the baseline disruption of the
BBB frequently associated with neuro-pathological conditions, radiation therapy is known to
further impair BBB integrity resulting in symptomatic and radiologic increases in brain edema and
intracranial pressure.  Our findings suggest that maintaining the BBB integrity with
glucocorticoids or VEGF targeted agents may reduce the passive movement of tumor cells carried
in the bulk flow of extracellular fluid to regions beyond the radiation field in newly diagnosed
patients with high grade gliomas. In addition, we demonstrated the ability to track extracellular
fluid flow rates along white matter pathways in the brain in a non-invasive manner using
gadolinium contrast. Such identification of the WMT “draining” extracellular fluids could

highlight the rate and drainage patterns of extracellular fluid down the white matter, when
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glymphatic clearance pathways are clearly compromised due to mislocation of aquaporin channels.
If this is true, we could take advantage of such information to modify therapeutic interventions,
similar to the way physicians identify drainage of cancer cells and toxic metabolites to the lymph
nodes in systemic disease. Consequently, further studies outlining the role of extracellular bulk

flow in patients with neuro-pathological conditions are of great importance.
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APPENDIX 2: VIEWPOINT ON THE
IMPORTANCE OF BLOOD-BRAIN-

BARRIER (BBB) TO THE DEVELOPMENT
OF NEUROTHERAPEUTICS

In the course of my PhD, I reviewed the literature on the importance of blood-brain-barrier (BBB)
to the development of neurotherapeutics to two clinical faculty, Professor Jaishri Blakeley and
Professor Stuart Grossman. This viewpoint paper has been recently published in JAMA Neurology

(154). Due to copyright permissions, this paper is not included in the dissertation.
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APPENDIX 3: CONSIDERATIONS IN
PLANNING THE RADIOTHERAPY OF

BRAIN TUMORS: NEURAL PROGEN-
ITOR CELL-CONTAINING NICHES

SECTION 1: OVERVIEW

In the course of my PhD, I reviewed the literature regarding the considerations in planning
radiation treatment for brain tumor patients with Professor Kristin Redmond at Radiation
Oncology. This review paper has been published in Seminars in Radiation Oncology (/55), and
its purpose is to explore the controversy regarding the relationship between radiation dose to the
neural progenitor cell (NPC) niches and patient outcome, both in terms of toxicity and tumor
control. NPCs in the sub-ventricular zone (SVZ) and hippocampus are paradoxically associated
with both the long term neuro-cognitive sequelae of brain irradiation and in resistance to therapy
and tumor recurrence. The reconciliation of these somewhat opposing functions is challenging.
Current literature suggests that irradiation and other treatments against the NPC in the
hippocampus and the SVZ may influence patient outcome. As a result, both the SVZ and the
hippocampus could have important implications on radiation treatment planning strategies, and
future laboratory and clinical studies will be critical in designing future studies to optimize
treatment outcome, effectiveness and safety. The full review paper is copied below for the
completeness of this dissertation, with permission from Elsevier. Reprinted from Seminars in

Radiation Oncology, Kut, C., & Redmond, K. J., New Considerations in Radiation
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Treatment Planning for Brain Tumors: Neural Progenitor Cell-Containing Niches, Vol. 24,

No. 4, pp. 265-272, Copyright (2015), with permission from Elsevier.

SECTION 2: INTRODUCTION

Radiation treatment is important in the management of many pediatric and adult brain tumors.
However, radiation to the brain is associated with neuro-cognitive toxicity (/56-161), and it is
hypothesized that injury to these particularly radiosensitive regions of the brain during radiation
may contribute to long term complications and reduced neuro-cognitive performances. Recently,
controversy has developed regarding the relationship between radiation dose to the neural
progenitor cell (NPCs) niches and patient outcome, both in terms of toxicity and tumor control

(162).

A neural progenitor cell is a multi-potent stem cell with the capacity to differentiate into
new neurons and glia (/63). Within the mammalian brain, these NPCs are known to reside in two
areas: the sub-ventricular zones and the sub-granular zones (Figure 1) (/64). Both are considered
the germinal regions of the adult human brain. The sub-ventricular zone (SVZ) is the largest
germinal region in the adult mammalian brain and is located in the lining of the lateral ventricles,

while the sub-granular zones (SGZ) is located within the dentate gyrus of the hippocampus (765).

While the functional role of NPCs in humans have not been fully defined, animal studies
demonstrate that NPCs in the SVZ and the hippocampus are capable of self-renewal, injury repair,
and tumor inhibition (/66-170). It is hypothesized that injury to NPCs during radiation to the brain
may contribute to the long term sequelae of radiation therapy, most notably in terms of neuro-
psychological toxicity. Yet, paradoxically, emerging evidence suggests that NPCs may also

contribute to cancer recurrence and glioma resistance to chemotherapy and radiation therapy (/71-
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174). The purpose of this critical review is to summarize the current literature and explore the

controversy regarding radiation therapy to the SVZ and hippocampus.

Anterior
View

5 SO, Rl Wi dreg

Figure 1. Germinal regions of the adult human brain. The sub-ventricular zone (SVZ) is the
largest germinal region in the adult mammalian brain, located in the lateral wall of the lateral
ventricle. The sub-granular zone (SGZ) is located within the dentate gyrus of the hippocampus.
The CA1, CA2, and CA3 represent Cornu Annulis fields of hippocampus proper and, along with
dentate gyrus, constitute the hippocampal formation, the primary memory center in the brain.
Figure and figure legends are published in Kut& Redmond, (2014, October). New Considerations
in Radiation Treatment Planning for Brain Tumors: Neural Progenitor Cell-Containing Niches. /n
Seminars in radiation oncology (Vol. 24, No. 4, pp. 265-272). However, the copyright belonged
to © 2006 MediVisuals Inc. and the figure was reprinted in our paper with permission from
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Barani 1J ef al., “Neural stem cells: implications for the conventional radiotherapy of central
nervous system malignancies,” Int J Radiat Oncol Biol Phys 68(2):324-333, 2007.

SECTION 3: RADIATION SPARING OF NEURAL PROGENITOR
NICHES (NPC) MAY PRESERVE NEURO-COGNITIVE FUNCTION

Radiation to the brain is associated with neuro-cognitive toxicity and reduced performance on
neuro-psychological testing, especially in children (Figure 2) (156-161, 175, 176). While the
cause of radiation-induced damage to the brain is likely multi-factorial, there is a growing body of
evidence which suggests that injury to the NPCs may play a role. In this section of the paper, we
discuss the roles of NPCs and its impacts on neuro-cognitive performances. We will also
summarize the current literature and discuss how NPC sparing radiation protocols in both the

hippocampus and the SVZ may impact patient outcomes.
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Figure 2. Full-scale IQ distribution in patients with medulloblastoma. Long-term
neurocognitive deficits are observed with radiation therapies in a dose-dependent manner. In this
study, patients treated with 35 Gy of craniospinal (CSI) radiation demonstrated significantly
poorer performance on the full-scale 1Q testing than patients treated with 25 Gy of CSI. Number
of patients in group CSI =25 Gy is 11. Number of patients in group CSI = 35 Gy is 8. FSIQ, full-
scale 1Q. Figure and figure legends are published in Kut& Redmond, (2014, October). New
Considerations in Radiation Treatment Planning for Brain Tumors: Neural Progenitor Cell—
Containing Niches. In Seminars in radiation oncology (Vol. 24, No. 4, pp. 265-272). However,
the original figure was reprinted with permission from Grill et al., (1999). Long-term
intellectual outcome in children with posterior fossa tumors according to radiation doses and
volumes. International Journal of Radiation Oncology* Biology* Physics, 45(1), 137-145.

NPCs are capable of injury repair in both the SVZ of the lateral ventricles and the SGZ of
the hippocampus. Previous studies have demonstrated how NPCs migrate to the site of
inflammation and replace endogenous cells following cortical injury, stroke and epilepsy (168,
169). In other words, NPCs are capable of neuronal renewal and regeneration. Understandingly,
radiation-induced damage to these progenitor cells could impact neuro-cognitive function (/77-

183). Moreover, radiation doses to the distinct NPC niches seem to have different levels of impact,
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and previous studies have reported an especially strong association between radiation to the
hippocampus and neuro-cognitive toxicity. For example, animal studies have shown that radiation
to the brain significantly reduces the formation of new cells in the hippocampus and is associated

with decreased performance of hippocampal-related tasks (178, 179, 184, 185).

Similarly, clinical studies have demonstrated that radiation to the hippocampus is
associated with neuro-cognitive deficits (/86-192). NPCs are also found in humans, and these
germinal areas including the SVZ and the hippocampus have also been associated with the
formation of new neurons (/63, 193). Several studies linked radiation dose to brain regions such
as the hippocampus to the development of neuro-cognitive deficits in children (186, 191, 192).
Furthermore, prospective data from a pediatric study suggests a significant association between
the mean radiation dose to the hippocampus and temporal lobe, and decline in neuro-cognitive

performance (Figure 3) (/86).

Motor Speed/Dexterity
A Left hippocampus, P=.049 B Right hippocampus, P=.032
0 2000 4000 6000 0 2000 4000 6000

2.00 4 PY RT dose (cGy) 2.00 - P RT dose (cGy)

0.00 s . 0.00 - : .
5 g L 2
§ 200 S -2.00- L 2 ® o
< -4.00 ™ 400
~N . - v -

* L
-6.00 4 -6.00 - *
L
-8.00 - -8.00 -

Figure 3. Performance on neuropsychological testing is worse with increasing radiation dose to
the hippocampus. The performance on the Purdue Pegboard both hands test (Z-scores), a measure
of motor dexterity and speed, at 6 months following completion of RT relative to (A) mean left
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hippocampal radiation dose, P = 0.049, and (B) mean right hippocampal radiation dose, P = 0.032
is shown. Standardized scores were used in this analysis to account for the effect of age on test
performance. Figure and figure legends are published in Kut& Redmond, (2014, October). New
Considerations in Radiation Treatment Planning for Brain Tumors: Neural Progenitor Cell—
Containing Niches. In Seminars in radiation oncology (Vol. 24, No. 4, pp. 265-272). However,
the original figure was reprinted with permission from Redmond ef al. (2013). Association
between radiation dose to neuronal progenitor cell niches and temporal lobes and
performance on neuropsychological testing in children: a prospective study. Neuro-oncology,
nos303.

While studies have shown an association between the radiation therapy (RT) dose to the
hippocampus and neuro-cognitive function, the relationship between RT dose to the SVZ and
neuro-cognitive function is more controversial (/86, 194, 195). Reductions in neuro-cognitive
performance have been documented following administration of intra-thecal chemotherapy in
children with leukemia (/87). Given that the drug penetrates only a thin layer adjacent to the
ventricular system, this suggests that periventricular cells may play an important role in neuro-
cognitive function. However, improved neuro-cognitive performance in patients with CNS germ
cell tumors who were treated with whole-ventricle radiation when compared with craniospinal
radiation has been reported (/95) suggesting that perhaps the cells lining the ventricle may not be
as vital as other areas in the brain in neuro-cognitive sequelae of RT. In addition, only one animal
study to date has documented a relationship between RT dose to the SVZ and performance on

neuro-psychological testing (/96), and no human studies have confirmed this relationship.

Given the potential relationship between radiation injury to the NPC and neuro-cognitive
deficits, ongoing efforts are evaluating the possibility of hippocampal-sparing radiation therapy
techniques. Several studies have suggested that sparing of the NPC in the hippocampus and SVZ
is possible using modern treatment planning techniques (Figure 4) (165, 197-200). In addition,

an animal study suggested that these techniques effectively spare the NPCs (Figure 5) (/98).
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Preliminary results from RTOG 0933 suggest that hippocampal-sparing may be associated
with reduced short term memory deficits in patients with brain metastases compared with a
historical control treated with conventional whole brain radiation therapy on an earlier RTOG
study (/97). Specifically, patients treated hippocampal sparing whole brain radiation therapy
demonstrated a 7% memory loss, compared to 30% in the historical control. Quality-of-life
assessments from the same study also demonstrated more favorable results for patients treated with

hippocampal-sparing RT when compared with the historical control (/97).

fbsolute

Figure 4. An example hippocampal-sparing prophylactic cranial irradiation (PCI) treatment
plan. The prescription dose is 25 Gy in 10 fractions. The mean dose to the hippocampal avoidance
region is <8 Gy with >90% of prescription dose covering >90% of whole brain. Figure and figure
legends are published in Kut& Redmond, (2014, October). New Considerations in Radiation
Treatment Planning for Brain Tumors: Neural Progenitor Cell-Containing Niches. In
Seminars in radiation oncology (Vol. 24, No. 4, pp. 265-272).
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Non-sparing SVZ

Sparing SVZ

Figure 5. Mouse radiation treatment plans (left) and microscopy images (right) for the non—
NPC-sparing (top) and NPC-sparing (bottom) radiotherapy plans. Left side MR and CT
images from the mouse radiation treatment plans showing the radiation dose distribution for the
non—NPC-sparing (A-C) and NPC-sparing radiation treatment plans (F-H). It can be noted that for
the non—NPC-sparing plan, the region of the SVZ of the ipsilateral lateral ventricle receives a high
radiation dose, whereas this region is effectively spared in the NPC-sparing plan. Scans taken are
as follows: coronal MRI (A and F), coronal CT (B and G), and axial MRI (C and H). Dose values
are shown in the legend. Right side coronal sections showing Ki-67 stains (green) in the SVZ of
the lateral ventricles following non—-NPC-sparing RT (D and E) and NPC-sparing RT (I and J). Ki-
67 is a marker of cellular proliferation and is used in this model as a potential indicator of NPCs.
Costaining is performed using DAPI (blue). Images (D and I) were taken with a 109 objective lens
and the images (E and J) with 409 objective lens. CT, computed tomography; DAPI, 4',6-
diamidino-2-phenylindole; MRI, magnetic resonance imaging; LV, left ventricle. Figure and
figure legends are published in Kut& Redmond, (2014, October). New Considerations in Radiation
Treatment Planning for Brain Tumors: Neural Progenitor Cell-Containing Niches. In Seminars in
radiation oncology (Vol. 24, No. 4, pp. 265-272). However, the original figure was reprinted
with permission from Redmond ez al. (2011). A radiotherapy technique to limit dose to neural
progenitor cell niches without compromising tumor coverage. Journal of neuro-oncology,
104(2), 579-587.
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Given the optimistic phase II data, the concept of hippocampal sparing radiation therapy
merits further investigation. An ideal population to further evaluate this hypothesis is in patients
with small cell lung cancer (SCLC) who receive prophylactic cranial irradiation (PCI), since these
patients do have an intra-parenchymal mass to confound the results, and the chemotherapy that
they receive is relatively homogeneous. There is an ongoing single arm phase II study in patients
with limited stage SCLC which is currently enrolling patients at our institution. The eligibility
criteria are based on RTOG 0212 which will be used as a historical control. An intergroup study
is currently under development to more definitively evaluate the concept in patients with limited
and extensive stage SCLC in which patients will be randomized to either hippocampal-sparing PCI

or conventional whole brain radiation.

SECTION 4: THE COMPLICATION: RADIATION TO NPC NICHES
MAY IMPACT OUTCOMES IN CERTAIN TUMOR TYPES

Although the data outlined above suggests that limiting RT dose to the NPC regions might be
beneficial in reducing neuro-cognitive sequelae of brain RT, the issue may not be as
straightforward as it initially appears. While NPCs are associated with injury repair, there is also
evidence that they may be involved with tumor control as well as tumor recurrence and cancer
radio-resistant behaviors in certain tumor types. Interestingly, there is data to support both a
positive and negative relationship in this setting.

For example, in vitro data from brain tumors suggest that NPCs may transform into cancer
stem cells through a series of mutations in the oncogenes and tumor suppressor genes and that this
ultimately may allow them to have pro-tumor behavior (/77-173). Oncogenes in NPCs of the sub-
ventricular zone can be activated to induce proliferation, survival and migration in mice, leading

to the formation of gliomas (/77, 178). Furthermore, NPCs share many properties with cancer
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stem cells, including their ability to migrate in brain [40]. Glioma cells are shown to release factors
that actively recruit nearby NPCs and induce their malignant transformation into cancer stem cells
(201).

Previous studies have also suggested that radiation might encourage the induction of NPCs
into cancer stem cells and that the consequent malignant transformation of NPCs may potentially
contribute to the glioblastoma resistance to chemotherapy and radiation therapy. Radiated cancer
cells showed an enrichment of CD-133 expressing cells, a marker which is specific for both NPCs
and cancer stem cells. These CD-133+ cells survive radiation much more effectively by activating
DNA damage repair mechanisms (202). It is postulated that CD133+ cancer stem cells become
radio-resistant by promoting the translocation of LICAM intracellular domains (L1-ICD) from the
cytoplasm into the nucleus, which activates checkpoint responses and subsequent DNA damage
repair (202, 203). Overall, these studies provide evidence that the CD133 positive cancer cells
survive radiation more effectively and contribute to tumor growth through preferential activation
of the DNA repair mechanisms. We can hypothesize from these studies that it is possible for
CD133+ NPC:s to transform into CD133+ cancer stem cells, especially since radiation specifically
to the murine SVZ and the hippocampus has been linked to the formation of tumor satellites as

well as an increased migration of NPCs to the tumor core and to the satellite sites (204).

Clinical data also supports the hypothesis that NPCs contributes to local recurrences and/or
treatment resistance. Retrospective human studies have suggested worse patient outcomes with
glioblastoma located immediately adjacent to lateral ventricles (174, 202, 205-208). The
explanation for this finding is unclear, but emerging data suggests a potential relationship between
radiation dose to the SVZ and patient outcome (764, 207-209). In a recent study, Chen et al.

retrospectively examined adult GBM patients and reported improved progression free survival
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(PFS) and overall survival (OS) in the subgroup of patients who underwent gross total resection,
when they received an ipsilateral SVZ dose of >40 Gy compared to the same subgroup who
received an ipsilateral SVZ dose <40 Gy (Figure 6) (/64). Similarly, Lee et al. retrospectively
studied adult GBM patients and reported improvements in both PFS and OS (209) among the
patients who received high ipsilateral SVZ dose above 59.4 Gy. These results are important and
suggest that higher radiation dose to the SVZ may be beneficial to patient outcomes. Furthermore,
these studies suggest that acute toxicity of delivery of a high radiation dose to the SVZ may be
acceptable as there was no statistically significant difference in the Karnofsky Performance Status

(KPS) for patients receiving low dose to SVZ (<40 Gy) versus high dose (>60 Gy) to the SVZ

(164, 209).
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Figure 6. Progression-free survival (PFS) and overall survival (OS) improve in the subgroup
of patients that underwent gross total resection and received increased dose to SVZ. (A) PFS
by ipsilateral subventricular dose in gross total resection patients (n = 41). PFS in patients whose
ipsilateral subventricular zone (SVZ) received less than 40 Gy was significantly different from
that in those who received a dose of 40 Gy or greater as measured by median PFS of 10.3 vs 15.1
months (95% CI: 7.4-13.2 months) and log-rank test (PZ.023), as well as adjusted hazard ratio for
PFS (2.60) (PZ.028). (B) Overall survival (OS) by ipsilateral subventricular dose in gross total
resection patients (n = 41). OS in patients whose ipsilateral subventricular zone (SVZ) received
less than 40 Gy was significantly different from those who received a dose of 40 Gy or greater as
measured by median overall survival of 15.6 vs 17.5 months (95% CI: 11.3-19.9 months) and
adjusted hazard ratio for progression-free survival (2.60) (PZ.027). Figure and figure legends are
published in Kut& Redmond, (2014, October). New Considerations in Radiation Treatment
Planning for Brain Tumors: Neural Progenitor Cell-Containing Niches. In Seminars in radiation
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oncology (Vol. 24, No. 4, pp. 265-272). However, the original figure was reprinted with
permission from Chen ef al. (2013). Increased subventricular zone radiation dose correlates
with survival in glioblastoma patients after gross total resection. International Journal of
Radiation Oncology* Biology* Physics, 8§6(4), 616-622.

Nevertheless, although the aforementioned retrospective series are thought provoking and
hypothesis generating, they could be confounded. For example, outcomes could be impacted by
differences in upfront bevacizumab administration or the salvage therapies used at the time of
progression. Similarly, in these retrospective series, the dose received by the SVZ was likely
directly impacted by tumor location and geometry since tumors that reside close to the SVZ likely
received higher SVZ radiation dose. Furthermore, methylation status of the O6-methylguanine-
methyltransferease (MGMT) promoter was not accounted for in these retrospective series, but
could impact results (164, 209). As a result, prospective evaluation of the relationship between

radiation dose to the SVZ and brain cancer patient outcomes will be critical to better understanding

the relationship.

To address this question, a prospective single-arm phase II study in patients undergoing
radiation therapy plus temozolomide chemotherapy for newly diagnosed GBM at our institution
limited the radiation dose to the NPC niches as much as possible without compromising coverage
of the tumor. The primary endpoint is local recurrence in the spared NPC niches.  This study
recently closed to accrual with results forthcoming (209). Another study under development at our
institution in the same patient population will examine for a potential benefit in tumor outcomes
with the delivery of higher doses of radiation therapy to the SVZ. Other interesting possibilities
for future investigation might include therapeutic agents that target the SVZ. For example, recent
findings have attributed dopamine signaling mechanisms of the D3 subtype receptor to the
migratory behavior of NPCs towards the tumor site and suggested that D3 blocking drugs to the

SVZ could also prolong patient survival (210).
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SECTION 5: HOW TO RECONCILE OPPOSING VIEWPOINTS?

This review has explored the potential role of NPCs in the SVZ and hippocampus in both
the long term neuro-cognitive sequelae of brain irradiation and in resistance to therapy and tumor
recurrence. The reconciliation of these somewhat opposing functions is challenging and is a
critical avenue for future laboratory studies and prospective clinical trials. One possibility is that
the role of the NPCs varies with both tumor pathology and location in the brain. For example,
given the vast heterogeneity of cancers, it is likely that the role of the NPCs varies dramatically
between different pathologies as well as within the same tumor type and even the same tumor. In
addition, it is possible that NPCs in the SVZ may play a different role than NPCs in the
hippocampus, and perhaps they should be given different considerations during radiation treatment

planning.

An improved understanding of this complex relationship will be critical to allowing us to
apply it effectively in the clinic. Importantly, to date we remain uncertain of the precise radiation
tolerance of NPC and cancer stem cells to fractionated radiation therapy. This detail is critical
both in designing future studies to spare the NPC and in designing trials to intentionally deliver

radiation dose to these areas in certain types of tumors.

Similarly, while we hypothesize that NPCs may transform into cancer stem cells and are
associated with tumor recurrence and cancer radio-resistant behaviors, there are directly
contradictory animal studies as well. For example, NPCs have been shown to migrate to the site

of tumors with greater NPC attraction being associated with decreased tumor size and improved
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overall survival (166, 167, 170, 211). This paradox once again highlights the need for additional
studies, both in the lab and in the clinic, to more fully address this fascinating and seemingly vital

question.

In summary, the relationship between NPC in the hippocampus and SVZ remains an
interesting academic question and one which likely will have important implications on radiation
treatment planning strategies in the future. However, additional laboratory and clinical studies
will be critical in allowing us to explore this topic further and ultimately apply it to our patients

with maximum effectiveness and safety.
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APPENDIX 4: STUDY OF PATIENT
POSITIONING UNCERTAINTIES FOR

INTRACRANIAL RADIOTHERAPIES

SECTION 1: OVERVIEW

In the course of my MD and PhD, I assisted as a co-author in studying uncertainties of patient
positioning for intracranial radiotherapies with Professor Tryggestad and other co-authors at
Radiation Oncology. This paper has been published in the International Journal of Radiation
Oncology, Biology and Physics with the purpose to determine whether frameless thermoplastic
mask-based immobilization is adequate for image-guided cranial radiosurgery (212). Since this is
not a first-authored paper (unlike others quoted in the appendix), only the abstract of the paper is
copied below for the completeness of this dissertation. Reprinted from International Journal of
Radiation Oncology*Biology*Physics, Tryggestad, E., Christian, M., Ford, E., Kut, C., Le,
Y., Sanguineti, G., Song, D.Y. & Kleinberg, L., Inter-and intrafraction patient positioning
uncertainties for intracranial radiotherapy: a study of four frameless, thermoplastic mask-
based immobilization strategies using daily cone-beam CT, Vol. 80, No. 1, pp. 281-290,

Copyright (2011), with permission from Elsevier.

SECTION 2: ABSTRACT

PURPOSE
The purpose of this study is to determine whether frameless thermoplastic mask-based

immobilization is adequate for image-guided cranial radiosurgery.
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METHODS AND MATERIALS

Cone-beam CT localization data from patients with intracranial tumors were studied using daily
pre- and posttreatment scans. The systems studied were (1) Type-S IMRT (head only) mask
(Civco) with head cushion; (2) Uni-Frame mask (Civco) with head cushion, coupled with a
BlueBag body immobilizer (Medical Intelligence); (3) Type-S head and shoulder mask with head
and shoulder cushion (Civco); (4) same as previous, coupled with a mouthpiece. The comparative
metrics were translational shift magnitude and average rotation angle; systematic inter-, random
inter-, and random intrafraction positioning error was computed. For strategies 14, respectively,
the analysis for interfraction variability included data from 20, 9, 81, and 11 patients, whereas that
for intrafraction variability included a subset of 7, 9, 16, and 8 patients. The results were compared

for statistical significance using an analysis of variance test.

RESULTS

Results: Immobilization system 4 provided the best overall accuracy and stability. The mean
interfraction translational shifts (= SD) were 2.3 (x 1.4), 2.2 (£ 1.1), 2.7 (£ 1.5), and 2.1 (£ 1.0)
mm whereas intrafraction motion was 1.1 (£ 1.2), 1.1 (= 1.1), 0.7 (£ 0.9), and 0.7 (£ 0.8) mm for
devices 14, respectively. No significant correlation between intrafraction motion and treatment
time was evident, although intra-fraction motion was not purely random. Conclusions: We find
that all frameless thermoplastic mask systems studied are viable solutions for image-guided
intracranial radiosurgery. With daily pretreatment corrections, symmetric PTV margins of 1 mm

would likely be adequate if ideal radiation planning and targeting systems were available.
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APPENDIX 5: INJURY FROM HEATING
SYSTEMATICALLY DELIVERED

DEXTRAN-SUPRAPARAMAGNETIC
IRON OXIDE NANOPARTICLE IN MICE

In the course of my MD and PhD, I studied the injury sustained from heating systematically
delivered dextran-superparamagnetic iron oxide nanoparticles in mice in the Radiation Oncology
Department. This viewpoint paper has been published in Nanomedicine (2/3) and is copied below
for completeness of this dissertation. Due to copyright permissions, the full paper is not cited in

this dissertation.
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APPENDIX 6: PERFORMANCE OF
MPF IN DETECTING MYOCARDIAL

INFARCTION IN PORCINE HEARTS

SECTION 1: INTRODUCTION

There are 1.5 million cases of myocardial infarctions (MI) per year in the United States.
Myocardial infarction (commonly known as a heart attack) occurs when the cardiac muscles are

damaged due to insufficient blood flow.

Following a myocardial infarction, the damaged areas in the heart undergo a remodeling
process with gradual changes in the structure and fiber orientation of the cardiomyocytes (i.e.
cardiac muscle cells) over time. In addition, collagen deposition increases significantly in the heart
for cases of chronic myocardial infarctions (i.e., hearts which have sustained a myocardial
infarction event over 100 days ago). These structural and fiber orientation changes play a central
role in the functional adaptation of the heart (274). However, the understanding of the remodeling
process is limited by the lack of a three-dimensional visualization of the cardiomyocyte
architecture. While permanent histological sections are the current gold standard to visualize
subcellular pathological changes in the heart, these sections are two-dimensional in nature and
require the physical sectioning of cardiac tissues. As a result, the cardiac tissue will not remain
intact after sectioning, and as a result, histological sections are not ideal for the visualization of the
cardiomyocyte fiber orientations, nor for the detection of the three-dimensional perimysial

collagen network in the heart.
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This study aims to determine if multi-photon fluorescence (including two-photon
fluorescence and second harmonic generation) and optical coherence tomography techniques can
be used to identify changes in the myocardial structures for normal, acute infarct (defined here as
8 days post infarction), and chronic infarct (defined here as more than 100 days post infarction) in

five post-mortem, formalin-preserved swine hearts.

SECTION 2: MATERIALS AND METHODS

Formalin-preserved, post-mortem hearts were obtained from 5 swines (which include 1 normal, 1
with acute myocardial infarction, and 3 with chronic myocardial infarction). Each of the swine
hearts and subsequently sectioned into thick cross-sections (along the short axis of the heart) and
imaged with a homebuilt 3 frames per second (fps) multi-photon microscope with ~0.53 x 2.4um
lateral x axial resolution and at 780nm excitation wavelength. NADH, FAD and SHG images were
obtained for the purposes of this study. Approximately 35 mW from the multi-photon fluorescence

imaging system was deposited onto the porcine cardiac tissue sample.

In addition to multi-photon fluorescence the cardiac sections were also imaged with a
homebuilt swept-source OCT system with a Fourier Domain Mode Locking (FDML) swept source
fiber at a central wavelength of 1310nm and a bandwidth of approximately 110 nm. The SS-OCT
system is able to capture images at ~16.0 x 9.0 um lateral and axial resolution (in tissues),
respectively. On average, the output power delivered to the tissue sample was about 15 mW. After

image acquisition, Images were post-processed for 3D visualization and fiber angle calculations.

Notably, myocardial structures were imaged using multi-photon fluorescence and optical

coherence tomography without the need of extraneous contrast agents. In other words, both MPF
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and OCT imaging techniques are label-free; in addition, they provide real-time and non-invasive
imaging of the cardiac tissues without disrupting its intact, three-dimensional fiber and collagen
structures. For the purposes of this study, all images were acquired in real-time and post-processed

later for contrast enhancements and volumetric reconstruction.

SECTION 3: RESULTS IN THE NORMAL HEART

In normal porcine heart, we are able to image the cardiomyocytes (i.e. cardiac muscle cells) and
the perimysial collagen (i.e. collagen in the perimysial sheath which groups muscle fibers into
bundles or fascicles) at high resolution. Figure 1 shows the NADH and SHG results of the normal
swine heart. While NADH and FAD provides the overall structural architecture of the
cardiomyocytes, SHG signals helped us to clearly identify the presence of myosin filaments and
perimysial collagen structures in the swine hearts. Recall that SHG is an imaging technique which
identifies the presence of non-centrosymmetric fibers in biological tissues; in muscle, a bright SHG
signal generally corresponds to the presence of myosin filaments (or more specifically, to the helix
pitch of the myosin rods in the myosin/actin assembly) (2/5). In addition, SHG is also very
sensitive to the presence of collagen I, which manifests itself in the perimysium of a normal swine

heart.
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Figure 1. Multi-photon fluorescence images of normal swine heart. NADH and SHG images
of normal cardiomyocytes in a control swine heart. Tissue architecture is shown in the NADH
image, while the SHG image enables us to visualize the presence of myosin filaments in the
cardiomyocytes, and also the presence of perimysial collagen which are used to form muscle
bundles. Scale is at 87.5 um x 87.5 um per image. Figure and figure legends are published by
Kut et al. (2016), “MPF and OCT Findings of Myocardial Infarction in the Porcine heart”,
(to be submitted).

In addition to two-dimensional images, we have also established that MPF is capable of
imaging three-dimensional structures of the cardiomyocytes as well as the presence of the
perimysial collagen network. As shown in Figure 2, we are able to detect perimysial collagen at

approximately 4 cardiomyocytes apart (or approximately 60pm apart).
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Figure 2. Volumetric visualization of normal porcine heart with heart muscle cells (*) and
perimysial collagen (arrows). Figure and figure legends are published by Kut ef al. (2016),
“MPF and OCT Findings of Myocardial Infarction in the Porcine heart”, (to be submitted).
In the normal heart, it is well known that cardiac muscles undergo a 120° to 180° change in fiber
angles as we move from the epicardium (i.e. outermost layer) to the endocardium (i.e., innermost
layer) of the heart (27/4). This is equivalent to approximately 5 © -30 ° degree change in the fiber
angle as we travel for one millimeter (mm) into the porcine heart. Figure 3 shows the NADH

results of the normal swine heart, which is consistent with the MRI findings as determined by

Hsu et al. (214).

Endocardium

=%

Epicardium

Figure 3. Fiber orientation changes from the epicardium to the endocardium of the heart.
Epicardium is the outmost layer of the heart, midwall is the middle layer of the heart, and
endocardium is the innermost layer of the heart. Here, we took 3 representative images at the
different layers of the heart. Notably, previous literature indicates that there should be a 5-30°
change for each mm traveled into the heart (i.e. towards the endocardium). Here, the heart section
is approximately 10 mm in thickness. As a result, there should be around a 3mm thickness of each
layer, or a change of 15-90° per layer. Overall, our NADH results are consistent with previous
literature which roughly indicated a 45° change for each layer in terms of fiber orientation.
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Volumetric visualization of normal porcine heart with heart muscle cells (*) and perimysial
collagen (arrows). Figure and figure legends are published by Kut ez al. (2016), “MPF and
OCT Findings of Myocardial Infarction in the Porcine heart”, (to be submitted).

SECTION 4: RESULTS IN THE ACUTE INFARCT HEART

In the porcine hearts with sub-acute myocardial infarcts (i.e., at 8 days post-infarction), necrosis
and disintegration of cardiac fibers were observed in both multi-photon fluorescence and optical
coherence tomography images (Figure 4). Three-dimensional fiber orientations were visually
assessed and calculated. For acute infarct, the fiber orientations at the epicardium, midwall and

endocardium were largely preserved (~10-11°/mm), despite significant necrosis and disintegration

of cardiac fibers.

Figure 4. Cardiac changes in the acute infarct heart (i.e. at 8 days post infarction). (A) NADH
and (B) OCT images shown significant necrosis (marked by n) and disintegration of cardiac fibers
the acute infarct heart of a swine. In contrast to the necrotic regions, we have marked normal
cardiomyocytes with an asterisk (*) sign. Figure and figure legends are published by Kut ez al.
(2016), “MPF and OCT Findings of Myocardial Infarction in the Porcine heart”, (to be
submitted).

SECTION 5: RESULTS IN THE CHRONIC INFARCT HEART

In chronic infarcts (>100 days post-infarction), significant cardiac remodeling was observed with.

Figure S demonstrates the three-dimensional multi-photon images of a normal swine heart versus
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a chronic infarct heart. As you can observe in the image, there is significant collagen deposition
and a complete disruption of cardiac fibers in the chronic infarct heart. As you can appreciate in
this image, multi-photon provides ideal volumetric visualization of the infarct cardiac tissues,

which cannot be otherwise observed on a two-dimensional histological slide.

SECTION 6: FIBER ORIENTATIONS

As described in the previous sections, a normal heart undergoes a 5 to 30° change in the fiber
orientation for each millimeter as we travel from the epicardium towards the endocardium of the
heart (274). As demonstrated in Figure 5, we find in that the normal swine heart has approximately
11°/mm change in fiber orientation. In the acute infarct heart, we find that the fiber orientation is
largely preserved at approximately 10-11°/mm change. In chronic infarct heart, however, the fiber

organization is completely disrupted, making it impossible to assess the cardiac fiber orientations.
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Figure S. Fiber orientations in normal, acute infarct and chronic infarct swine hearts. Multi-
photon fluorescence shows the myocardial changes in acute and chronic myocardial infarctions.
In acute myocardial infarction, necrosis and disintegration of fibers occurs. However, the
remaining, healthy cardiomyocytes remain a normal fiber orientation change between the
endocardial and epicardial layers. In chronic myocardial infarct, however, the cardiac fibers are
completely disrupted by a significant deposition of collagen. As a result, it is impossible to evaluate
the fiber orientation changes in the chronic infarct swine hearts. Figure and figure legends are
published by Kut et al. (2016), “MPF and OCT Findings of Myocardial Infarction in the
Porcine heart”, (to be submitted).

SECTION 7: MPF VERSUS HISTOLOGY
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As demonstrated in the previous sections, multi-photon imaging demonstrated superior 2D
visualization of myosin and collagen structures when compared with standard histological imaging
e.g. H&E. Our results demonstrated excellent 2D and 3D visualization of cardiac muscle
orientation and structures without histological slicing of the heart and without the need of contrast
agents. Figures 6 to 8 provides a direct comparison of the H&E versus MPF images in the
detection of cardiac structures. Overall, MPF is able to provide label-free, non-invasive and three-
dimensional imaging of the infarct heart tissue. Future investigation of bio-photonic imaging

evaluation post-MI remodeling and myocardial disease affect collagen structure including

additional targeted histological stains is warranted.

Figure 6. Histology versus multi-photon imaging of normal cardiomyocytes. Here, we show
the H&E image of a swine heart tissue with regions of chronic infarction as well as region of
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normal, healthy cardiomyocytes. In this image, we only highlight the white boxed region (which
showed areas of healthy cardiomyocytes). As shown in the NADH image, MPF is able to clearly
identify the presence of perimysial collagen (marked by arrows) which is responsible for
organizing cardiomyocytes into different muscle bundles (at approximately 4 cardiomyocytes per
perimysial bundle). Figure and figure legends are published by Kut ez al. (2016), “MPF and
OCT Findings of Myocardial Infarction in the Porcine heart”, (to be submitted).

Figure 7. Zoomed in H&E and MPF images of normal cardiomyocytes. Here, we can
appreciate the superior resolution of MPF in identifying the presence of myosin filaments (marked
by small arrows) and the presence of perimysial collagen (marked by big arrow) surrounding the
cardiac muscle cells. Figure and figure legends are published by Kut ez al. (2016), “MPF and
OCT Findings of Myocardial Infarction in the Porcine heart”, (to be submitted).
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Figure 8. H&E and MPF images of chronic myocardial infarcts. Here, we can appreciate the
superior resolution of MPF in identifying the presence of collagen I fibers deposited throughout
the chronic myocardial infarction site, when compared with H&E imaging. Notably, no healthy
cardiomyocytes can be observed from this figure from both MPF and H&E images. Figure and
figure legends are published by Kut ez al. (2016), “MPF and OCT Findings of Myocardial
Infarction in the Porcine heart”, (to be submitted).
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Cancer Infiltration, oral presentation at 2015 SNO Neuro-Tumor Dinner Club Meeting

Kut C., Xi J.F., Chaichana K.L., Rinco-Torroella J., Rodriguez F., McVeigh E.R.,
Quinones-Hinojosa A., Li X.D. Real-time, Label-Free Optical Property Mapping for
Detecting Glioma Invasion with SS-OCT for Potential Guidance of Surgical
Intervention, oral presentation at 2015 SPIE Meeting.

Kut C., Liang W.X., Hall G., Chaichana K.L., Quinones-Hinojosa A., Li X.D. Label-Free
and Real-time Histologic Imaging of Brain Cancer with Multiphoton Microscopy for
Potential Guidance of Surgical Intervention, oral presentation at 2015 SPIE Meeting.

Yuan W., Kut C., Liang W.X., Li X.D., Generic frequency-domain method for ultrafast
and robust characterization of optical attenuation from OCT Images, poster
presentation at 2015 SPIE Meeting.

Kut C., Xi J.F., Chaichana K.L. Ye X.B., McVeigh E.R., Rodriguez F.J., McVeigh E.M.,
Quinones-Hinojosa A., Li X.D. In Vivo and Ex Vivo Imaging of Human Brain Tumors
Using Swept-Source Optical Coherence Tomography, poster award winner at 2014
BIOMED OSA Meeting.

Kut C., Pashakhanloo F., Liang W.X., Schuleri K.H., McVeigh E.R., Herzka D.A., Li X.D.
Multi-photon microscopy of ventricular changes in porcine acute and chronic
myocardial infarction models, poster presentation at 2014 SPIE Biophotonics West
Annual Meeting

Kut C., Chacko V., Tyler B., Pathak A.P., Bhujwalla Z., McVeigh E., Li X.D., Herzka D.,
Grossman S. The effect of increasing concentrations of intracranial albumin on fluid
flow rates within adjacent white matter tracts in rats. poster presentation at 2013
ISMRM Annual Meeting.

Kut C., Chacko V., Tyler B., Pathak A.P., Bhujwalla Z., McVeigh E., Li X.D., Herzka D.,
Grossman S. Determining extracellular fluid velocity along white matter tracts with
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injections of increasing concentrations of intracranial albumin using both histological
and radiological techniques, poster presentation at 2013 AACR Annual Meeting.

Kut C., Xi J.F., Raza S., Mavadia J., Liang W.X., Guerrero-Cazares H., McVeigh E.,
Quinones-Hinojosa A., Li X.D. Application of optical coherence tomography in brain
cancer: detecting glioma invasion from non-neoplastic white matter in human ex vivo
samples, oral presentation at 2013 SPIE Annual Meeting

e KutC.,RazaS., Liang W.X., Abutaleb A., Xi J.F., Mavadia J., Ye X.B., Guerrero-Cazares
H., McVeigh E., Li X.D., Quinones-Hinojosa A. High resolution optical guidance of
glioma margin identification — optimizing extent of resection, poster presentation at
2012 SNO Annual Meeting

e Kut C., Chacko V., Tyler B., Bhujwalla Z.M., Pathak A.P., Li, X.D., McVeigh, E, Herzka
D., Grossman S.A.. The effect of increasing concentrations of intracranial albumin on
fluid flow rates within adjacent white matter tracts in rats , poster presentation at 2012
SNO Annual Meeting

Kut C., Zhang Y.G., Hedayati M., Zhou H.M., Cornejo C., Bordelon D., Mihalic J.,
Gruettner C., Geyh A., Brayton C., DeWeese T.L., Ivkov R. Assessing Murine Hepatic
and Splenic Injury from Inadvertent Heating of Systematically Delivered Non-
targeted Magnetic Nanoparticles, oral presentation at 9" international conference on

the scientific and clinical applications of magnetic carriers, Minneapolis, MN, May 22
2012.

Kut C., Zhang Y.G., Hedayati M., Zhou H.M., Cornejo C., Bordelon D., Mihalic J.,
Gruettner C., Geyh A., Brayton C., DeWeese T.L., I[vkov R. Preliminary Assessment of
Potential Murine Hepatic and Splenic Injury Resulting from Inadvertent Heating of
Systematically Delivered Non-targeted Magnetic Nanoparticles, poster presentation at
2012 STM Annual Meeting

e Kut C., Xi J.F., Raza R., Mavadia J., Guerrero-Cazares H., McVeigh E.M., Quinones-
Hinojosa A., Li X.D. Detecting Glioma Tumor Features in Human Ex Vivo Samples
Using Swept-Source OCT, poster presentation at Biomedical Optics Conference, Optical
Society (OSA) 2012.

e Kut C., Zhang Y.G., Hedayati M., Zhou H.M., Cornejo C., Bordelon D., Mihalic J.,
Gruettner C., Geyh A., Brayton C., DeWeese T.L., I[vkov R. Preliminary Assessment of
Potential Murine Hepatic and Splenic Injury Resulting from Inadvertent Heating of
Systematically Delivered Non-targeted Magnetic Nanoparticles, poster presentation at
Scientific Retreat 2011 for Department of Radiation Oncology and Molecular Radiation
Sciences

Inventions, Patents, Copyrights (pending, awarded)
Patents

e Filed PCT Patent PCT/US15/22432 (Hopkins filing number: C12934) entitled
Quantitative Tissue Property Mapping for Real-Time Tumor Detection and
Interventional Guidance (2014).
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Service and leadership

Here list activities at Hopkins or in the community during your time in the graduate program,

Leadership and Community Service:

Founder and President of Medical And Educational Perspectives (MEP, a.k.a EP)
http://www.mepjhu.com/mep/ (2004-Present)

MEP is started in 2004 with the mission of advancing global public health education to at-
need communities around the globe. We have taught HIV prevention, sex education and
other public health programs to high school students, orphans, and teachers from the Zijin
County in China, Chennai in India, and also from Kawagwe and Pemba Island in Tanzania.
In order to continue the health education programs at various international locations after
the Hopkins team has left, we have partnered with multiple volunteers from the local
communities and succeeded in establishing 9 chapters in 5 countries and over 3 continents
between 2004 and 2008. In addition, MEP worked with US embassies and consulates
during these educational programs, and have been recognized at several occasions. For
example, Mr. Michael Retzer, the US Ambassador in Tanzania, held a press conference
exclusively for EP (currently known as MEP)
http://tanzania.usembassy.gov/sp _08092007.html.

In 2008, MEP is transformed from a student group into a nonprofit organization formally
registered in Baltimore, Maryland, USA. Since then, we have grown to support the
development of affordable medical solutions which can benefit at-need communities both
in the US and worldwide. To support this goal, we have launched two Johns Hopkins-
recognized courses. In the first course, an interdisciplinary team (composing of MD, PhD,
MPH and MBA students) complete evaluations of medical devices through interviews and
observations at 10-15 different hospitals, nonprofits, industries and government
representatives throughout Bangalore, Hyerderabad, Mumbai, Pune, Valsad and Dervan
India. In the fall course, students spend several weeks working in interdisciplinary teams
at Johns Hopkins to understand what it takes to bring a medical device into the market, and
to develop a sustainable financial plan (whether as a startup or as a nonprofit). In these two
courses students learn about the scientific foundation, global health context, and business
ecosystem for these devices. Through this work, MEP facilitates and fosters
interdisciplinary education, entrepreneurship and medical innovation.

Recently, MEP redirects its focus to Baltimore City Health, and is currently hosting a
“Campaign for Progress” event where it solicits over 50 health-related idea submissions
from the Baltimore community and from the JHU community. Currently, MEP is working
with representatives from the Baltimore City Health Department, Johns Hopkins School of
Public Health, and from the Baltimore community to select the top 5 health related ideas
which are specific to Baltimore (which ranges from helmet safety for children to the
difficulty in reading drug labels due to illiteracy). Once the top 5 ideas are selected, MEP
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will work with the selected teams to develop a campaign and to brainstorm on feasible
solutions for these Baltimore-specific health issues.

To This date, MEP has obtained over $165,000 funding and has supported 6 inventor teams
and over 50 students (MD, PhD and MPH) in the development and evaluation of affordable
medical devices. With these funding, MEP hosts an annual “Call for Innovation” event
which attracted JHU inventor teams to present their work to CEOs, investors and
professors (http://mepjhu.tumblr.com). To date, MEP has ~300 members and closely
supported 26 teams; in addition, MEP has solicited entries from ~50 teams.

Founding Member and President of JHU SPIE Chapter 2013-2014
Lectures Committee Chair, Hopkins Imaging Initiative 2011-2012

Founder and President of Johns Hopkins Student Research Group (JHSRG) 2006-
2008

Miscellaneous:

Reviewer for Hopkins Imaging Initiative Conference, October 2011 and 2013
Reviewer for Biomedical Optics Express, 2011-Present
Reviewer for Annals of Biomedical Engineering (ABME), 2014-2015
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