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Stimulated Raman Scattering (SRS) microscopy provides chemical information for imaged
tissue at submicron resolution. In the experiments described, I combine SRS with other non-
linear microscopies, including second harmonic generation (SHG) microscopy and two-photon
fluorescence (TPF) microscopy, to develop a methodology for tissue imaging and analysis
with anatomic pathology diagnostic challenges in mind. Employing an interdisciplinary
approach in collaboration with experts in the field I investigate the diagnostic potential of
a multimodal approach to complex tissues such as brain, breast, and bone, illuminating the
immense potential non-linear optical microscopy has to offer to pathologists and clinicians

as they strive to improve patient care.
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Chapter 1

INTRODUCTION

1.1 Thesis Structure

The work presented in this thesis is organized into 4 major chapters. The first chapter
introduces challenges faced by anatomic pathologists as they practice in hospitals in combi-
nation with a review of the main microscopy tools utilized in this work. The second through
fourth chapters will focus on primary research I conducted and the resulting publications I

co-authored.

1.2 Brief Overview: Challenges Experienced in Anatomic Pathology

The inner workings of a pathology service are often obscure to patients and the general pub-
lic. Pathologists focus on studying disease processes at macro, micro, and molecular levels.
The information provided by a pathologist is used by clinicians and health care professionals
in direct contact with patients, to determine the course of treatment. There are two main
divisions within pathology including clinical and anatomic pathology. A clinical pathologist
works with bodily fluids, conducts tests for toxicology, studies and diagnoses blood disorders,
researches topics in immunology and serology, investigates and diagnoses infectious diseases
in a laboratory setting. Professionals working in anatomic pathology study organs and tissue
through gross and microscopic examination and can be divided into sub-specialties of sur-
gical pathology (further subdivided by organ system), cytopathology, and autopsy (hospital
or forensic) pathology. The work in this dissertation focuses primarily on anatomic pathol-

ogy applications, with the remainder of this section discussing the primary challenges faced



by anatomic pathologist as they strive to deliver fast, accurate, and actionable diagnostic
information for clinicians.

An anatomic pathologist uses the understanding of the human body’s normal structure
and function, clinical history, radiographic images, and the ability to consider these facts
in tandem with morphological observations to make gross and microscopic diagnosis. The
pathology setting dictates the type and complexity of techniques required for microscopic
analysis. One such setting that is very time-constrained is surgery, when intraoperative diag-
nosis can significantly alter the course of treatment. For example, tumor margin assessment
is conducted through both gross and microscopic examination to ensure complete removal
of lesional tissue. Intraoperative microscopic examination is done using cryosectioning of
tissue. In order to achieve this, the submitted tissues is embedded into an optimal cutting
temperature (OCT) compound that is a blend of clear, water-soluble formulations of glycols
and resins. A cryostat is used to freeze the tissue to below -20 °C enabling easier section-
ing into typically 4 pm thick sections. The sections are subsequently fixed and stained with
hematoxylin (basophilic and used to highlight chromatin in nuclei) and eosin (acidophilic and
used to highlight protein containing components of the cell). Texture heterogeneity poses a
challenge during cryosectioning. Such texture heterogeneity can often show up as a freeze
artefact - the diffuse or focal splitting of sections or cellular rarefaction resulting in a loss
of diagnostic information. Freeze artefacts can result in misinterpretations and subsequent
diagnostic pitfalls. This is particularly common in fatty or myxoid tissue. Furthermore,
tissues like bone and other mineralized samples are difficult to cut and frequently only gross
examination is conducted. The final examination for such samples is deferred until after

surgery so that demineralization using acids can be performed.

Another setting that permits the use of more complex tools is after biopsy or surgery
where a comprehensive analysis of a specimen is conducted to address pertinent questions
including the primary diagnosis of a lesion, extent of disease, prognostic markers guiding
treatment, among others. Microscopic evaluation of biopsied or resected tissue also uses

H&E stained tissue slides to facilitate morphological observations. When warranted by a



diagnostic protocol, special stains, immunohistochemistry, cytogenetics, and fluorescence
microscopy are executed on tissue slides. The methods necessary to produce tissue slides for
a pathologist’s interpretation are not trivial and require a team of professionals, including
histologists who continuously work to optimize tissue processing methods. Such efforts are
crucial for generating tissue slides adequate for examination by a pathologist. In addition to
the effort required, techniques like paraffin embedding are a time consuming process requiring
at least 24 hours turn around time before the slides are available for examination. Tissue
processing also involves many solvents that are costly from a budgetary point of view as
well as our planet’s health. After cost of labor and resources, the resulting histology is not
without challenging artefacts that need to be accounted for when interpreting the slides.
Similar to intraoperative frozen sections that can have freeze artefacts, the formalin fixed
paraffin embedded (FFPE) sections can suffer from tissue retraction with many features
being distorted. Therefore, there are many shortcomings that demand development of new

and improved techniques.

Despite the challenges described, it is important to acknowledge the immense value of
histology in medical diagnosis and prognosis. Current pathology practice delivers actionable
information for managing as well as enhancing our understanding of disease. Moreover,
the integrity of diagnostic information can impact in profound ways patients’ lives. That
is why when developing new techniques, one must appreciate the weight and responsibility
carried by pathologists. Finally, medicine as a larger establishment depends on training
programs and resources that are variable, based on the location of medical centers. It is not
surprising that introducing new technological advances into medicine and in this case the
pathology practice can face pushback. Nevertheless,the logistical challenges of introducing
new approaches should not deter us from striving to provide the best patient care and
evolving in response to new technology.

To explore and expand my understanding of the issues described above, I studied three
challenging systems to develop a tailored approach suitable for extracting diagnostic infor-

mation: brain, breast, and bone. Each of these biological systems has their unique challenges



that will be further described in subsequent chapters. In the remainder of this chapter, I

will provide an overview of the imaging modalities chosen in my experiments.

1.3 Biomedical Imaging

Many scientific and engineering advancements in the last century revolutionized the way
we are able to study disease processes. The application of atomic and molecular physics
brought computed tomography (CT) and magnetic resonance imaging (MRI). The invention
of the laser in the 1960s and subsequently spectroscopic methods enabled the interrogation of
biochemical processes in biological systems. Development of the optical microscope brought
a deeper understanding to tissue structure.

As new methods for tissue imaging expanded in their capability so did our understand-
ing of their advantages and drawbacks. Many conventional methods as mentioned in the
previous section involve tissue processing (freezing, formalin fixing and paraffin embedding),
sectioning, and staining. Once the tissue is prepared, light microscopy is the workhorse of
conventional imaging. Inherent to this process is the disruption of a biological system and
the subsequent artefacts produced are a real and accepted challenge for most conventional
methods.

Fluorescence-based imaging is a valuable method enabling researcher to study systems
without the need for sectioning. The ability to specifically label molecules and structures
of interest enables researches to explore biological structure as well as function in fixed or
living specimens. The development of superresolution fluorescence microscopy permitted
nanometer scale in vivo imaging of biological systems [1, 2.

Although fluorescence based approaches remain an important tool in biomedical imaging,
it is worth noting that the labeling approach has limitations including potential perturbation
of biological molecules or structure, limited capacity of labels, challenges with label delivery
to a target, and potential toxicity.

Label-free approaches emerged to address issues with fluorescence-based imaging with
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Figure 1.1: Jablonski diagram for infrared and spontaneous Raman spectroscopies.

vibrational spectroscopic imaging leading the way. Utilizing molecular “fingerprints” pro-
duced by the vibration of chemical bonds, this spectroscopic approach can provide a wealth
of chemical information to shed light on the composition of tissue and chemical dynamics.
Fingerprint vibration spectra can be obtained using linear IR absorption or inelastic Raman
scattering (see Figure 1.1 for energy diagram). Through many technical advances, we are now
able to move beyond spectroscopy to spectroscopic imaging enabling more targeted spectral
tissue interrogation. IR [3] and Raman [4] spectroscopy have been utilized in a range of
biomedical applications. However, the small cross section of spontaneous Raman scattering
demands longer imaging time which not only runs the risk of sample damage but also makes
capturing dynamic processes effectively impossible. Coherent Raman Scattering (CRS) mi-
croscopy can overcome such limitations by providing orders of magnitude enhancement to

signal.

When choosing a method for imaging, it is useful to consider the inherent advantages and
drawbacks of different imaging techniques. Complex biological systems can warrant more
than one tool to adequately study the process of interest. This has become apparent in the

research presented here, which is why the multimodal approach is used.
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Figure 1.2: Comparison of one-photon fluorescence and two-photon fluorescence.

1.4 Multiphoton Fluorescence Microscopy

Multiphoton fluorescence microscopy is a nonlinear optical imaging technique that has been
fundamental to evolving biomedical imaging. It is particularly important for imaging bulk
tissue where scattering outside of the focus contributes to background as it happens in
one-photon fluorescence. Instead, the nonlinearity of fluorescence excitation in multiphoton
fluorescence results in signal generated only at the focus of the laser beam. This enables 3D
optical sectioning in tissue. Furthermore, the multiphoton excitation at near IR wavelengths
causes less photodamage making it suitable for biological systems and allowing for improved
penetration depth (~ 1 mm) [5, 6, 7, §|.

Two-photon fluorescence (TPF) is the most developed among multiphoton microscopies.



Many different fluorophores have been shown to be suitable for TPF [6, 9, 10, 11, 12, 13|.
In addition to fluorophores, two-photon induced autofluorescence originates mainly from
endogenous fluorophores and protein structures including but not limited to NADH, collagen,
porphyrins, melanin, and flavins. Typically, autofluorescence is much weaker than that from
exogenous fluorophores introduced experimentally. With or without contrast agents, two-
photon fluorescence is widespread in clinical applications with great advantages displayed
in in vivo imaging. In this body of work, I use acridine orange (AO) to highlight nuclear

features in bone.
1.5 Stimulated Raman Scattering Microscopy

1.5.1 Coherent Raman Scattering Microscopy

Vibrational spectroscopy based methods do not require contrast agents to visualize tissue.
Using inherent chemical signatures, one can gain insight into biological structure in a system
of interest. Using coherent vibrational processes, we can enhance signal by orders of magni-
tude. As a result, we can rapidly interrogate tissue without excessive laser power and reduce
the risk of tissue damage.

When designing the imaging system employing CRS, it is important to understand the
processes that occur when a sample encounters input photons. There are four main CRS
processes that occur simultaneously when the beating frequency (w, - ws) between pump (w,)
and Stokes (w,) matches the molecular vibration. One such process is coherent anti-Stokes
Raman Scattering (CARS), occurring at a frequency of (w, - ws) + w,. Another process
occurs at ws - (w, - ws) and is called coherent Stokes Raman scattering. Finally, there is
stimulated Raman scattering (SRS) with stimulated Raman loss (SRL) at w, and stimulated
Raman gain (SRG) at ws. A comparison between CARS and SRS can be found in Figure
1.3.

CARS as a third order non-linear process was first documented in 1965 by Terhune and

Maker at the Ford Motor Company [14]|. Since then, many advances were made to enable
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Figure 1.3: Jablonski diagram for coherent anti-Stokes Raman Scattering (CARS) and stimulated
Raman scattering (SRS)

biomedical applications [15]. For CARS, the signal is generated at a new frequency differ-
ent from input beams and is accompanied by a non-resonant background due to electronic
contributions to four-wave mixing. The limitations of CARS include image artefacts due
to spatial interference, spectral distortions due to spectral interference, and non-linear de-
pendence of the signal on the target species concentration [16]. Despite many attempts to
improve CARS microscopy, the technique still receives criticism from the biomedical imaging

community along with recognition of the main successful application of CARS, lipid imaging.

As mentioned previously, CARS is not the only process occurring when conditions are
met for CRS. Investigations of stimulated Raman scattering reveal that SRS microscopy is
capable of overcoming the limitations posed by CARS microscopy. Superseding CARS, SRS
enabled qualitative and quantitative chemical imaging with a broad range of applications to

biological systems.



1.5.2  Stimulated Raman Scattering Microscopy

SRS arises under the same conditions as CARS, and either SRL or SRG can be detected. Be-
cause the excitation is stimulated, the molecular transition rate is enhanced as the difference
of the excitation beams A w, = w, - w, matches the vibration frequency of the molecu-
lar transition. This enhancement is a major improvement relative to the signal strength
from spontaneous Raman scattering where the transition to the vibrationally excited state
is spontaneous.

The coherent excitation of the molecular vibration results from an absorbed pump photon
and a generated Stokes photon. Figure 1.4 shows a summary of the principle behind stim-
ulated Raman scattering. On the left, the energy diagram underlines that the vibrational
state of interest can be probed by tuning the difference between pump and Stokes beams.
The combination of pump and Stokes beams facilitates the excitation of the molecules in the
sample from ground to the first vibrationally excited state via a virtual state. Because SRS
is an energy transfer process, a pump photon is absorbed and a Stokes photon is generated
resulting in the SRS process. Specifically, SRL of the transmitted pump and SRG of the
Stokes beams are observed.

The intensity change of the transmitted pump and Stokes beams are directly proportional
to the number of molecules (N) in the focal volume and the molecular Raman scattering

cross-section(o) as reflected in the following expression [17]
Al x N -o-1,- I (1.1)
Al —N-o-1I,-1, (1.2)

Provided that the change in intensity is calibrated against the number of molecules in
the focal volume or concentration of chemicals of the target species, a quantitative chemical
map of the sample can be obtained. Additionally, non-linear dependence of the signal on
the excitation intensities enables optical sectioning [18], which is crucial when imaging thick

tissue samples [8].
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Because the change in intensity is very small (A I,/I, < 107%), a high frequency phase-
sensitive detection is needed. In this work, the Stokes beam is modulated, resulting in
modulation transfer to the unmodulated pump beam at the same frequency. The Stokes
beam is filtered at the detection.

Consideration has to be given to the frequency of modulation. By using high frequency,
higher than 1 MHz, laser noise that occurs primarily at low frequencies of thermal and
mechanical fluctuations is avoided.

In a typical SRS microscopy setup, only a limited wavelength range can be scanned with-
out time-consuming adjustments. To address this issue, “spectral focusing” can be employed
[19, 20]. By sending the femtosecond laser pulses through a dispersive medium, the linear
chirp is introduced through the temporal spreading of the frequency components. This leads
to narrower instantaneous bandwidth. By simply varying temporal delay between the two
chirped pulses, different vibrational frequencies can be accessed.

Finally, when applying SRS to thicker samples, an important limitation has to be kept

in mind. Typically, SRS is performed in transmission. Efficient collection of back-scattered
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signal (epi-detection) can be achieved in media where scattering dominates over absorption
[21]. In the research presented here, epi-detection is utilized for bone imaging. Bony samples

are dense and scatter well to allow sufficient signal collection.

1.6 SHG Microscopy

In addition to SRS and TPF, second harmonic generation (SHG) microscopy has been demon-
strated to be an important tool in disease diagnosis [22]. SHG is a second order coherent
process. In such process, two lower energy photons are up-converted to twice the incident
frequency of the excitation beam. The very first SHG imaging applied to biological system
was reported in 1986 by Freund who studied collagen fibers in a rat tail tendon [23]. Later in
2002, a practical implementation of tissue imaging was conducted by Mohler and Campag-
nola. Implementing high resolution and rapid data acquisition with laser scanning, Mohler
and Campagnola have established SHG microscopy as a powerful imaging tool. As a result,
many applications have been demonstrated in cancer, fibrosis, connective tissue disorders,
atherosclerosis, among others [22].

Briefly, SHG is described by the second term of the total polarization equation for a

material interacting with light and can be expressed as the following

P=XWVE' ¢+t X®E? 4 XOF (1.3)

where P is the induced polarization, X ™ is the nth order nonlinear susceptibility tensor
and E is the electric field vector [24]. In comparison, the third term describes SRS and CARS.
Because SHG is a second-order process, the second-order symmetry imposes restrictions on
what harmonophores can be imaged, and shows the signal for noncentrosymmetric systems
(size scale of Agpg). Additionally, the molecular and bulk properties can be related by the

following expression.

X® =N, <p> (1.4)
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where N is the density of molecules, § first hyperpolarizability, and brackets denote the
orientational average.

The experimental implementation of SHG microscopy can include forward and backward
SHG detection depending on the application. Using an appropriate dichroic mirror and filters
before the photo multiplier tube (PMT), SHG can be easily integrated with other non-linear
microscopies. In the work described in this dissertation, SHG will play an important role in

breast and bone systems.

1.7 Summary

The current challenges faced by anatomic pathologists influence clinicians’ ability to choose
an appropriate treatment and ultimately impacts the patient. Therefore, an investigation of
methods that can enhance current diagnostic capability as well as offer new perspective into
disease processes by offering novel information is beneficial. Understanding this motivates
the work in this dissertation.

Biomedical imaging as a field has evolved and offered many tools, some of which are being
developed right now for pathology applications. To facilitate a sustainable introduction and
implementation of novel analysis tools requires close collaboration of biomedical imaging
scientists with pathologists introducing opportunities for interdisciplinary training. It is my

hope that this volume of work is a first step in this direction.
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Chapter 2

INTRAOPERATIVE ASSESSMENT OF SKULL BASE TUMORS
USING STIMULATED RAMAN SCATTERING MICROSCOPY

2.1 Preface

Shortly before I joined the Fu lab, a project relating to the intraoperative assessment of
skull base tumors was started by Dr. Dan Fu and Andrew Francis in collaboration with Dr.
Gordana Juric-Sekhar and Dr. Laligam Sekhar. After the application to receive funding was
successful, the tissue collection was initiated. The initial tissue imaging was first conducted
by Andrew Francis and later was continued by me. This was also the time when Andrew
Francis contributed significantly to my training in optics. As I became more involved the
project slowly transition to me, and I became the primary graduate researcher responsible
for its completion.

One of the many challenges was developing a recoloring routine to produce images suit-
able for pathology diagnosis. I had to rely on much of the pathology knowledge imparted
on me by my Post Sophomore Fellowship in pathology which I completed before resuming
my graduate studies. The project was truly interdisciplinary and relied on very close col-
laborations between tech developing scientists, pathologists, and surgeons. Designing the
evaluation approach was done in collaboration with Dr. Gordana Juric-Sekhar and myself.
A crucial part of the project was also an evaluation of resulting images by the pathologists.
Drs. Patrick Cimino, Caitlin Latimer, and Louis Gonzalez-Cuyar provided the needed feed-

back and evaluation.

The following material in this chapter is reproduced with permission from:
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Kseniya S. Shin; Andrew T. Francis; Andrew H. Hill; Mint Laohajaratsang; Patrick
J. Cimino; Caitlin S. Latimer; Luis F. Gonzalez-Cuyar; Laligam N. Sekhar; Gordana Juric-
Sekhar; and Dan Fu; “Intraoperative assessment of skull base tumors using stimulated Raman
scattering microscopy,” Scientific Reports 9, 20392 (2019). Copyright 2019 Nature Publishing

Group.

2.2 Abstract

Intraoperative consultations, used to guide tumor resection, can present histopathological
findings that are challenging to interpret due to artefacts from tissue cryosectioning and
conventional staining. Stimulated Raman histology (SRH), a label-free imaging technique
for unprocessed biospecimens, has demonstrated promise in a limited subset of tumors. Here,
we target unexplored skull base tumors using a fast simultaneous two-channel stimulated
Raman scattering (SRS) imaging technique and a new pseudo-hematoxylin and eosin (H&E)
recoloring methodology. To quantitatively evaluate the efficacy of our approach, we use
modularized assessment of diagnostic accuracy beyond cancer /non-cancer determination and
neuropathologist confidence for SRH images contrasted to H&E-stained frozen and formalin-
fixed paraffin-embedded (FFPE) tissue sections. Our results reveal that SRH is effective for
establishing a diagnosis using fresh tissue in most cases with 87% accuracy relative to H&E-
stained FFPE sections. Further analysis of discrepant case interpretation suggests that
pseudo-H&E recoloring underutilizes the rich chemical information offered by SRS imaging,
and an improved diagnosis can be achieved if full SRS information is used. In summary,
our findings show that pseudo-H&E recolored SRS images in combination with lipid and
protein chemical information can maximize the use of SRS during intraoperative pathologic

consultation with implications for tissue preservation and augmented diagnostic utility.
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2.3 Introduction

The overarching purpose of intraoperative consultations for tumor surgeries is to obtain
crucial information that informs surgical treatment. The tools currently employed include
microscopic assessment of a submitted specimen through cytological preparations or cryosec-
tioning and subsequent staining of the tissue by hematoxylin and eosin (H&E). The challenges
of generating a diagnostically adequate H&E slide of cryosectioned tissue are organ-specific.
In central nervous system specimens, the main challenge often results from limited sample
size and general texture heterogeneity of the submitted tissue. In such cases, texture het-
erogeneity manifests itself as a freeze artefact - the diffuse or focal splitting of sections or
cellular rarefaction resulting in loss of diagnostic information [25]. The presence of these
artefacts in microscopic sections can result in misinterpretations and subsequent diagnostic
pitfalls [26].

In addition to the inherent challenges of cryosectioning, the location of the tumor can
add complexity to management. One group of tumors that poses many challenges is skull
base tumors which include meningiomas, pituitary adenomas, schwannomas, hemangioper-
icytomas, chordomas, various types of sarcomas, carcinomas, and metastases among other
entities [27]. Skull base tumors face unique challenges due to their low occurrence, pres-
ence in deep locations, proximity to critical neurovascular structures, and extension beyond
anatomic boundaries [28|. Accurate intraoperative tissue diagnosis is essential during skull
base tumor surgery to maximize tumor removal, as a non-resected tumor can lead to re-
currence, treatment failure, and overall poor outcome [29]. In particular, a rapid diagnosis
during the removal of skull base tumors can help the surgeon to choose how aggressive the
resection should be. In addition, in some patients, a rapid diagnosis can help to delineate the
margins of tumor resection. Additionally, there is an increasing need to preserve tissue from
small pathology specimens for downstream molecular ancillary testing, and an intraoperative
technique aimed at preserving tissue would be preferable in these cases.

Many advanced optical imaging techniques have been developed to detect neoplastic cells
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and to provide diagnostic information with varying degrees of success, including optical co-
herence tomography [30, 31], confocal microscopy [32], two-photon fluorescence combined
with second harmonic generation [33, 34, 35|, Raman spectroscopy [36], and coherent Ra-
man scattering (CRS) microscopy [37]. Among the previous work, CRS stands out from
other imaging techniques as it provides both morphological and chemical information at a
submicron resolution without any staining or chemical labels [38]. Two CRS methods have
been established: coherent anti-Stokes Raman scattering (CARS) and stimulated Raman
scattering (SRS). Both CARS and SRS use two pulse lasers (pump and Stokes) to excite
intrinsic vibrational motions of molecules coherently and have been shown to be able to

provide molecular contrasts that can aid cancer diagnosis [37].

In particular, it was recently demonstrated that SRS microscopy could provide H&E
equivalent information for pathologists to determine cancer subtypes, thereby offering the
potential for replacing frozen sectioning as an intraoperative diagnostic tool [39, 40]. Specifi-
cally, it has been shown that a two-color SRS imaging approach targeting the C-H transition
of lipid and protein (Raman transition at 2850 cm™ and 2930 cm™, respectively) allow direct
visualization of cell nuclei. The resulting images can be recolored using linear dependence
of the signal on lipid and protein content, allowing for a simple and very close simulation
of H&E, i.e., stimulated Raman histology (SRH). Orringer et al. and Hollon et al. have
tested the efficacy of SRS microscopy as a potential intraoperative H&E staining alternative
for cases including glial and metastatic neoplasms with 92 % accuracy of tumor subtype de-
termination as assessed by neuropathologists [39, 40]. Another recent study using the same
SRH approach further validated the visual comparison of SRH images to H&E as applied to
gastrointestinal tract [41]. Other studies used two-color SRS images for cancer/non-cancer
identification in laryngeal squamous cell carcinoma [42| and glioblastoma infiltration in the
brain [43]. However, these studies did not provide pathologist evaluation of SRH or SRS
two-color images for cancer subtype determination and thus are insufficient to validate SRS
as an alternative to histology. Similar to SRS, CARS microscopy has also been explored

for cancer diagnosis [44, 45, 46| based on chemical contrasts. Compared to SRH, CARS is
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further complicated by the presence of a non-resonant background [47, 48, 49, 50|, which
prevents direct conversion of CARS images to H&E images. Adding additional chemical
contrasts from second harmonic generation and two-photon fluorescence, it has been shown
that multicolor images can be generated and provides useful diagnostic information [51].
However, whether pathologists can use these images to provide meaningful cancer diagnosis
requires further investigation.

While a few studies have validated SRH in limited settings, it remains unclear whether
SRH is generally applicable to a diverse set of tumor types encountered in daily pathology
practice. Employing two Raman transitions targeting lipids and proteins to generate an
H&E alternative works well for entities with higher cytoplasmic lipid content as can be
expected in glial neoplasms. This is because the cytoplasmic lipid signals are a primary
source of contrast to visualize cell nuclei. However, skull base tumors are inherently more
complex because high protein and low lipid concentrations in the cytoplasm or the stromal
matrix are common and can pose a challenge in visualizing nuclei. To explore the utility
and limitations of SRH in complex tumors, we have set out to conduct a more dedicated
investigation of SRH application to skull base tumors. Additionally, we take a different
approach from previous studies by focusing on the user (i.e., pathologist) in addition to
SRH validation. With only a few publications testing the accuracy of diagnosing histological
subtypes [39, 40|, we emphasize assessment of how SRH performs at every step of the typical
diagnostic workflow. Moreover, unlike previous studies, instead of training pathologists with
SRH images, diagnosis in this study is performed without prior training and thus provides
an unbiased assessment of the diagnostic accuracy achievable in an intraoperative setting.

We used a simultaneous two-channel SRS imaging method we and others have developed
to enable rapid SRH assessment [52, 53]. Specifically, we performed simultaneous two-channel
acquisition by using two 90° phase shifted Stokes pulses for orthogonal lock-in detection. This
approach allows us to acquire protein and lipid SRS images rapidly for large pieces of tissue
by eliminating wavelength switching and sequential acquisition. We image fresh resected

tumor tissue collected prospectively during intraoperative consultation and validate the di-
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agnostic capability of SRH through modularized review by board-certified neuropathologists.
Our results reveal that SRH is effective in most cases with 87% accuracy relative to H&E
stained formalin-fixed paraffin-embedded (FFPE) sections. Moreover, we find that in cases
with limited lipid signal to provide the necessary contrast for nuclei visualization, rendering
diagnosis is challenging when using strictly SRH, and it can be significantly improved with

SRS chemical information.

2.4 Experimental Methods

2.4.1 Tissue collection and preparation

Sixteen subjects undergoing operations for skull base tumors were recruited with the approval
of the University of Washington Institutional Review Board over the course of 12 months,
and all research was performed in accordance with relevant guidelines and regulations. Sub-
ject eligibility was determined during preoperative evaluation by the neurosurgeon (L.N.S.)
participating in this study, and written informed consent was obtained from each subject be-
fore surgery. At the time of standard intraoperative frozen section consultation, a fresh tissue
sample measuring 0.3 x 0.2 x 0.1 ¢m on average was allocated for this study. Each piece of
fresh and unlabeled tumor sample was placed on a well depression glass slide, moistened with
saline and covered with a coverslip in preparation for SRS imaging. Following SRS imaging,
each sample was placed in neutrally buffered formalin, processed, and embedded in paraffin
for permanent sections. Samples were then sectioned and stained with H&E for standard
histopathological analysis. All SRS images with corresponding FFPE sections stained with
H&E of skull base tumors were reviewed by a board-certified neuropathologist (G.J-S.), who
selected representative portions of SRS images for histological analysis. Slides of frozen sec-
tions or cytological preparations performed at the time of intraoperative consultation from
all studied cases were also reviewed in this study in order to compare the quality of SRS
images with standard intraoperative techniques and to determine the diagnostic utility of

SRS microscopy.



19

1.2
s 1
©
v08 =
>
it
‘w06
c
Zoa f
c

02 f

AN
0 -
2800 2850 2900 2950 3000 3050

Raman Shift (cm '1)

Figure 2.1: Experimental set up for SRS microscope and controls for lipid and protein channels.
A) The Stokes laser is modulated by an electro-optical modulator (EOM) at 20 MHz. Tunable laser
is spectrally dispersed through glass rods (tunable) and Stokes laser is dispersed through a grating
stretcher (GS). They are the spatially and temporally overlapped at a dichroic mirror (DCM) and
directed onto a pair of galvanomirrors (GM). The beams are then sent through a laser scanning
microscope with a 25x water immersion objective. The pump beam after the condenser is detected
by a photodiode (PD). The signal is processed through lock-in amplifier (LIA). The images are
collected using Scanlmage on computer processing unit (CPU). B) SRS spectra for oleic acid and
bovine serum albumin (BSA) as controls for lipids and proteins, respectively.

2.4.2 SRS microscopy

Figure 2.1 A depicts simultaneous two-color SRS that was employed in our study [52, 53|.
Briefly, the Stokes and pump pulses provided by the fixed (1040 nm center wavelength, <200
fs, >1.5 W) and tunable (798 nm center wavelength, <150 fs, 1.0 W) outputs, respectively,
of a dual-output oscillator (Insight DS+, SpectraPhysics) with a repetition rate of 80 MHz.
The Stokes pulse was modulated at 20 MHz using an electro-optic modulator (EOM) and
split into two separate arms, one of which was then delayed by 12.5 ns (1/80 MHz) relative
to the other. The two arms were recombined using a 50:50 beamsplitter and stretched to

2 ps using a grating-based pulse stretcher [54, 55]. The tunable source was centered at 798
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nm, and the pulses were dispersed using 60 cm of glass rods. The average spectral width
is estimated to be 300 cm™ [55]. The pump and Stokes beams were then combined with
a dichroic mirror and overlapped temporally using a delay line in the tunable arm. The
resulting beam was sent into a home-built laser scanning microscope. A 25X Olympus water
immersion objective (NA = 1.05) was used to focus the beams onto the tissue sample. At the
focus, the Stokes beams had an average power of 30 mW each, and the pump had an average
power of 40 mW. After passing through the condenser, the Stokes beam was filtered out, and
the pump reached a silicon photodiode. SRS signal was detected with a lock-in amplifier.
The two orthogonal output of the lock-in amplifier provided the simultaneous two-channel
SRS signals for pseudo H&E rendering [52]. Figure 2.1 B depicts examples of SRS spectra for

oleic acid and bovine serum albumin (BSA) as controls for lipids and proteins respectively.

2.4.8 Image processing

Figure 2.2 details how SRS images were processed into the pseudo-H&E images to be given
to neuropathologists for analysis. The acquired lipid (Figure 2.2A) and protein (Figure
2.2B) images (285 pum x 285 pum per frame) were field-normalized and stitched to recover
a complete tissue image (2-6 mm in size). Subsequently, the lipid channel was subtracted
from protein channel, as previously demonstrated, to generate lipid corrected protein image
(Figure 2.2C) [56]. Using a custom-generated color scale in Image J, the lipid and lipid-
corrected protein channels were recolored to match the conventional H&E (Figures 2.2D and

2.2E) and combined to form a single image for histological analysis by pathologists (Figure

2.2F).

2.4.4  Survey methodology

A validation survey was conducted in order to establish the diagnostic utility of SRS sim-

ulated H&E images (SRH) compared to standard intraoperative pathology, which typically
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Protein (2,930 cm-1) Protein (lipid subtracted)

Protein (recolored) Composite of Lipid and Protein

Figure 2.2: Image processing of stitched SRS imaging data (Meningioma, WHO grade I). A)
Stitched field-normalized data for lipid channel. B) Stitched field-normalized data for protein chan-
nel. C) Lipid data subtracted from protein, utilizing lipid and protein images in A and B. D)
Recoloring result of lipid data. E) Recoloring result of protein data. F) Composite image of D and
E. Whole tissue scale bar: 1 mm. Inset scale bar: 50 pm.
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includes the frozen section and cytological preparation of the specimen routinely stained with
H&E. The survey was performed by three neuropathologists (P.J.C.; C.S.L., and L.F.G.-C.)
who were blind to the diagnosis. They received a short clinical and radiographic summary of
each case to mimic the circumstance of an intraoperative consultation but had no knowledge
of SRS imaging and no training on SRH images. All sixteen studied cases were enrolled in
the survey, which consisted of three phases: 1. Review of SRS generated images (SRH); 2.
Review of the H&E-stained FFPE sections of the same specimen, and; 3. Review of the
H&E-stained frozen sections or cytological preparations performed at the time of the neo-
plasm extraction for intraoperative diagnosis. Each phase included a series of multiple-choice
questions focused on neoplastic appearance (epitheliod, spindle cell, myxoid, chondroid, or
other), architectural pattern (lobular, fascicular, glandular, nested, papillary, sheeting, or
other), and nuclear shape (rounded, elongated, and other). After the initial assessment, the
evaluators participated in the diagnostic interpretation of each case that included differential
diagnosis (a list of neoplasms that fit the neoplasm description, architectural pattern, and
nuclear shape they have assigned to the case in combination with a clinical and radiographic
summary provided) and final diagnosis. Finally, each participant was required to quantify
their level of confidence in their diagnosis. The results of the survey were compared to the
assessment by collaborating pathologist G.J.-S. (histopathological features and differential

diagnosis) and the neuropathology report (final diagnosis).

2.4.5 Statistical analysis of survey data

For each pathologist, percent agreement and Cohen’s kappa (k¢) were calculated while com-
paring each modality (SRH, H&E frozen, and H&E permanent) to the assessment by the
collaborating pathologist G. J.-S. (histopathological features and differential diagnosis) and
the neuropathology report (final diagnosis) for individual case using R software. Additionally,
the relative accuracy as a ratio of SRH and H&E FFPE percent agreement was calculated for

comparison of SRH to the golden standard of diagnosis. Fleiss’ kappa (kr) was calculated
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Figure 2.3: Comparison of cellular features available with SRH wversus conventional H&E stained
slides in representative case of Meningioma WHO grade 1. A, B, C) Comparison of architecture
features. D, E, F) Increased magnification highlighting macrophages (red box) verified by im-
munohistochemistry and intranuclear inclusions (cyan box). G, H, I) Nuclear features with easily
identifiable nucleolus (blue box).

to assess interpathologist reliability.

2.5 SRH images provide cytoarchitectural visualization necessary for diagnosis

For a pathologist, architectural and cytological features are necessary for the diagnostic pro-
cess. We use a studied meningioma case in Figure 2.3 as an example of cytoarchitectural
visualization available with SRH images. The characteristic lobular architectural growth pat-

tern of epithelioid cells is as apparent in SRS images as it would be at a lower magnification
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of H&E stained frozen or FFPE sections (Figures 2.3A-2.3C). At high resolution, the SRH
image shows clear cytomorphology such as round to oval nuclei with bland chromatin and in-
conspicuous nucleoli (Figures 2.3G-2.31). Moreover, scattered intranuclear pseudoinclusions,
common histological features identified in meningiomas, are also visualized on SRH (Figure
2.3D). Identical histological features are present in concurrent frozen and concomitant FFPE
sections (Figures 2.3H and 2.31).

Furthermore, sufficient cytomorphological features can be identified to determine other
cell types. Figures 2.3D-2.3F show lipid-rich cells identified and marked by a red box as
macrophages (confirmed by immunohistochemistry). While in the case of meningioma, these
cells are not considered diagnostically essential, in the case of breast cancer, tumor-associated

macrophages have been explored as a prognostic marker [57, 58].

2.6 SRH images reveal diagnostic features in a broad range of skull base tumors

An accurate pathologist interpretation of unique histopathological features is essential during
a neurosurgical procedure. For SRH to be applicable in an intraoperative setting, SRH
must deliver clear and easy to interpret images with sufficient information. To examine
the capability of SRH at providing useful histopathological information, we image a broad
range of skull base tumors including nine meningiomas, three schwannomas, one chordoma,
one chondrosarcoma, one pituitary adenoma, and one papillary craniopharyngioma. Figure
2.4 highlights typical diagnostic features of selected skull base tumors captured by SRH in
comparison with H&E stained frozen sections of the same case and H&E stained FFPE
sections of the same tissue.

The advantage of SRH is the ability to image the sample without sectioning, which elimi-
nates challenges introduced by freeze artefact from cryosectioning. This issue is exacerbated
when tissue samples are challenging to cut due to the heterogeneity of texture. The three
cases that serve as an example (meningioma, chordoma, and chondrosarcoma) are shown

Figure 2.4. Figures 2.4A, 2.4G, and 2.4J demonstrate well-preserved diagnostic features
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Figure 2.4: Comparison of SRH with conventional histological preparations of skull base tumors.
A, B, C) Meningioma, WHO grade I. D, E, F) Schwannoma, WHO grade I. G, H, I) Chordoma. J,
K, L) Chondrosarcoma, grade 2. M, N*, O) Sparsely granulated somatotroph adenoma. P, Q, R)
Papillary craniopharyngioma (BRAF-mutant). *The case warranted cytological preparations only
during intraoperative consultation.
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in SRH images for meningioma, chordoma, and chondrosarcoma, respectively. In contrast,
Figures 2.4B, 2.4H, and 2.4K show corresponding H&FE stained frozen sections distorted by
freeze artefact. FFPE sections providing a reference for the typical appearance of histological

features are shown in Figures 2.4C, 2.41, and 2.4L.

In the case of meningioma, the texture heterogeneity is caused by psammoma bodies
(round collection of calcified material). This is a good example of the challenges faced
when calcified material is present during cryosectioning. Psammoma bodies are diagnosti-
cally helpful when suspecting meningioma, which mitigates poor tissue preservation in this
case specifically. On the other hand, conserving features in case of chordoma and chon-
drosarcoma is important for accurate identification. Figures 2.4G and 2.4 show chordoma
with vague small clusters and individual epithelioid cells with pale vacuolated cytoplasm
(physaliphorous cells) and prominent dense extracellular protein-rich myxoid matrix that
are missing in frozen section images. Similarly, one studied chondrosarcoma (low-grade per
neuropathology report) demonstrated scattered mononucleated neoplastic cells in lacunae
found in an abundant cartilaginous protein-rich background (Figures 2.4J and 2.4L). These
three examples highlight SRH advantage over the conventional frozen section in preventing
loss of cytoarchitecture due to the extensive freeze artefact and tissue texture heterogeneity.
When freeze artefacts are not a significant issue, the diagnosis on frozen section analysis
can still be challenging due to ambiguous histomorphology in spindle neoplasms including
schwannoma (Figures 2.4D-F) and meningioma without psammoma bodies (Figure 2.3).
With SRH, the different recoloring scheme can be used to highlight those features as will
be discussed later. Additionally, because SRH is non-destructive, any imaged tissue can be
saved for downstream histopathological analysis, and it is a significant advantage in cases
where there is limited tissue.

In other studied types of tumors, similar morphological features found typically in FFPE
sections are sufficiently replicated in SRH. For example, SRH of studied pituitary adenoma
reveals sheets of relatively monotonous neuroendocrine cells with a moderate amount of

cytoplasm and rounded nuclei with bland and occasionally stippled chromatin, depicted
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in Figure 2.4M. These histological features agree well with those observed in a concomi-
tant H&E-stained FFPE section (Figure 2.40) as well as concurrent cytological preparation
(Figure 2.4N). Additionally, our study includes a craniopharyngioma, a squamous epithelial
neoplasm characterized by cauliflower-like papillary structures and fibrovascular core, which
are visible on SRH image (Figure 2.4P), FFPE (Figure 2.4R), and corresponding frozen
sections stained with H&E (Figure 2.4Q).

Finally, SRH provides information on chromatin appearance, which can be used as evi-
dence of preoperative treatment such as embolization. Preoperative endovascular emboliza-
tion, adjunctive treatment of meningioma, was performed in 5 out of 9 studied meningiomas,
and in one studied case resulted in noticeable cytomorphological changes captured on SRH
(Figure 2.8 in Supplementary), including the vague architectural structure and neoplastic
cells with pyknotic nuclei (Figure 2.4A). These histopathological features were also identified
on both conventional H&E-stained FFPE sections of the same specimen and corresponding
frozen sections (Figures 2.4B and 2.4C). To contrast, a meningioma case without prior em-
bolization discussed earlier can be referenced (Figure 2.3 and Figure 2.8 in Supplementary).

Qualitative comparison of SRH images to H&E stained frozen sections shows that SRH
offers an advantage over frozen section by avoiding diagnostic pitfalls due to freeze arte-
fact. The pseudo-H&E recolored SRS images offer comparable diagnostic features that are
available in H&E stained FFPE with the advantage of being non-destructive and preserving

tissue for downstream diagnostic tests.

2.7 Diagnostic accuracy of SRH images compared to conventional H&E based
techniques

In order to establish the diagnostic utility of SRH, we administer a survey which assesses
the interaction of a given neuropathologist with SRH, H&E stained frozen, and FFPE sec-
tion slides. Unlike previous studies [39, 40|, our survey included modularized assessment of
the pathologist experience with SRH testing beyond final diagnostic accuracy. Typically,

a pathologist uses histopathological features including neoplasm description, architectural
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Neuropathologist 1 Neuropathologist 2 Neuropathologist 3 Interpathologist reliability (k)
SRH H&E frozen | H&E SRH H&E frozen | HEE SRH H&E frozen | HEGE SRH | H&E frozen | H&E
FFPE FFPE FFPE FFPE
Neoplasm Description:
Percent Agreement 88% 88% 88% 5% 88% 81% 5% 5% 5%
Concordance (k) 0.78 0.80 0.80 0.52 0.78 0.66 0.61 0.56 0.59 0.48 0.78 0.63
Relative Accuracy 100% - - 92% - - 100% - -
Architectural Pattern:
Percent Agreement 5% 5% 5% 69% 88% 81% 44% 56% 50%
Concordance (k) 0.64 0.65 0.65 0.58 0.83 0.74 0.34 0.48 0.43 0.28 0.38 0.41
Relative Accuracy 100% - - 85% - - 88% - -
Nuclear Shape:
Percent Agreement 94% 100% 94% 94% 94% 94% 88% 94% 94%
Concordance (k) 0.87 1.00 0.86 0.86 0.86 0.86 0.73 0.86 0.86 0.64 0.91 0.82
Relative Accuracy 100% - - 100% - - 93% - -
Differential:
Percent Agreement 94% 100% 100% 94% 100% 100% 94% 100% 100%
Concordance (%) 0.90 1.00 1.00 0.90 1.00 1.00 0.90 1.00 1.00 - - -
Relative Accuracy 94% - - 94% - - 94% - -
Final Diagnosis:
Percent Agreement 88% 94% 100% 75% 94% 81% 81% 100% 94%
Concordance (k) 0.80 0.90 1.00 0.61 0.90 0.68 0.66 1.00 0.90 0.57 0.87 0.79
Relative Accuracy 88% - - 85% - - 87% - -
Confidence score 8.18 3.50 3.50 2.1 2.81 3.81 2.94 3.63 3.56

Table 2.1: Survey results, comparing SRH wversus conventional tissue processing and staining.
Relative accuracy is calculated as ratio of SRH percent agreement and H&E FFPE. Confidence
score is assigned as follows: 4 - highly confident, 3 - confident, 2 - somewhat confident, 1 - not at
all confident.
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pattern, and nuclear shape, among others in combination with clinical history and neoplasm
location to progress from differential diagnosis to the final diagnosis. Because the generation
of the final diagnosis is involved, we benefit from understanding what histopathological fea-
tures were discrepant on SRH. Moreover, we are comparing how H&E stained frozen, and
FFPE sections perform in the same situation as SRH to isolate quality drawbacks of SRH
from possible pathologist variability inherent to the diagnostic process. Table 2.1 shows a
summary of our survey findings. The percent agreement highlights the absolute proportion
of cases that agree with the collaborating pathologist G. J.-S. (histopathological features and
differential diagnosis) and the neuropathology report (final diagnosis). Concordance based
on Cohen’s kappa (k¢), is also reported. Interpathologist reliability is assessed using Fleiss’s
kappa (rkr). To limit the impact of interpathologist variation, we report a relative accuracy
defined as a ratio of SRH percent agreement and H&E FFPE to highlight the performance
of SRH relative to the gold standard.

Overall, the SRH percent agreement for histopathological features is approximately the
same as the percent agreement for FFPE and frozen sections between neuropathologists.
However, the interpathologist reliability for SRH is consistently lower within a given histopatho-
logical feature. These findings could be explained by the fundamental difference of tissue
handling in SRH as measurements are conducted on fresh tissue and the final appearance
of cellular features as well as tissue architecture could be slightly different when compared
to frozen and FFPE. Additionally, the inherent differences in color scale between SRH and
H&E stained sections could affect the assessment of the architectural growth pattern. For
example, the myxoid and chondroid architectural growth patterns are not visualized suf-
ficiently, as supported by our survey, on SRH due to the proteinaceous background being
recolored darker than what is found typically on H&E. Despite the possible shortcomings
of SRH when evaluating individual histopathological features, the differential diagnosis was

developed successfully (average of 94%, Table 2.1).

Using the histopathological features and clinical history, as mentioned above, the neu-

ropathologist narrowed down the differential diagnosis to the final diagnosis with an average
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percent agreement of 81% (Table 2.1). Figure 2.5 shows a closer look at the cases used
in the assessment and specifically what cases received the discrepant diagnoses. Based on
our evaluation, we find two tumor types that are most prone to discrepancies in the final
diagnosis when using SRH images: schwannoma and chondrosarcoma (Figure 2.5D). In the
case of chondrosarcoma, only one of the three neuropathologists includes the entity on their
differential diagnosis. One plausible cause for this is the component composition of this
tumor type. Chondroid neoplastic cells produce a cartilaginous matrix low in lipid content
with occasional intracytoplasmic hyaline globules in lower grade tumors. Because both the
cartilaginous matrix and hyaline globules will have SRS signal in the protein channel with
minimal lipid content for additional contrast, chondrosarcoma cases can be challenging to
diagnose using SRH (Figure 2.4J). Such an issue is mainly due to the requirement of having

to match the H&E color scheme.

For the case of schwannomas, we have found that neuropathologists frequently qualify
their decision when arriving at a final diagnosis for spindle cell tumors such as meningioma
and schwannoma. For all neuropathologists, the differential diagnosis for such cases is correct.
Pathologists may remain cautious with final diagnoses during intraoperative consultations,
explaining that spindle cell neoplasm can be either schwannoma or meningioma, with the
understanding that differentiation between those two entities will not have a significant
impact on the immediate surgical management. In such cases, the final classification can
be deferred to FFPE sections where additional histological examination and ancillary stains

performed as needed can provide the necessary information to arrive at a definitive diagnosis.

Finally, SRH provides enough information for a neuropathologist to render the final
diagnosis with an average percent agreement of 81% and relative accuracy of 87% (Table
2.1). The neuropathologist rated confidence score correlates with percent agreement. This
correlation is expected as the more confident a neuropathologist feels using SRH images, the
more accurate their diagnosis is expected to be. Although the objective of our study was
to see how SRH performs without the use of training data sets, it is relevant to highlight

that slight differences between SRH and conventional H&E staining impacts confidence and,
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Figure 2.6: Chondrosarcoma versus meningioma. A) Pseudo-H&E recolored SRH of chondrosar-
coma case. B) Lipid (green, appears light green in this image) and protein (magenta) SRS of
chondrosarcoma case. C) Pseudo-H&E recolored SRH of meningioma case. D) Lipid (green) and
protein (magenta) SRS of meningioma case.

by extension, diagnostic accuracy. This issue could be mitigated with SRH interpretation

training that would be necessary for clinical application of SRH.

2.8 Additional chemical information improves diagnosis of SRH

After evaluating the types of tumors that are discrepant on SRH images, we identified that
low stromal lipid concentration (as in the case of chondrosarcoma) could be challenging for
pseudo-H&E recoloring. In conventional H&E staining, hematoxylin preferentially stains
nucleic acids dark purple, highlighting nuclear features, whereas eosin stains protein content
various shades of pink and red. Pseudo recoloring used in SRH relies on contrast from
lipid and protein to recolor protein signal purple, enabling clear visualization of the nucleus.
However, the requirement to pseudo-H&E recolor SRS images in SRH limits how chemical
information from SRS is presented, which underutilizes the differences in protein and lipid in

stromal or cytoplasmic components. The information on lipids is not available in conventional
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Figure 2.7: SRS images improve the identification of collagen. A) Depiction of architectural and
morphological differences between meningioma and schwannoma with particular focus on collagen
fibers. B) H&E of schwannoma. C) H&E of meningioma. Protein signal is shown in magenta while
lipid signal is shown as green. D) Sample of collagen type IV antibody stained schwannoma case.
E) SRS based image of schwannoma. F) SRS based image of meningioma.
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H&E.

Although this study is focused on evaluating the diagnostic utility of SRH, it is important
to emphasize that protein and lipid information from SRS is available to augment the use of
SRH in intraoperative consultation. This can be exemplified in two different cases.

Firstly, the studied chondrosarcoma case was misclassified as meningioma due to per-
ceived similarities on SRH (Figures 2.6A and 2.6C). However, direct analysis of the protein
and lipid SRS images of SRS recolored in magenta and green (Figures 2.6D wversus 2.6B)
shows a high lipid signal in the case of meningioma, while in chondrosarcoma, the support-
ing cartilaginous matrix is protein-rich. The SRS-based data matches the general knowledge
that chondrosarcoma cells can be found in a matrix that is predominantly cartilage, made
almost exclusively of protein. Information provided by SRS can thus facilitate a confident
diagnosis of chondrosarcoma.

Secondly, the occasional challenge of differentiating meningioma and schwannoma cases
can be overcome with SRS lipid and protein information without having to resort to im-
munohistochemistry staining. In schwannoma, the collagen fibers often are present between
neoplastic cells in contrast to meningioma, where the collagen fibers usually surround the
group of neoplastic cells that can be found in a lobular pattern (Figure 2.7A). These histo-
logical features are subtle when using H&E-stained FFPE sections (Figures 2.7B and 2.7C),
but can be distinguished with immunohistochemistry (Figure 2.7D). To assist with the differ-
entiation of meningioma from schwannoma using SRS, we can highlight collagen fibers using
magenta (protein) and green (lipid) colors in combination with simple linear remapping that
correlates the color intensity to the concentration of the constituent of interest. In addition
to simulated H&E, the protein and lipid data contrasted in the new color scheme allows
for more efficient highlighting of collagen fibers and determining whether they are present
in between neoplastic cells (Figure 2.7E) or are present around meningioma lobules (Figure
2.7F), allowing us to separate schwannoma from meningioma.

In summary, we highlight in Figure 2.6 and Figure 2.7 that using the lipid and protein

chemical information, a pathologist could better visualize the collagen fibers in schwan-
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noma cases and discern collagenous matrix of chondrosarcoma from lipid-rich tumors such
as meningioma respectively. Furthermore, the SRS ability to detect collagen fibers can be
used as a surrogate for immunohistochemistry, which could improve the diagnostic process

intraoperatively in addition to saving money on expensive antibody reagents.

2.9 Summary and Outlook

SRH has shown great promise in intraoperative diagnosis of a limited subset of neoplastic
entities, particularly glial tumors. However, the broad utility of SRH and challenges it may
face in more diverse tissue remains largely unknown. Furthermore, the evaluation of the
diagnostic accuracy conducted in previous studies has only focused on comparing SRH to
H&E frozen sections and clinical diagnosis rendered intraoperatively [39, 40]. However, the
gold standard in surgical pathology is the use of H&E stained FFPE sections in combina-
tion with ancillary studies, including immunohistochemistry, which requires time-consuming
tissue processing as well as pathological interpretation. We address the gaps in testing SRH
diagnostic capability using the reported original neuropathological diagnosis established for
a given case and compare SRH to conventional modalities while accounting for interpatholo-
gist variability. In order to thoroughly assess the diagnostic utility of SRH, it is important to
modularize the evaluation process to determine precisely the areas where SRH based tech-
nology needs improvement. We achieve that by assessing the efficacy at multiple steps on
the way to final diagnosis as well as checking the neuropathologist confidence when using
the new modality.

Taking our unique evaluation approach, we find that neuropathologists were able to
establish a neoplasm description, architectural pattern, and nuclear shape with practically
the same percent agreement as conventional modalities. Following the diagnostic process,
we find that neuropathologists generate differential diagnosis successfully and final SRH
diagnostic capability is very close to conventional modalities. In addition to demonstrating

the diagnostic capabilities of SRH on this subset of tumors, we demonstrate supporting
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findings that SRS chemical information with lipid and protein can further help diagnostic

process and possibly reduce the need of immunohistochemistry use in selected cases.

At the same time, one of the main challenges that the SRS technique is likely to face in
broader organ applications is the reliance on lipid and protein contrast to visualize nuclear
features which are important to render a pathological diagnosis. For many neoplastic entities,
protein/lipid-based simulation of H&E works well. However, for situations where lipid is
limited in the cytoplasm, or otherwise nearby stroma, a map of local protein concentration
provided by SRS might not be sufficient for successful visualization of a nucleus and general
cellular morphology. New recoloring schemes can be considered to mediate such a problem.
Nuclear segmentation has been reported in H&E stained slides, fluorescence images, and
SRS images[59, 60, 61]. With nuclear segmentation, a separate recoloring technique can
be employed. However, incorporating separate recoloring techniques must be generalized
across different entities to reduce user variability and avoid inconsistent simulation of H&E.
Such inconsistencies can prompt the pathologist to misclassify the type of neoplasm with a
detrimental consequence to patients. Moreover, when designing new recoloring schemes, it is
essential to use a consistent method without a priori knowledge of H&E as such knowledge

would not be available in an intraoperative setting.

In conclusion, we have studied a diverse set of skull base tumors using fast simultaneous 2-
channel SRS imaging and new pseudo-hematoxylin and eosin (H&E) recoloring methodology.
Due to label-free non-destructive features of SRS technique, we demonstrated that most
challenges with cryosectioning and limited amounts of fragile tissue during intraoperative
consultation could quickly be addressed using SRS based approach. Using a diverse set
of tumors, we determined the potential drawbacks of pseudo-H&E recoloring in selected
cases involving insufficient nucleus visualization. While agreeing with previous work on SRS
accuracy in intraoperative setting, we determined that SRS is capable of mostly matching the
conventional H&E based technique and more importantly, additional diagnostically useful
information. By following the diagnostic process that a pathologist uses, we discovered

that pseudo-H&E recoloring, lipid /protein chemical information, and additional pathologist
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training to interpret this new information must be considered in tandem to bring SRS into

clinical practice.

2.10 Supplementary Material

Figure 2.8: Comparison of meningioma with and without preoperative endovascular embolization
treatment. A) SRH of meningioma case without preoperative embolization. B) SRH of meningioma
case with preoperative embolization. C) H&E stained frozen section of meningioma case without
preoperative embolization. D) H&E stained frozen section of meningioma case with preoperative
embolization. E) H&E stained FFPE section of meningioma case without preoperative embolization.
F) H&E stained FFPE section of meningioma case with preoperative embolization.
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Chapter 3

QUANTITATIVE CHEMICAL IMAGING OF BREAST
CALCIFICATIONS IN ASSOCIATION WITH NEOPLASTIC
PROCESSES

3.1 Preface

During my first year with Fu lab, there was an opportunity to apply for funding through the
Institute of Translational Health Sciences. While conducting the background research for
possible candidates, I came across the topic of chemical composition of breast calcifications.
Already at that point I began to understand the advantages SRS had to offer, including
high resolution chemical information. Applying SRS hyperspectral imaging to interrogate
the chemistry of breast calcifications became an important part of my work allowing me to
pursue biomineralization and bone as topics of interest. In fact, over the course of research
pertaining to breast calcifications, I drew a lot of inspiration from bone structure and was
able to view breast calcifications in a unique manner. For example, thinking of bone and
breast calcifications together prompted me to emphasize the use of SHG in this research

leading to exciting results.

During the course of this project, I had to draw from the knowledge imparted by many
attendings during my Post Sophomore Fellowship in pathology at the University of Wash-
ington Medicial center completed in 2017 before graduate school. In particular, Dr. Suzanne
Dintzis had dedicated valuable time and resources to support the research. Also, case se-
lection and tissue procurement was a monumental effort and the support from folks at the
Northwest Biotrust (Seattle, WA) is appreciated. In particular, Sarah Bowell introduced me
to many logistical issues as we looked for cases and provided a lot of support. Piper Driskell

was very helpful and generous as we coordinated procurement of deidentified patient histories
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and other valuable supporting material.

Another important contribution was that of Benjamin Figueroa. During 2017-2018, Ben-
jamin Figueroa developed a parabolic fiber amplifier source setup to broaden the spectral
capability of the SRS microscopy setup we used. This capability was very beneficial to
my research improving the quality of chemical imaging significantly. In addition, Benjamin
Figueroa supported the development of my skills with optics. Troubleshooting issues with
signal, rebuilding the optical setup prior to the microscope with feedback and expertise has
played an important role in my experience during graduate studies.

Finally, during this project, I had an opportunity to mentor and be supported by gener-
ous help from the undergraduates in our group: Mint Laohajaratsang and Shuaigian Men.
They both worked with me on method development, data collection, and data processing

among many things. Their contribution was very important.

The following material in this chapter is reproduced with permission from:

Kseniya S. Shin; Mint Laohajaratsang; Shuaigian Men; Benjamin Figueroa; Suzanne
M. Dintzis; Dan Fu; “Quantitative chemical imaging of breast calcifications in association
with neoplastic processes,” Theranostics 10(13), 5865-5878 (2020). Copyright 2020 Thera-

nostics.

3.2 Abstract

Calcifications play an essential role in early breast cancer detection and diagnosis. However,
information regarding the chemical composition of calcifications identified on mammography
and histology is limited. Detailed spectroscopy reveals an association between the chemical
composition of calcifications and breast cancer, warranting the development of novel ana-
lytical tools to better define calcification types. Previous investigations average calcification

composition across broad tissue sections with no spatially resolved information or provide
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qualitative visualization, which prevents a robust linking of specific spatially resolved changes
in calcification chemistry with the pathologic process. To visualize breast calcification chem-
ical composition at high spatial resolution, we apply hyperspectral stimulated Raman scat-
tering (SRS) microscopy to study breast calcifications associated with a spectrum of breast
changes ranging from benign to neoplastic processes, including atypical ductal hyperplasia,
ductal carcinoma in situ, and invasive ductal carcinoma. The carbonate content of individ-
ual breast calcifications is quantified using a simple ratiometric analysis. Our findings reveal
that intra-sample calcification carbonate content is closely associated with local pathological
processes. Single calcification analysis supports previous studies demonstrating decreasing
average carbonate level with increasing malignant potential. Sensitivity and specificity reach
>85% when carbonate content level is used as the single differentiator in separating benign
from neoplastic processes. However, the average carbonate content is limiting when trying to
separate specific diagnostic categories, such as fibroadenoma and invasive ductal carcinoma.
Second harmonic generation (SHG) data can provide critical information to bridge this gap.
SRS, combined with SHG, can be a valuable tool in better understanding calcifications in
carcinogenesis, diagnosis, and possible prognosis. This study not only reveals previously un-
known large variations of breast microcalcifications in association with local malignancy but
also corroborates the clinical value of linking microcalcification chemistry to breast malig-
nancy. More importantly, it represents an important step in the development of a label-free
imaging strategy for breast cancer diagnosis with tremendous potential to address major

challenges in diagnostic discordance in pathology.

3.3 Introduction

Calcifications associated with breast disease are critical to breast cancer screening as they
are often the only discernible indicator of risk in mammography [62]. Because of their im-
portance in diagnostic radiology, it is essential to associate features of calcifications (e.g.,

distribution and morphology) with the ultimate pathology diagnosis. Several studies have
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found that casting-type calcifications are associated with carcinoma of high histopatholog-
ical grade and more extensive disease [63, 64, 65|. The assessment and identification of
casting-type calcifications is based on architectural pattern, described with terms such as

7

“intermittent” and “branching.” Carcinomas with casting-type calcifications are correlated
with poor prognosis, including increased likelihood of lymph node metastasis, increased risk

of recurrence, and decreased survival [66, 67, 68|.

Despite their diagnostic and prognostic potential, the morphologic and chemical features
of calcifications are poorly understood, in part due to technological limitations. Morpho-
logical features of calcifications identified by mammography are insufficient for accurate
diagnosis and prognosis. In addition, smaller calcifications (<0.1lmm) are undetectable using
mammography [64]. While histological studies can identify smaller (<0.1lmm) calcification,
they are mostly limited to crude morphological information and prone to sectioning artifact.
Accumulating evidence demonstrating the importance of calcification type in breast cancer
progression underscores the need to develop tools to more fully characterize calcifications
[69, 70, 71, 72|. Moving beyond morphology and distribution patterns in breast calcification,
studies utilizing X-ray diffraction and electron microprobe analysis with scanning electron
microscopy (SEM) have contributed to an earlier understanding of calcification chemical
differences |72, 73, 74, 75]. The type I (calcium oxalate) calcifications were found in predom-
inantly benign processes and often appeared translucent on hematoxylin and eosin (H&E)
stained tissue slides. The type II (calcium hydroxyapatite) calcifications were found in both
benign and malignant processes and appear intensely purple as they absorb hematoxylin on
H&E slides. Spectroscopic methods such as Raman spectroscopy (RS) [76, 77, 78, 79, 80]
and Fourier-transform infrared spectroscopy (FTIR) [81] demonstrated chemical differences
in calcifications associated with benign and malignant breast disease. The carbonate content
of hydroxyapatite has been shown to be inversely correlated with malignancy [81]. Additional
studies probed the correlation of malignancy with another component of microcalcifications
- whitlockite (tricalcium phosphate and magnesium-substituted beta-tricalcium phosphate)

[80, 82, 83, 84, 85|.
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While offering information about calcification chemistry, most spectroscopic methods av-
erage calcifications within multiple ducts within a tissue section, irrespective of the heteroge-
neous pathologic processes among adjacent ducts. Spatially resolved methods such as FTIR
imaging have limited resolution and throughput, prohibiting visualization of calcification
composition variation within adjacent ducts and lobules. Moreover, tissue protein content is
recognized to correlate with malignancy [81, 86|, and small case set correlative studies pro-
vided supporting evidence of complex heterogeneity of calcifications [80, 87|. However, no
detailed quantitative studies have been conducted focused exclusively on calcification under-
lying matrix co-localized with mineral components and diagnostic value of such information.
To address this gap in understanding calcification variation within tissue microenvironments,
we use stimulated Raman scattering (SRS) microscopy, an advanced Raman imaging tech-
nique, to map the chemical composition of breast calcifications (mineral constituents and
underlying matrix) and associated neoplastic processes with unprecedented spatial resolu-
tion and chemical specificity. SRS uses two ultrashort laser pulses to coherently excite
molecular vibrations with orders of magnitude higher efficiency than spontaneous Raman,
thereby enabling rapid chemical imaging at submicron spatial resolution [88, 20, 61]. The
photon energy difference between the two lasers corresponds to the vibrational bond energy
of the molecule of interest. By sequentially tuning the frequency difference of the two exci-
tation lasers, different Raman modes can be selectively excited and allow construction of a
hyperspectral SRS dataset with each spatial pixel containing an SRS spectrum. Based on the
distinct Raman features of target molecules, they can be separately imaged and quantified.
SRS has now been widely used to quantify the spatial distribution of various soluble small
molecules such as neurotransmitters, metabolites, and small drug molecules [89, 90, 91].
SRS has also shown promise for label-free histopathology applications, where the intrinsic
vibrational contrasts of lipids and proteins are used to provide H&E equivalent information

without any sectioning, fixation, or staining [61, 39, 42, 92|.

We utilize the high resolution and chemical specificity SRS offers to deliver an unprece-

dented level of detail when analyzing calcifications. Additionally, we incorporate second
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Figure 3.1: Schematic representation of stimulated Raman scattering (SRS) and second harmonic
generation (SHG) microscopy experimental setup. EOM - electro-optic modulator. PMT - photo-
multiplier tube. WDM - wavelength division multiplexer.
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harmonic generation (SHG) which has been proven effective at visualizing collagen in the
tumor microenvironment [22]. SHG added to SRS helps visualize collagen, including both
stromal collagen and collagen within the calcification matrix. Our results reveal significant
intra-patient heterogeneity of calcifications that are tightly associated with the underly-
ing pathological process. Interpatient analysis demonstrates that the carbonate content
percentage decreases as the malignancy potential increases. Moreover, calcifications have
protein-containing underlying matrix that is unique to specific neoplastic processes. Finally,
we determine that carbonate content, in combination with SHG data, is very effective in

separating benign from neoplastic processes.

3.4 Experimental Methods

3.4.1 SRS and SHG imaging

A broadband femtosecond dual-beam laser system (Insight DS + from Spectra-Physics) was
used for SRS and SHG (Figure 3.1). The details of the experimental setup for broadband
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SRS measurements has been described in a previous publication [55]. Briefly, the two output
beams from the Insight laser system are used at 80 MHz repetition rate: a tunable beam
(pump) and a fixed beam (Stokes). The pump beam is centered at 798 nm for CH region and
944 nm for fingerprint region. The Stokes beam is amplified with a parabolic fiber amplifier
to increase the bandwidth and pulse duration [93]. We note that the use of this laser is
critically important for this study because of the improved spectral resolution, coverage, and
background suppression. Temporally dispersed pump and Stokes pulses are combined at a
dichroic mirror and sent into a home-built laser scanning microscope. A 25x Olympus water
immersion objective (NA = 1.05) is used to focus the beams on the sample. At the focus,
the pump and Stokes beams have an average power of 40 mW each. Stimulated Raman
loss (SRL) signal is detected with an amplified photodiode and a lock-in amplifier (Zurich
Instrument HF2LI). For SRS imaging, a stack of frames with single field of view (FOV)
of 285 pm x 285 pum (512 pixels x 512 pixels) is acquired, for which the pixel dwell time
is 8 pus and time to acquire each frame is 2 s. The frames are acquired every 2 cm™! for
total of 90 frames per stack. For SHG, a dichroic mirror (Chroma 695dcxr) is placed before
the objective to allow for epi-collection of SHG signal from the sample. The SHG signal is
detected by a photo-multiplier tube (Hamamatsu H10770PA-40) using 485 nm long pass and
650 nm short pass filters.

3.4.2  Calibration sample preparation

Calcium hydroxyapatite (HAP) and 10% carbonated hydroxyapatite (CHAP) were obtained
from Sigma Aldrich and Clarkson Chromatography Products respectively. Both solid controls
were ground using mortar and pestle. A total of five mixtures were prepared for calibration
purposes (0%, 2.5%, 5.0%, 7.5%, 10% carbonate content). The calibration samples were

placed between a coverslip and a microscope slide for SRS imaging.
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3.4.83 Breast tissue specimens

Breast tissue was obtained from 17 patient archival cases (including biopsy and resection)
managed by Northwest Biotrust, Seattle, WA. The initial case selection was based on the
pathology report (calcifications present in association with desired pathological process).
Slides were subsequently reviewed to confirm the histologic diagnoses (SMD, KSS). Formalin-
fixed paraffin-embedded tissue blocks were retrieved from archives and sectioned at 4-pm and
mounted on charged slides. One section was H&E stained to identify pathological process.
The adjacent section was deparaffinized and coverslipped for SRS and SHG analysis. The
areas of interest were identified in the bright field based on selected areas of interest on
adjacent H&E stained slides. A total of 214 breast calcifications were imaged, including: 31
non-neoplastic calcifications (including normal ducts and adenosis), 27 fibroadenoma (FA)
associated calcifications, 8 atypical ductal hyperplasia (ADH) associated calcifications, 36
ductal carcinoma in situ (DCIS) associated calcifications, 112 invasive ductal carcinoma
(IDC) associated calcifications. Table 3.1 in Supplementary contains more detailed case

description and additional clinical history.

3.4.4 Breast tissue specimens

Calibration samples with 0%, 2.5%, 5.0%, 7.5%, 10% carbonate content in calcium hydroxya-
patite mixtures were imaged using the hyperspectral SRS microscope described above. Using
SRS intensities at carbonate (~ 1070 cm~!) and phosphate (~ 960 cm™!) peaks corrected
for background [94], the ratio was determined for each mixture (Figure 3.2A), which was
plotted as a function of carbonate content percentage (Figure 3.2B). Using linear regression,
the slope and intercept were determined and applied to convert the ratio described above

into carbonate content percentage in hydroxyapatite.
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Figure 3.2: Calibration process to determine carbonate content in hydroxyapatite. A) SRS spec-
tra of hydroxyapatite (blue) and carbonated hydroxyapatite (red) controls. B) Calibration curve
correlating ratio of peaks at carbonate and phosphate Raman transitions.

3.4.5 Tissue tmaging and image processing

Our imaging and data processing workflow are described in Figure 3.3A. Samples were imaged
in both high wavenumber (C-H stretching) and fingerprint region of the Raman spectrum.
The hyperspectral datasets were acquired in both regions. Figure 3.3B shows the SRS spec-
tra of controls (CHAP and HAP) used to verify identified calcifications as well as collagen
and cellular material (see Figure 3.10 in Supplementary for a focused presentation of cell
bodies that are not easily visualized in current figure). SRS images at phosphate and car-
bonate Raman transitions (Figures 3.3C and 3.3D) were background corrected and divided
to generate a map of carbonate to phosphate ratio. The mask based on phosphate intensity
(Figure 3.3F) was applied to the images to isolate only data co-localized with phosphate (the
main calcification component). Using the calibration curve determined from control sam-
ples, the ratio value was converted to carbonate content percentage (Figure 3.3G). Images at

phosphate and phenylalanine Raman transitions (Figures 3.3C and 3.3E) were used to gen-
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Figure 3.3: Workflow for tissue imaging and image processing. A) Diagram depicting imaging of
the field of view to yield hyperspectral SRS and SHG information. B) Spectra of controls (CHAP
and HAP) and spectra from various components encountered in breast tissue (calcifications, colla-
gen, and ductal cells). C) Image at phosphate transition (~ 960 cm™!). D) Image at carbonate
Raman transition (~ 1070 cm~!). E) Image at phenylalanine Raman transition (~ 1005 cm™!).
F) Phosphate image-based mask used to isolate calcifications only. G) Carbonate content % map
(mask applied). H) Phenylalanine to phosphate ratio map (mask applied). I) Image at CH Raman
transition (~ 2930 cm~1). J) SHG image. K) Composite of CH (red) and phosphate (cyan) images.
L) CH Image (mask applied). M) SHG image (mask applied). N) Diagram depicting nomenclature
used in the manuscript.
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erate a phenylalanine to phosphate ratio map (Figure 3.3H). Figure 3.11 in Supplementary
depicts additional examples of image processing. Additionally, the SRS image corresponding
to a protein Raman transition (~ 2930 cm™!) was used to visualize tissue morphology of the
FOV (Figure 3.31). The SHG intensity image from the same FOV was collected to provide
information on collagen (Figure 3.3J). The combination of protein and phosphate images
provided visualization of the calcification location (Figure 3.3K). The mask (Figure 3.3F)
was applied to CH (Figure 3.3L) and SHG images (Figure 3.3M). While the CH image was
only used for verification of calcification underlying matrix (Figure 3.3N), the SHG image
was masked using the same phosphate-based mask to isolate SHG signal only from collagen

within calcifications for further statistical analysis.

3.4.6  Statistical analysis

For each parameter (carbonate content percentage, phenylalanine to phosphate ratio, and
SHG intensity) the average, for a given category (benign, ADH, DCIS, IDC, FA), was calcu-
lated with the standard deviation reported as an error bar. The differences between categories
were assessed using p-values calculated from Student’s t-tests. The receiver operator curves
(ROC) were calculated using R software to assess the sensitivity and specificity for each pa-

rameter. Maximum Youden’s index was used to determine sensitivity and specificity values.

3.5 Results and Discussion

3.5.1 SRS imaging provides spatially resolved quantification of carbonate content in hydrox-

yapatite

Previously, the carbonate content in hydroxyapatite has been measured using RS |77, 79,
86, 95| without detailed understanding of spatial distribution. Here, we use pure HAP
and commercially synthesized 10% CHAP to demonstrate that ratiometric analysis of SRS
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Figure 3.4: Quantification of carbonate content in hydroxyapatite (HAP) based on control samples.
A) Image at phosphate Raman transition (960 cm~!) for pure HAP. B) Image at phosphate Raman
transition (960 cm~!) for 10% carbonated hydroxyapatite (CHAP). C) Carbonate content map for
HAP. D) Carbonate content map for 10% CHAP.

images can deliver a high-resolution spatial map to assess variations of carbonate content in
CHAP. Reproducible and reliable quantification of carbonate content is necessary to study

how tissue microenvironment influences calcification characteristics.

Figures 3.4A and 3.4B demonstrate two control samples (HAP and 10% CHAP) im-
aged at phosphate Raman transition. Applying calibration to ratiometric SRS image of
carbonate/phosphate, the carbonate content percentage maps are generated for both control
samples. Figure 3.4C shows HAP as an image with almost uniform carbonate % of 0.00
(£0.00) as expected with pure HAP. Figure reffig:Figure4BD shows heterogeneous CHAP
with average carbonation substitution % of 10.34 (4+1.87) due to the nonuniformity of the
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synthetically prepared sample. Using the high resolution and chemical specificity of SRS,
we are able to resolve the fine fluctuations of carbonate content with submicron resolution.
This unique capability allows us to assess the effect of metabolic changes precipitated by

presence of cancer in breast tissue on calcification composition.

3.5.2  Calcifications are heterogeneous within a single patient

Breast tissue submitted for pathological examination often contains calcifications in multiple
ducts, which may represent various pathologic processes. In previous spectroscopic studies,
multiple ducts are frequently measured together, which can average calcifications associated
with different processes. Isolating individual breast ducts and detailing the histopathology
within the ducts allows for correlation of variation in carbonate content with local pathology.

Here, we group calcifications by specific pathological processes and not by overall case
diagnosis. In Figure 3.5, we demonstrate two cases in which multiple pathological processes
co-occur within the same tissue slide. Figure 3.5A shows an H&E stained section of breast
biopsy core with normal ducts and a focus of DCIS. Figure 3.5B highlights the proximity
of the normal ducts to the edge of DCIS focus. The H&E close up of normal ducts reveals
multiple calcifications (Figure 3.5C). The corresponding carbonate content map in Figure
3.5D shows the carbonate content average of 5.13%. Calcifications from the DCIS focus are
shown in Figure 3.5E. The corresponding carbonate content map in Figure 3.5F shows an
average carbonate content of 2.75

Figure 3.5G shows H&E stained section of another breast resection tissue with calcifica-
tions associated with DCIS as well as IDC. Figure 3.5H highlights the proximity of the DCIS
containing ducts to the calcifications associated with IDC. The stroma surrounding a duct
containing DCIS is infiltrated by carcinoma cells. Figures 3.5 and 3.5J show the close-up
H&E and a carbonate content map for calcifications associated with DCIS, respectively. The
average carbonate content is 3.25%. Figures 3.5K and 3.5L show the close-up H&E and a

carbonate content map for calcifications associated with invasive component, respectively.
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Figure 3.5: Carbonate content in calcifications varies within individual patient samples. Arrows
are used to identify calcifications. A) H&E of breast biopsy core with red box highlighting DCIS
ducts and black box highlighting normal ducts in close proximity to DCIS lesion edge. B) H&E
close up of area highlighted in black box in A. Blue box highlights normal ducts. C, D) H&E close
up and carbonate content map, respectively, of normal ducts highlighted in B. Arrows point to
calcifications. E, F) H&E close up and carbonate content map, respectively, of ducts containing
DCIS with associated calcifications highlighted in A. G) H&E of breast tissue resection with black
box highlighting an area of DCIS admixed with IDC. H) H&E close up of area highlighted in black
box (see G). Green box highlights a duct containing DCIS with associated calcifications. Orange
box highlights IDC with associated calcifications. I, J) H&E close up and carbonate content map,
respectively, of ducts containing DCIS with associated calcifications highlighted in H. K, L) H&E
close up and carbonate content map, respectively, of IDC with associated calcifications highlighted
in H.
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The average carbonate content value is 2.04%.

The two cases illustrate that calcifications in the same patient case can have differing
chemical composition. Although ducts are present in the same tissue section, the carbon-
ate content associated with individual ducts is markedly different and reflects underlying
pathological process. The high spatial resolution of hyperspectral SRS imaging is important
to resolve calcification heterogeneity within the same patient sample and to establish the

relationship between chemical composition and pathological process.

3.5.8 SRS imaging provides visualization of local breast tissue microenvironment and its

fluence on calcifications

Previous studies using FTIR have demonstrated that breast calcifications with lower carbon-
ate content of CHAP correlate with malignancy [81]. Moreover, the overall protein content in
tissue was noted to increase with malignancy [81, 86]. Breast calcifications may contain both
organic material and mineral components. The relative amount of organic material is likely
to vary in normal compared to neoplastic ducts. Furthermore, the extracellular pH becomes
acidic in neoplastic tissue as a result of lactate secretion from anaerobic glycolysis [96, 97|
and lower pH is likely to contribute to lower carbonate content in malignant calcifications.
We hypothesize that detailed visualization of carbonate content and organic components
in calcifications will reveal important features that can aid breast cancer diagnosis. Figures
3.6A-D demonstrates a graphic depiction of normal ducts progressing to IDC. The cells of the
ducts undergo a series of mutations that allow bypassing of the normal checks and balances
of the cell cycle. Once a cell is able to divide without internal or external controls, clonal
expansion ensues. Invasive carcinoma acquires the ability to break through the basement
membrane surrounding ducts and invade the stroma (gray border as depicted in Figures
3.6A-D), thereby conferring risk for lymphovascular invasion and subsequent metastasis to
other organs.

The neoplastic progression from benign ducts to IDC is associated with an overall de-
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Figure 3.6: Metabolic changes associated with cancer affect calcification composition. A)-D)
Graphic depiction of neoplastic progression from normal duct to invasive ductal carcinoma. E)-H)
Carbonate content changes with neoplastic progression. I) Bar graph demonstrating averages for
carbonate content across pathological categories. J)-M) Phenylalanine to phosphate ratio changes
with neoplastic progression. N) Bar graph demonstrating averages for phenylalanine to phosphate
ratio across pathological categories.
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crease in calcification carbonate content (Figure 3.61). Our results support previous findings
from spectroscopic studies [81]. Decreased carbonate content is correlated with malignancy
and by extension with increased cellular metabolism and uncontrolled division. Specifically,
normal ducts have high carbonate content that averages around 6.9%. Meanwhile, atypical
hyperplasia and DCIS calcifications (Figures 3.6F and 3.6G) show low carbonate content
on the edges with values of 1-2% while the carbonate content in the center of ducts (100-
300 pm in diameter) is much higher, approaching the values associated with non-neoplastic
processes. Interestingly, when average carbonate content is grouped on a per patient basis,
the difference between benign and malignant cases is much less pronounced (Figure 3.3 in
Supplementary). This is due to the fact that local pathology around some calcifications may
not agree with overall patient diagnosis. The discrepancy further highlights the advantage
of calcification imaging over spectroscopy of bulk tissue and the need for spatially resolved
measurement in heterogeneous tumor tissue, particularly when tissue size is limited such as
in needle core biopsy.

Although precise quantification of the spatial distribution of carbonate in large calci-
fications is challenging due to sectioning artifact, our findings suggest that the carbonate
content decrease on the edges of the calcifications directly reflects the changing microen-
vironment (i.e. higher acidity) associated with neoplastic cells and necrotic debris [40,41].
With invasive disease, the calcification carbonate content is very low (1-3%) and there is
lower variation across a single calcification (Figure 3.6H). Together these observations sug-
gest that low carbonate content on the edge of calcifications could potentially be used as
a neoplastic indicator. A broader validation of this finding would benefit from unsectioned

tissues samples where calcifications are not perturbed by microtome cutting.

In addition to carbonate content of hydroxyapatite, protein to phosphate ratio has also
been suggested to correlate with breast cancer [81]. We are interested in understanding how
calcifications interact with underlying tissue matrix. Using phenylalanine as a surrogate
marker for protein |98, 99|, phenylalanine (~ 1005 cm™!') to phosphate (~ 960 cm™') ratio

is used to quantify protein content in calcifications (Figures 3.6J-M). The phenylalanine
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to phosphate ratio decreases overall when comparing benign breast to invasive carcinoma
(Figure 3.6N). Additionally, there is a notable increase of protein content in DCIS. The ratio
of the phenylalanine increases especially on the edges of the calcifications. The differences
can be explained by necrosis that is present in many DCIS cases (a representative case is

shown in Figure 3.6L) providing a lot of organic material to be admixed with calcifications.

Many theories have been put forth to explain different processes that can lead to calcifi-
cations associated with a specific pathological process. In necrotic tissue, it is believed that
the areas of cell necrosis or previous microscopic cell injury activate phosphatases that bind
calcium ions to phospholipid in the membrane, which incites further calcification [100]. This
explains why calcifications formed in necrotic tissue are likely to be mixed with the necrotic
debris and more heterogeneous, as supported by our observations of higher phenylalanine to

phosphate ratio and larger variations in DCIS with necrosis (Figure 3.6L).

Moreover, recent studies have described an epithelial-mesenchymal transition of neoplas-
tic cells that become capable of producing breast calcifications in breast carcinoma [101]|. As
transitioned cancerous cells invade stroma, calcifications are likely to be produced frequently
and are likely to be relatively homogeneous with low organic content in the absence of loose
organic material in the stroma. This mechanism is supported by our findings that show
invasive cancer foci with small scattered calcifications and with relatively homogenous and

low organic content (Figure 3.6M).

Overall, the SRS images reveal chemical features associated with the calcification mi-
croenvironment. Carbonate content is decreased at the edges of DCIS calcifications. Pat-
terns such as these can only be highlighted with high resolution and chemical specificity
available with hyperspectral SRS. Moreover, ratiometric phenylalanine to phosphate imag-
ing can quantitate protein within calcifications. We observed a significant increase of protein
content in DCIS compared to IDC. With additional validation, the calcification features

imaged with SRS could become a part of an invaluable diagnostic tool.
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3.5.4  Calcification and underlying protein matrix contain diagnostically relevant informa-

tion

While phenylalanine SRS image offers an overall measure of protein content, it cannot provide
details regarding the structure of organic material within the calcifications. Radiographic
studies of calcification morphology and texture show that calcifications differ in various
pathological processes [4,46]. The underlying organic matrix of calcifications, determined by
the cellular process, affects mineralization. The composition of the underlying organic matrix
varies considerably between FA and IDC. In past spectroscopic studies [20], fibroadenomas
were grouped with non-neoplastic cases. FA is in fact a result of neoplastic stromal com-
ponent and is hormonally responsive [47]. Using SRS, we found that FA has low carbonate
content in calcifications. Low carbonate content by itself might lead to misclassification as
malignant.

Figures 3.7A and 3.7C present protein information combined with phosphate as an exam-
ple of common morphology for IDC and FA associated calcifications, respectively. From the
images, the FA cases frequently have large and very dense calcifications, whereas IDC cases
tend to present with smaller scattered calcifications. These basic morphological findings are
consistent with mammography studies. Often on mammography, FA associated calcifications
are described as popcorn calcifications. Such calcifications can appear dense, thick, and usu-
ally large (~ 2 mm) [102, 103|. In contrast, IDC is often associated with crushed stone,
powdery, or casting-type calcifications [104, 105]. While the morphological differences are
present for FA cases when compared to IDC cases, the carbonate content of hydroxyapatite
is less differentiating with average of 2.24

On mammography, FA calcifications can persist over many years, whereas cancer as-
sociated calcifications can appear on mammography within months [102]. This temporal
difference in calcification formation suggests that the underlying matrix organization may
be a useful differentiation factor. Figures 3.7B and 3.7C show protein information (red) com-

bined with SHG (gold). In FA cases, the SHG signal is prominent and highlights a basket
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Figure 3.7: FA and IDC similarity and differences. A) IDC with protein (red) highlighting cal-
cification underlying matrix along with stroma and phosphate (cyan) highlighting hydroxyapatite.
B) IDC composite of protein (red) and SHG (gold) highlighting collagen. C) FA with protein (red)
highlighting calcification underlying matrix along with stroma and phosphate (cyan) highlighting
hydroxyapatite. D) FA composite of protein (red) and SHG (gold) highlighting collagen. E) Bar
chart for carbonate content across all categories. F') Bar chart for SHG intensity across all categories.
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weave pattern. In contrast, in IDC cases, the SHG signal highlights mostly stroma, while the
calcifications themselves do not give strong SHG. Figures 3.7E-F summarize the averages of
SHG signals for different pathological categories. The average SHG signal for FA is almost
three time that of IDC.

In addition to distinguishing between FA and IDC, our findings offer a plausible explana-
tion of why FA calcifications appear to be dense, large, and popcorn like. The denser organic
matrix and intricate collagen network likely supports and stabilizes larger calcifications as-
sociated with FA that frequently remain unchanged for decades. In contrast, the absence of
collagen or structure-reinforcing matrix in IDC calcifications lacks the structural integrity
and often appear small and powdery.

In summary, FA cases can be differentiated from malignant cases using a combination of
data from SRS and SHG. The differentiation is clinically crucial due to substantially different
management of FA vs IDC cases. Moreover, the visualization of FA calcification underlying

matrix correlates with previous radiological data.

3.5.5  Combined SRS/SHG imaging aids differentiation of neoplastic cases

Distinguishing IDC from benign ducts using standard histology is typically not considered
challenging [106]. However, cases with ambiguous non-neoplastic versus neoplastic morphol-
ogy, such as atypical ductal hyperplasia, demonstrate low interpathologist agreement [106].
Combining traditional H&E morphology with specific chemical signatures of calcifications
could help with the overall interpretation of borderline cases and subsequently improve the
diagnostic accuracy and patient outcome.

Figure 3.8A shows the receiver operating characteristic (ROC) curve for breast cancer
diagnosis using carbonate content alone. The area under the curve (AUC) of 0.93 (1 for
perfect model) suggests that carbonate content is a sufficient metric to separate benign from
neoplastic cases. The AUC of 0.8 to 0.9 is considered excellent and above 0.9 is considered

outstanding in medical practice [107]. In comparison, most recent published research [85]
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Figure 3.8: SRS and SHG imaging data statistical analysis. A) ROC curve for carbonate content
as a parameter when differentiating benign and neoplastic cases. B) ROC curve for SHG intensity
as a parameter when differentiating FA and IDC cases. C) Scatter plot depicting separation of cases

across all diagnostic categories.
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presented a complex classification model using RS data and reported ROC of 0.94 (when
differentiating only pure benign and pure malignant cases). Moreover, the sensitivity of 85%
and specificity of 88% as determined by maximum Youden’s index is comparable to other
studies utilizing carbonate content in conjunction with other parameters such as protein

[81, 86]. In our case, the carbonate content alone appears to be very effective.

Provided our average carbonate content for FA category is similar to IDC, another pa-
rameter, SHG, is utilized to separate these diagnoses. Figure 3.8B presents a ROC curve for
FA versus IDC determination based on SHG signal alone. The AUC of 0.94 with sensitivity
of 94% and specificity of 85% as determined by maximum Youden’s index supports previous
observations that FA cases have markedly increased SHG signal. In contrast, IDC cases were
observed to have minimal SHG signal. Using SHG intensity as a parameter, we can separate

FA cases, a benign neoplastic process, from cancer.

Combining SRS determined carbonate content, phenylalanine to phosphate ratio, and
SHG data, we demonstrate a successful separation for all diagnostic categories (Figure 3.8C).
Benign calcifications are grouped using carbonate content with low average SHG intensity.
Interestingly, DCIS (highlighted in green) calcifications lie somewhere between benign and
invasive, the majority closer to invasive. Additionally, ADH mostly clustered adjacent to
DCIS. This co-localization of ADH and DCIS is consistent with the general understanding
that ADH is not a unique biological category, but rather a diagnostic catch-all designated
to indicate ambiguous morphology. The consensus amongst pathologists is that many ADH

cases are biologically indistinguishable from low-grade DCIS.

In summary, SRS data provides high sensitivity (85%) and specificity (88%) when identi-
fying benign and invasive processes. SHG data provides a parameter separating FA from IDC
cases with high sensitivity (94%) and specificity (85%). Phenylalanine to phosphate ratio
provides additional separation between DCIS and IDC. Together, spectroscopy and mor-
phology can be utilized to better establish the malignant potential in cases with ambiguous

morphology on H&E alone.
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3.5.6 Additional mineral species and their effect on ratiometric analysis

CHAP is not the only microcalcification species that was identified in breast cancer. Al-
though whitlockite typically accounts for a tiny percentage of breast calcifications [22], it has
been suggested that the presence of whitlockite species (tricalcium phosphate and magne-
sium substituted tricalcium phosphate) could potentially aid diagnosis [19,21-24]. However,
the experiments to date have yielded conflicting results with some studies linking whitlock-
ite to malignancy [19,21,22|, and others associating whitlockite more frequently with benign
processes [24].

Typically, whitlockite can be identified using Raman spectroscopy due to unique spectral
features (red-shifted phosphate peak from 960 cm™' to 970 cm™!) [108]. Our hyperspectral
data sets were screened for additional mineral species and whitlockite was identified only
in fibroadenoma cases. Figure 3.9A demonstrates representative spectra for CHAP, HAP,
FA associated calcifications composed of CHAP/HAP, and whitlockite. The spectrum of
whitlockite demonstrates a red-shift as shown before [108]. Figure 3.9B shows a spatial
distribution of whitlockite relative to dominant species of CHAP/HAP in a representative
FA case. As expected, whitlockite is not a prominent species, which is in agreement with
previously published estimates of 2% or less for whitlockite identified in calcifications [83].

Provided the spectral differences in CHAP/HAP and whitlockite, it is expected that the
calculated carbonate content % for pixels attributed to whitlockite is likely to introduce a
slight error if not excluded. Without considering the presence of whitlockite, the average
carbonate content is 2.35% for Figure 3.9C. When considering the presence of whitlockite
(by removing any pixels contributed by whitlockite), the average carbonate content is 2.38%.
This suggests an error of less than 2% if we fail to include whitlockite. For most other cases,
this error is even less due to lower content of whitlockite.

Figure 3.9D shows CH image in combination with SHG data to demonstrate collagen
presence in both stroma and calcifications themselves. Although it is not clear why different

studies disagree on what cases have whitlockite frequently associated with, it is possible that
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Figure 3.9: Evaluation of whitlockite contribution to dominant mineral species HAP/CHAP. A)
Spectral differences of CHAP (red), HAP (blue), FA associated CHAP /HAP (cyan), and whitlockite
(magenta). B) Depiction of spatial distribution of HAP/CHAP highlighted using phosphate (cyan)
and whitlockite highlighted using red-shifted phosphate (magenta). C) Carbonate content map for
the same FOV. D) Calcification underlying organic matrix and stroma depicted using CH Raman
transition (red), and SHG (gold).
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the underlying matrix does matter when considering what fragments of calcifications make
it through tissue processing, paraffin embedding, and microtome cutting. To fully determine
the contribution of whitlockite in microcalcifications and its diagnostic utility, imaging of

fresh unprocessed tissue is needed.

3.6 Summary and Outlook

Breast calcifications are used to guide patient biopsy prior to resection. However, morpho-
logic assessment of calcifications in mammograms provides limited diagnostic information.
Spectroscopic techniques such as spontaneous RS have shown promise for in vivo breast
cancer screening in conjunction with mammography. However, to date, detailed spatial
and microenvironmental distribution of calcifications in carcinogenesis is poorly understood.
Here, we report the first quantitative high-resolution SRS imaging of calcifications, and their
association with nearby tissue matrix as well as visualization of calcified organic matrix
components with SHG. We developed a simple method to quantify the carbonate content
of hydroxyapatite, the main calcification species associated with cancer, based on the ratio
of carbonate to phosphate Raman peak. Applying this method to a diverse set of breast
calcifications associated with a range of neoplastic processes, we revealed that the microen-
vironment of the neoplastic processes strongly influences the local distribution of carbonate
content. In particular, we observed that carbonate content decreases near the edges of the
calcifications closest to neoplastic cells, which may reflect acidified microenvironment as ma-
lignant cells proliferate. Using the average carbonate content alone, we achieved a sensitivity
of 85% and specificity of 88% in distinguishing benign and neoplastic cases. We expect that
the spatial distribution of carbonate content can further improve the sensitivity and speci-
ficity in diagnosis. However, in sectioned tissue, the carbonate content pattern is disturbed
due to sectioning artifacts (shattering of calcifications and spatial translocation). This prob-
lem can be addressed in future studies by imaging either fixed tissue or fresh tissue, where

calcifications remain intact.
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Besides carbonate content of calcifications, we have elucidated the unique features that
distinguish chemical composition of calcifications between FA and IDC. For the first time,
we demonstrate that SHG data confirms collagen in FA makes an organic matrix upon which
hydroxyapatite accumulates. This matrix observed in FA calcifications is one of the main
differences between FA and IDC. This collagen matrix enables robust differentiation of FA

and IDC, which exhibit similar carbonate content.

In conclusion, we imaged a diverse set of breast calcifications associated with benign
processes, and a range of neoplastic processes including FA, ADH, DCIS and IDC. Our find-
ings support previous reports of carbonate content decreasing on average with increasing
malignant potential. Importantly, we showed that a detailed spatial map of calcifications
and their complex underlying organic matrix is highly correlated with underlying neoplas-
tic processes and could potentially be used for breast cancer diagnosis. Additionally, the
spatial heterogeneity of carbonate content could potentially be a diagnostic indicator of ma-
lignancy. Calcification underlying organic matrix, visualized using SHG in conjunction with
SRS, assisted in the diagnostic differentiation of patient lesions. Our study suggests that
SRS imaging of calcification can be used as an important tool for breast cancer diagnosis.
The diagnosis capability will be significantly improved when combined with stimulated Ra-
man histology (SRH), a technique that has already been shown to provide H&E equivalent
information in unsectioned tissue [39, 92|. Importantly, unsectioned tissue, either fixed or
fresh, provides comprehensive information on the 3D structure and composition of calcifi-
cations, which could provide additional quantitative calcification metrics (size, shape, and
chemical distribution) for diagnosis. Coupling calcification and SRH imaging with SHG
imaging of collagen matrix, we believe that our comprehensive approach holds tremendous
potential in improving the complicated diagnostic process for breast cancer and minimizing
inter-pathologist discordance. These advances will ultimately ensure the correct diagnosis

and the most effective treatment for the patient.
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3.7 Supplementary Material

Figure 3.10: Visualizing cellular material in presence of strong CH signal from stromal collagen.
A) Adenosis case presented in Figure 3 of main manuscript with adjusted intensity and color scale
to assist with visualizing cellular material. B) Adenosis case as presented in Figure 3 of main
manuscript. C) A close up of a duct on H&E. D) A close up of a duct from image in A). E)
Additional example with easier to visualize cellular material (DCIS case).
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Figure 3.11: Correlating images at phosphate, carbonate, and phenylalanine Raman transitions to
resulting carbonate content % and phenylalanine to phosphate ratio maps (calcifications associated
with benign process). A) Image at phosphate Raman transition (~ 960 cm~!). B) Image at
carbonate Raman transition (~ 1070 cm™1). C) Image at phenylalanine Raman transition (~ 1005
em~!). D) Carbonate content % map. E) Phenylalanine to phosphate ratio map. F) Image at
CH Raman transition (red) together with image at phosphate Raman transition (cyan) to highlight
calcification presence in tissue.
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Figure 3.12: Comparing the averages for carbonate content % as calculated per patient’s overall
diagnosis versus per pathological process of calcifications.
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Patient | Sex | Age | Specimen type | Overall diagnosis | Number of calcifications associ- | Total number of calcifications per patient | Carbonate content % per patient
ated with specified pathology
‘ ‘ ‘ ‘ ‘ Benign ‘ ADH ‘ DCIS ‘ DC ‘ FA ‘
1 F 75 | Excisional FA 0 0 0 0 9 9 2.3+1.1
biopsy
2 F 64 | Needle  core | FA 0 0 0 0 11 11 2.4+0.8
biopsy
3 F 49 | Needle  core | DCIS 0 0 8 0 0 8 4.4+1.8
biopsy
4 F 56 | Needle core DCIS 0 0 1 0 0 1 3.5
biopsy
5 F 57 | Needle core DCIS 0 0 4 0 0 4 3.5+0.5
biopsy
‘ 6 ‘ F ‘ 58 ‘ Excision ‘ ADH ‘ 0 ‘ 3 ‘ 0 ‘ 0 ‘ 0 ‘ 3 ‘ 3.440.5 ‘
‘ 7 ‘ F ‘ 51 ‘ Excision ‘ DCIS ‘ 0 ‘ 3 ‘ 0 ‘ 0 ‘ 0 ‘ 3 ‘ 3.9+0.3 ‘
8 F 60 | Needle  core | DCIS 3 0 0 0 0 3 7.7+0.3
biopsy
9 F 40 | Needle  core | DCIS 1 2 0 0 0 3 5.743.9
biopsy
10 F 59 | Needle core FA 0 0 0 0 4 4 1.640.6
biopsy
11 F 57 | Needle core FA 18 0 0 0 0 18 6.441.6
biopsy
‘ 12 ‘ F ‘ 51 ‘ Excision Adenosis ‘ 7 ‘ 0 ‘ 0 ‘ 0 ‘ 0 ‘ 7 3.6+0.8
13 F 60 | Needle core DCIS 2 0 19 0 0 21 3.8£1.2
biopsy
14 F 56 | Unilateral IDC 0 0 1 76 0 44 2.34+0.7
mastectomy
‘ 15 ‘ F ‘ 68 ‘ Lumpectomy ‘ 1DC ‘ 0 ‘ 0 ‘ 0 ‘ 11 ‘ 0 ‘ 11 ‘ 3.6+1.1 ‘
16 F 56 | Unilateral IDC 0 0 3 25 0 28 2.540.8
mastectomy
‘ 17 ‘ F ‘ 32 | Lumpectomy ‘ FA ‘ 0 ‘ 0 ‘ 0 ‘ 0 ‘ 3 ‘ 3 ‘ 2.940.8 ‘
‘ Total number of calcifications per each category ‘ 31 ‘ 8 ‘ 36 ‘ 112 ‘ 27 ‘ ‘ ‘

Table 3.1:

A patient clinical history summary together with detailed account of calcification
number in each category. Carbonate content % average for each patient is provided.
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Chapter 4

NON-DESTRUCTIVE CHEMICAL IMAGING OF BONE TISSUE
FOR INTRAOPERATIVE AND DIAGNOSTIC APPLICATIONS

4.1 Preface

The efforts described in Chapters 2 and 3 provided the basis for the work presented in
this chapter. An unappreciated advantage nonlinear optical techniques offers to anatomic
pathology is capturing imaging in bone. As I will discuss further, sectioning of bone samples
is not simple and being able to interrogate them without sectioning has immense potential.
The work presented here is the foundation for what has the potential to be a burgeoning
field of research. Bone is a fascinating system that is complex, dynamic, and fundamental
to the human body.

In the process of this project, I have to express my gratitude to Dr. Eleanor Chen
who supported this research by dedicating her time and resources. I learned a lot from Dr.
Eleanor Chen. Additionally, I truly appreciate the effort and diligence of Brian Johnson and
Nora May with Southlake Histology who worked on processing the imaged specimens. I have
to credit them for an appreciation of histologists’ contribution and the challenges faced on
an everyday basis. Also, Marlie Reinmuth, Piper Driskell, and Sarah Bowell with Northwest
Biotrust who were instrumental in specimen procurement.

The manuscript related to this work is in preparation and will be submitted shortly.
4.2 Abstract
Bone is difficult to process and image using traditional histopathological methods. Such dif-

ficulty leads to challenges in intraoperative consultation during procedures involving bone,

specifically in the field of orthopedic oncology. Current approaches require bony tissue to be
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sliced into thin histological sections, which is often impractical due to mineralization. How-
ever, providing intraoperative pathological information is critical to guide surgical treatment.
In this study, we demonstrate that a multimodal imaging approach that combines stimulated
Raman scattering (SRS) microscopy, two-photon fluorescence (TPF) microscopy, and second
harmonic generation (SHG) microscopy can provide useful diagnostic information regarding
intact bone tissue fragments from surgical excision or biopsy specimens. We imaged bone
samples from 14 patient cases and performed comprehensive chemical and morphological
analyses of both mineral and organic components of bone. Our main findings show that
low carbonate content is indicative of new bone formation, which appears to be particularly
prominent in neoplastic bone formation. Additionally, we conducted a morphometric anal-
ysis of bone organic matrix and determined that in addition to carbonate content, lacunae
aspect ratio, angle of collagen relative to lacunae major axes, and collagen anisotropy are
useful in distinguishing between normal bone growth and growth that occurs under abnormal
conditions. Using a Random Forest classification method, we tested the diagnostic utility
of our multimodal imaging and achieved an overall accuracy of 92% for separating several
important pathological conditions. Our results demonstrate that multimodal imaging and
machine learning-based analysis of bony tissue can potentially enable pathologists to provide

crucial information to surgeons, especially in the field of orthopedic oncology.

4.3 Introduction

Intraoperative consultation of bone specimens plays an important role in orthopedic surgery.
One of the main reasons for intraoperative consultation on a bone specimen is to determine
whether an intra-osseous lesion is benign or malignant [109, 110|. In the case of a malignant
lesion, separating primary bone cancer from metastasis becomes another challenge. An
accurate intraoperative diagnosis guides subsequent clinical decisions on operative procedures

and clinical management.

Current intraoperative pathology consultations rely heavily on gross examination, cy-
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tologic preparations, and frozen sections. While these approaches work well for many or-
gan systems, bone samples have proved to be challenging due to their mineralized con-
tent. De-mineralization protocols for bone specimens can take up to one week, rendering
sectioning-dependent techniques unusable for an intraoperative setting. Additionally, the de-
mineralization procedure destroys the DNA /RNA necessary for clinical molecular tests and
compromises the histologic quality of tissue sections, making definitive pathologic diagnosis
difficult. Although soft tissue and relevant cellular materials can sometimes supplement and
guide medical treatment of musculoskeletal lesions [111, 112|, they are often insufficient for
making clinical decisions. Without the ability to interrogate bone tissue intraoperatively, the
patient must wait for post-surgical tissue processing and possibly undergo additional proce-
dures based on pending pathology diagnosis. Thus, there is an unmet need to develop tools
capable of providing intraoperative diagnosis of bone specimens to better inform surgeons as
they decide on surgical treatment.

Bone is an important specialized connective tissue composed of mineralized extracellular
material (primarily type I collagen). The mineral content of bone consists mainly of hy-
droxyapatite [Ca;o(PO4)s(OH)s|, with variable amounts of carbonate and magnesium [108].
Conventional light microscopy relies on H&E staining for morphology and various special
stains (e.g., Masson’s trichrome and von Kossa) to visualize collagen and mineralization.
Special stains require time-consuming processing procedures, which is why such approaches
are only used for permanent processing of specimens after surgery.

Traditional histological techniques are inadequate to study bone specimens and visualize
the internal structures. Although several ultrastructure-geared techniques provide a wealth
of information about bone, they are also not suitable for intraoperative diagnosis due to the
time constraints in a clinical workflow. For example, the scanning electron microscope offers
high spatial resolution (<1 nm) along with a large depth of field and a wide field of view
[113], but involves time-consuming sample preparation [114]. Similarly, small-angle x-ray
scattering microscopy has been used to study bone nanostructure and its role in healing and

other functions [115, 116, 117]. However, this technique also requires time consuming and
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destructive sample preparation.

Optical techniques such as second harmonic generation (SHG) microscopy [117], third
harmonic generation (THG) microscopy [118], Fourier-transform infrared spectroscopy (FTIR)
[119], and Raman spectroscopy [120, 121, 122, 123, 124| allow for noninvasive qualitative and
quantitative evaluation of bone specimens. These techniques have been used to study mostly
non-neoplastic processes of bone including healing, aging, osteoporosis, and osteomyelitis
[122, 125, 126, 127, 128, 129]. A few reports have probed chemical changes of mineral
components occurring in a very limited collection of cancers [130, 131]. Nonetheless, our
understanding of chemical changes in bone related to neoplastic processes such as osteosar-
coma and chondrosarcoma remains limited. Moreover, there has been no attempt to explore
chemical changes for assessing pathological conditions of bone specifically for intraoperative
applications.

SRS, a powerful label-free technique capable of providing chemical information at submi-
cron spatial resolution [88, 20, 61|, has shown tremendous promise for label-free histopathol-
ogy applications. It works by exploiting lipid and protein Raman contrasts to generate H&E
equivalent images and is called Stimulated Raman histology (SRH) [61, 39]. Applications of
SRH to intraoperative diagnosis of brain tumors [39, 92, 132] and diagnosis of endoscopically
obtained biopsy tissue from gastrointestinal tract [41] demonstrate the promise of SRH as
an alternative to H&E. However, the lack of contrast between bone matrix and typical cel-
lular structures within bone makes it challenging to translate SRH to bone imaging. More
recently, we have shown that SRS imaging of chemical changes of mineral content of calci-
fied breast tissue can also provide critical diagnostic information [133]. In particular, lower
carbonate levels of calcifications are strongly correlated with malignancy. We hypothesize
that the chemical changes of bone composition are also reflective of underlying pathology,
and SRS could potentially be used for intraoperative diagnosis of bone cancer.

This study aims to demonstrate the diagnostic utility of a multimodal approach to vi-
sualizing and analyzing the structure and chemical compositions of various bone specimens

using stimulated Raman scattering (SRS) microscopy combined with two-photon fluores-
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cence (TPF) and SHG. We used SRS to visualize whole intact bone specimens containing
both organic and mineralized components at high spatial resolution and chemical specificity.
Because no processing of surgical specimens is needed, we were able to produce an unprece-
dented level of detail about bone in association with pathologies frequently encountered in
intraoperative settings. A simple staining procedure and robust TPF process allowed us to
highlight nuclear details to assist pathologists in extracting the most diagnostic information.
In addition, we acquired SHG to evaluate collagen organization [22] as an additional met-
ric of bone response in physiological and pathological circumstances. Because SRS, TPF,
and SHG share the same laser source and microscope, they can be acquired simultaneously,
which greatly simplifies the imaging workflow and reduces imaging time. Our results show
that chemical and morphological features obtained from the multimodal imaging method
can distinguish specific categories of bone cancer with >90% accuracy and provide critical
information needed for intraoperative consultation. Because our non-destructive imaging
approach does not interfere with downstream histological and molecular analysis, it has the

potential to fulfill a much-needed role in intraoperative diagnosis for orthopedic oncology.
4.4 Experimental Methods

4.4.1  Multimodal imaging with SRS, TPF, and SHG

The details for the broadband SRS set up were outlined in a previous publication [55].
Briefly, we used broadband femtosecond dual-beam laser system (Insight DS+ from Spectra-
Physics) where a tunable beam (pump) was centered at 798 nm for CH Raman region and
944 nm for fingerprint Raman region and a fixed beam (Stokes) was centered at 1040 nm.
A home-built laser scanning microscope equipped with a 25x Olympus water immersion
objective (NA=1.05) was used to image the sample. The SRS signal detected in epi mode
with a large area silicon photodiode, while epi-fluorescence from TPF and SHG are detected
simultaneously by a photo-multiplier tube (Hamamatsu H10770PA-40). At the focus, the

pump and Stokes beams had an average power of 50 mW each. For SRS imaging, a stack
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Figure 4.1: Workflow for bone tissue imaging and image processing. A) Graphical representation
of a bone sample embedded in agar gel and sample holder. Gross image (left) in addition to post-
imaging histology (right) are included. B) An area to visualize bone microenvironment provides
overview of tissue from where subareas are selected for more detailed study using hyperspectral
microscopy. Scale bar is 250 um. C-E) Images obtained from SRS at ~2930 cm~! (grey), TPF
from AO stained nuclei (gold), and combination of both respectively. F) SHG image obtained to
highlight collagen organization. G) SRS image at 960 cm~! to highlight mineral content (cyan). H)
Carbonate content % map generated using fingerprint information from SRS (see Methods section).
C-H scale bar is 50 pm.
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of frames with single field of view (FOV) of 285 pum x 285 pm (512 pixels x 512 pixels)
was acquired, for which the pixel dwell time is 8 us and time to acquire each frame is 2 s.
The frames are acquired every 2 ecm~" for total of 90 frames on average. For SHG and TPF

imaging a bandpass filter (520 nm + 20 nm) was used.

Bone specimen is placed into an aluminum sample holder covered with glass coverslip
(see Figure 4.1A, top image). The tissue was photographed to map imaged areas. For each
sample, an area of ~2 x 2 mm at the bone-soft tissue border was imaged with SRS at ~2930
cm ™! corresponding to protein vibrational peak and TPF from acridine orange stained tissue.
Detailed SRS data was collected in both CH and fingerprint Raman regions as hyperspectral
stacks in selected regions of interest (ROI). Additionally, single frames of CH (~2930 cm™1),
TPF (tissue was stained by acridine orange), and SHG were obtained as single frames (see
Figures 4.1C-F). The SRS CH data was used to determine lipid and protein components
in studied tissues. The SRS fingerprint data was used to determine mineralization species

present in our samples.

4.4.2 Bone tissue specimens

Bone tissue samples was obtained from 19 patient cases with IRB approval from the Uni-
versity of Washington. The cases were de-identified and curated by Northwest Biotrust
biorepository, Seattle, WA. The case selection was based on the pathology report to include
normal (rib, mandible, femoral head), non-neoplastic pathology (avascular necrosis, fracture,
hypertrophic bone), primary neoplastic (osteosarcoma and chondrosarcoma), and secondary
neoplastic (metastatic cancer to bone). The bone tissue was cut into 2-4 mm sections with

a band saw and fixed in 10% neutrally buffered formalin.
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4.4.3  Tissue staining

Before imaging, bone tissue was stained with acridine orange (5 pg/mL as dissolved in Dul-
becco’s phosphate buffered saline). The bone tissue was stained for ~10 min and thoroughly

washed in phosphate buffered saline before imaging.

4.4.4  Agar gel preparation

For imaging, bone tissue was imbedded into agar gel to immobilize the specimen. Agar gel
(15 mg agarose/mL) was prepared by mixing 125 mmol/L NaCl, 10 mmol/L glucose, 10
mmol/L HEPES, 3.1 mmol/L CaCl2, and 1.3 mmol/L MgCl, with agar (Sigma Aldrich)
[134]. The mixture was heated to 60 °C to liquify the gel for the embedding procedure.

4.4.5  Sample mapping

Gross photographs were obtained of each specimen. Before imaging each sample, the sample
stage position was recorded to determine the dimensions of sample and positions of main
lesional area and subareas for imaging. Additionally, the depth of images was measured
relative to the cover slip surface. The recorded locations of imaged tissue within the sam-
ple was correlated with histology after the experiment to confirm diagnosis and establish

microenvironment for imaged bone.

4.4.6  Calibration of SRS imaging to determine carbonate content of bone mineral content

Chemical imaging and carbonate content determination was previously described [133].
Briefly, calcium hydroxyapatite (HAP) and 10% carbonated hydroxyapatite (CHAP) were
obtained from Sigma-Aldrich and Clarkson Chromatography Products respectively. Grounded
powders were mixed and prepared for calibration purposes (0%, 2.5%, 5.0%, 7.5%, 10% car-
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bonate content). To determine carbonate content in bone samples (Figure 4.1H), we used

ratiometric SRS images at (~ 1070 cm™!) and (~ 960 cm™') [133].

4.4.7  Morphometric analysis of organic bone matrix

Using a combination of manual selection and interactive machine learning and segmentation
toolkit, Ilastik [135], the osteocyte lacunae were segmented and stored as individual regions of
interest (ROIs). Using Particle Analyze in ImageJ, the lacunae aspect ratio, area, and angle
of major axis relative to horizontal were determined. Collagen organization was interrogated
through SHG images. Using ImageJ FibrilTool [136] and in-house algorithms written in
Matlab and ImageJ, we determined the angle of lacunae relative to collagen as well as local
anisotropy. To generate a map, a sliding box (64 x 64 pixels) with sampling every 8 pixels
was used. Using the ROI manager in ImageJ, angle and anisotropy data were determined

for each individual lacuna.

4.4.8 Statistical analysis

Using the parameters (aspect ratio, lacunae area, anisotropy, and angle) from the morpho-
metric analysis and the carbonate content % obtained from SRS fingerprint data, a Random
Forest classification model was generated. Specifically, we employed the TreeBagger algo-
rithm in Matlab. We used 70% of original data for training and the remaining 30% used for

testing the final accuracy.
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Figure 4.2: : Imaging morphology of bone specimen. A, B) Gross image of bone adjacent to
chondrosarcoma focus with corresponding H&E. Scale bars are 70 pm. C) SRS/TPF imaging of
the same geographical area (greys - SRS at ~2930 cm~! and gold - TPF from AO stained nuclei).
Scale bars are 70 pum for larger view and two close ups (in blue and cyan). Scale bar is 20 pm for
cellular features close up. D) 3D stack of bone remodeled by osteoclasts as indicated by cyan arrows
(thickness of 150 pm).
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4.5 Results and Discussion

4.5.1 Imaging morphological and architectural features of bone specimen with SRS and TPF

One of the most useful diagnostic features of H&E is the morphology and architecture of
cellular organization. For traditional H&E to work, bone must be demineralized and thinly
sectioned. SRH does not require tissue processing. However, the same protein and lipid
contrasts used in SRH for visualizing soft tissue do not generate sufficient contrasts for
bone tissue. An additional challenge is that unsectioned bone tissue is highly scattering. It
requires imaging in the epi-mode, instead of transmission mode which is employed in most

SRH applications to date.

Here we demonstrate that using SRS imaging at ~2930 cm™' (a CH vibrational mode
predominantly for protein) and TPF of acridine orange we can visualize the morphology of
bone and cellular structures within and nearby. Together SRS and TPF provide a simulacrum
of the typical H&E, highlighting histologic features of bone tissue including cell type, stroma
and matrix at high resolution. Both imaging modalities are implemented in the epi-mode,

which is amenable to surgical tissue of any size and shape without additional processing.

Pathological bone tissues exhibit distinct morphological features. Chondrosarcoma is
a malignant cartilage forming tumor that is the 3rd most common bone malignancy and is
presumed to arise from the chondrocyte lineage of mesenchymal cells [137]. Our case of chon-
drosarcoma shows the characteristic gross appearance of white-gray lobules of a neoplasm
with cartilaginous matrix (Figure 4.2A, below the red dashed line) invading bone (Figure
4.2A; above the red dashed line). Corresponding H&E (Figure 4.2B) confirms the presence
of polygonal to spindled neoplastic cells in a loose cartilaginous matrix invading adjacent
cortical and medullary bone. The combination of SRS and TPF images are consistent with
H&E clearly showing neoplastic cells in a cartilaginous matrix adjacent to the bone (Figure

4.2C). Our findings demonstrate that the integration of SRS/TPF imaging modalities allow
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for the visualization of cellular structures of neoplasm in bone specimens with high resolution,
which correlates well with the histologic features seen in conventional H&E staining.

In addition to being able to image a thick tissue specimen, SRS/TPF has an intrinsic ca-
pability to provide 3D information. This can overcome one of the drawbacks of conventional
histology, where the information is mostly confined to the 2D plane. If a pathologist encoun-
ters a diagnostically challenging scenario where additional H&E sections can be beneficial, it
is likely to take at least 24 hours to produce additional sections for evaluation if warranted
during pathological examination. In addition to the time expense, demineralizing before
processing destroys tissue that might become necessary for molecular diagnostic analysis,
which is frequently warranted to render a complete diagnosis. Being able to quickly review
the architecture of tissue without compromising subsequent molecular studies and without
excessive time involvement is paramount in the general pathology workflow and especially
in an intraoperative setting.

The bone and its microenvironment are composed of various cell types. Our 3D re-
construction demonstrates the presence of osteoblasts, the cell type responsible for bone
formation, lining the bone trabeculae (Figure 4.2D, indicated by a cyan arrow). With ad-
ditional optical sectioning, we observe cells within cavities, known as resorption pits. This
morphology is consistent with osteoclasts.

Overall, we show that SRS and TPF provide diagnostically useful morphological and
architectural information that can assist a pathologist’s evaluation of bone specimens in-
traoperatively. The intrinsic optical sectioning of SRS and TPF enables 3D assessments of

specimens when desired.

4.5.2 SRS based chemical imaging provides diagnostically relevant information about the

maineral content

In current pathology practice, one of the most underutilized diagnostic components of bone

tissue is mineral content. Several publications suggest that the mineral component of bone is
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Figure 4.3: Chemical imaging of mineral bone component. A) H&E of bone healing after avascular
necrosis with endochondral ossification focus shown here. B-D) Representative area showing new
bone formation (greys ~SRS at ~ 2930 cm™!, gold ~TPF from AO stained nuclei collagen, cyan
~SRS at ~ 960 cm~!, and SRS derived carbonate content map). Pink/white arrow corresponds to
the mature bone. Pink/white star corresponds to osteoid. E) Spectra of two different areas identified
in D). White arrow corresponds to the spectrum in blue. White star corresponds to spectrum in
blue. F) H&E of osteosarcoma case with the residual neoplastic bone matrix. G-I) Representative
area showing neoplastic bone matrix (greys ~SRS at ~ 2930 cm™!, gold ~TPF from AO stained
nuclei collagen, cyan ~SRS at ~ 960 cm™!, and SRS derived carbonate content map). J) H&E of
bone involved by chondrosarcoma. K-M) Representative area showing bone adjacent to neoplastic
cells (greys —SRS at ~ 2930 cm™!, gold ~TPF from AO stained nuclei collagen, cyan ~SRS at ~ 960
ecm ™!, and SRS derived carbonate content map). N) Bar chart of carbonate content % across groups
imaged in this study (NM —normal bone, NN —non-neoplastic pathological process including bone
remodeling, OS —osteosarcoma, CS —chondrosarcoma, Met —metastatic cancer). Two-sided t-test is
performed and #* % x —p-value<<0.001.



82

altered during cancer development [130, 131, 138]. Here, we explore the diagnostic utility of
chemical information provided by SRS in the fingerprint region as we interrogate unprocessed
mineralized tissue involved in both non-neoplastic and neoplastic pathologic conditions.

Figures 4.3A-D show an example of non-neoplastic bone sample. This case has a history
of avascular necrosis and shows endochondral ossification, which occurs as a part of new bone
formation. When imaged with SRS/TPF, multiple foci of newly formed bone were noted. A
representative focus of osteoid is shown in Figures 4.3B-D (identified by star). SRS imaging at
~ 960 cm~! (Figure 4.3C) demonstrates gradual mineralization of the newly formed osteoid
(identified with pink star) as indicated by increasing intensity of the image while approaching
the area of more mature bone (identified with pink arrow). The corresponding carbonate
content % map shows a low carbonate content in that area closer to 0 (Figure 4.3 D). The
spectra (Figure 4.3E) from two distinct areas of endochondral ossification (indicated with a
star and an arrow in Figure 4.3D) show the difference in carbonate/phosphate ratio. Our
result is consistent with previous research showing that newly mineralized osteoid consists
of predominantly hydroxyapatite [139]. The mineralized content of more mature bone has a
higher carbonate content.

In contrast, the analysis of carbon content in a case of osteosarcoma (representative area
shown in Figure 4.3F-I) shows that the entire neoplastic bone matrix has low carbonate con-
tent. This is likely attributed to the higher acidity of the cancer microenvironment precluding
the inclusion of carbonate ions [96]. It has been shown that typically, the carbonate content
gradually increases as bone matrix matures [139]. However, in the case of osteosarcoma, we
can speculate that higher acidity interrupts the normal process.

For comparison, we show that the bone adjacent to the neoplastic cells in a case of chon-
drosarcoma mostly retains high carbonate mineral content (representative area in Figures
4.3J-M). Only a slight edge near the neoplastic cells appears to be impacted by the cancer
microenvironment displaying lower carbonate content. Chondrosarcoma does not produce
osteoid and the impact occurs on mature bone already present. Since mature bone tends to

have higher carbonate content, observing only the peripheral impact of carbonate content is
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Figure 4.4: Morphometric analysis of organic bone matrix. A) Depiction of parameters used for
morphometric analysis. B) Lacunae aspect ratio (AR) and angle for major axis of lacunae with
horizontal (3;) are determined from SRS (2930 cm~!) data. C) Angle of collagen with horizontal
(Bc) and collagen anisotropy (A) are determined from SHG using FibrilTool. Parameter 5S¢ is
defined as an angle collagen makes with horizontal. D, E) Resulting angle of collagen with horizontal
and anisotropy maps used by ImageJ ROI manager to determine 8¢ and ® associated with a given
lacuna (highlighted with ellipse).

consistent with known behavior of neoplasm.

The carbonate content percentage is compared across all groups of non-neoplastic and
neoplastic cases included in this study (Figure 4.3L). The non-neoplastic pathologic con-
ditions are avascular necrosis, abnormal bone hypertrophy, and fracture. The neoplastic
samples analyzed are primary bone neoplasms (osteosarcoma and chondrosarcoma) and
metastatic cancer to bone. All pathologies show significant difference from the normal.
The osteosarcoma cases appear to have the lowest carbonate content relative to normal and

other groups.
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4.5.8  Organic matriz changes are indicative of pathology

The organic matrix of bone is primarily composed of collagen I and is typically formed by
osteoblasts. Newly formed bone matrix, osteoid, lacks mineralization, and when osteoblasts
become surrounded by matrix, they differentiate into osteocytes. The lacunae, spaces where
osteocytes remain for the duration of their lifetime, vary in shape and size. Lacunae are
typically round to almond-shaped and then often become more oblong as they mature [140].
Because bone formation, remodeling, and repair are dynamic processes responsive to the
microenvironment, we hypothesize that morphological changes of lacunae and collagen as
indicative of underlying pathological processes and can be used for diagnosis.

For the morphometric analysis of osteocyte lacunae, we use SRS and SHG to obtain the
parameters of interest for lacunae and collagen, respectively (Figure 4.4A), including lacuna
area, aspect ratio (defined as the ratio between the major axis and the minor axis of a
lacuna), collagen anisotropy (as determined by FibrilTool [136]), and angle between lacuna
and collagen. The lacunae in the SRS image appeared dark and were hand segmented for
this purpose (Figure 4.4B, where one lacuna is identified with red ellipse). Although we
primarily use hand segmentation here, the automation of such a process is possible using
machine learning platforms such as Ilastik [135]. Using particle analysis available in ImagelJ,
we obtain an aspect ratio of segmented lacunae (AR) as well as the area (A). Additionally,
the angle of the lacunae major axis relative to the horizontal (1) is determined. We use
SHG from collagen to measure matrix organization (Figure 4.4C). Using FibrilTool [136],
we determine the average angle of collagen relative to horizontal (¢) and anisotropy value
(®) of the collagen fibers. For anisotropy assessment with ® of 1 representing complete co-
alignment and ® of 0 representing complete lack of co-alignment. To generate a map of B¢
and ®, an in-house algorithm was used to apply FibrilTool to 64 x 64 pixels? regions while
scanning across the image (see methods section for additional detail).

A corresponding ® map is provided in Figure 4.4E. The area of lamellar growth high-
lighted with SHG corresponds to ® approaching 0.5 (with & ranging from 0-completely
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random to l-completely co-aligned). Being able to quantify differences in anisotropy for
lamellar growth versus a basketweave pattern with lower anisotropy has the potential to
identify pathological conditions where collagen growth is impaired or significantly different.

We performed morphologic analysis of lacunae and collagen on a normal mandible and
a hypertrophic mandible from abnormal development. When comparing the parameters as
described, we observe that the difference in the organic matrix between the two cases is
significant. Compared to the normal mandible (a representative field of view in Figures
4.5A-C), which shows predominantly colinear collagen as highlighted by SHG (Figure 4.5C),
the collagen in the hypertrophic mandible is more disorganized, and lacunae are smaller
and rounder (Figures 4.5D-E). Normal bone has a broader distribution of AR values and
lacunae sizes compared to hypertrophic bone (Figure 4.5G-H). Normal bone generally has
larger osteocyte lacunae (Figure 4.5H). Additionally, the angle between lacunae major axis
and nearby collagen average orientation () is often closer to 0 degrees in the case of normal
bone (Figure 4.5I). In contrast, in abnormal bone, the major axis angle with nearby collagen
appears to have a broader distribution. The normal bone shows the range of ® from 0 to
0.5 with median of 0.3 (Figure 4.5J). In contrast, abnormal bone has a higher degree of
disorganization reflected in lower anisotropy values with medial of < 0.2.

Applying the same analysis across all samples, we summarized the differences in morpho-
logical parameters among different pathological conditions (Figure 4.6). The aspect ratio
of lacunae across all pathological categories shows the most differences between normal and
non-neoplastic pathology as well as metastatic cancer (see Figure 4.6A). These findings are
consistent with visual observations where lacunae in osteoid or newly formed bone appear
to have lower aspect ratio relative to mature bone. Moreover, the area of lacunae is variable
across all groups with the most significant differences occurring between normal cases and
cases that include healing bone and neoplastic bone matrix (see Figure 4.6B).

When evaluating collagen organization, normal bone and bone with metastatic cancer
show the largest difference in the angle (5r) (Figure 4.6C) and anisotropy (®) (Figure 4.6D).

It is plausible that these parameters are capturing higher bone turnover and subsequent
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Figure 4.5: Differences in the organic bone matrix as determined by morphometric analysis and
supported by histology. A-C) H&E, SRS/TPF, and SHG images of normal bone. D-F) H&E,
SRS/TPF and SHG images of hypertrophic bone. G-J) Histograms for aspect ratio of lacunae (AR),
lacunae area (A), angle of nearby collagen, and the major axis of lacunae (8r), and anisotropy as

determined by FibrilTool.
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Figure 4.6: Summary of morphometric analysis for bone specimens. A) Bar chart for aspect ratio
of lacunae (AR) averages. B) Bar chart for lacunae area (A). C) Bar chart for angle of nearby

collagen and major axis of lacunae (7). D) Bar chart for anisotropy (®).

Two-sided t-test is

performed and * denotes p-value < 0.05, *x —p-value <0.01, and * % * —p-value<0.001. NM —normal
bone, NN —non-neoplastic pathological process including bone remodeling, OS —osteosarcoma, CS

—chondrosarcoma, Met —metastatic cancer.
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disorganization of the matrix.

Overall, our morphometric analysis of osteocyte lacunae and nearby collagen shows the
most differences in non-neoplastic cases that have increased bone remodeling (bone resorption
and bone formation) as well as in cases of metastatic bone cancer. Using the organic matrix
quality and detectable abnormalities can subsequently be combined with other parameters

to potentially improve diagnostic accuracy.

4.5.4  Combined together morphology, organic matriz analysis, and mineral content analysis

yields diagnostically useful information

As shown in the previous sections, both mineral components and morphometric analysis of
lacuna and collagen matrix provide diagnostically useful information. In an intraoperative
setting, it is important to determine if the lesion is benign or malignant and in the case of
malignant, further subdivide into primary and secondary. We demonstrate that by combining
chemical analysis and morphological analysis enabled by multimodal imaging, we can achieve
high accuracy classification of specific bone cancer types. To build a robust classification
algorithm with multiple parameters, we employed a supervised machine learning model. The
advantage of a machine learning algorithm is that once a model is trained, predictions can be
generated in almost real time which can help to guide intraoperative pathological diagnosis
and subsequent patient treatment. We utilize a supervised classifier readily available in
Matlab which performs a Random Forest classification called TreeBagger. It is a bootstrap-
aggregated (bagged) decision tree where multiple decision trees are created using randomized
subsets of the data and features from the training set for each tree. The ensemble of trees
can then be applied to new data where each tree “votes” on the correct prediction where the
final category is determined by the greatest number of votes. By selecting a random subset
of predictors for the generation of each tree, the algorithm is able to reduce the effects of
overfitting and improves generalization [141].

We combined the data from the morphometric analysis (including aspect ratio, area of la-
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cunae, nearby collagen anisotropy, and angle between collagen and lacunae central axis) with
carbonate content for each lacuna. Using these parameters for 791 lacunas, we constructed
a classification model using a training data set consisting of randomly selected observations
from the full dataset (70% of the original data) and retained a separate validation data set
consisting of the remaining data (30% of the data).

By determining the minimum number of trees needed to reach an adequately reduced
Out-of-Bag (OOB) classification error (Figure 4.7A), we ensure to not overfit the data. The
final number of trees that was chosen for our classification model was 12. There was no
significant difference in error when considering 11 or 13 trees.

Based on the results of OOB feature importance assessment (Figure 4.7B), AR, anisotropy,
and angle between collagen and lacunae central axis provide similar help in determining fi-
nal decisions. The most pathology indicative parameter appears to be carbonate content
percentage as determined by SRS imaging.

In Figures 4.7C-G we display the results of receiver operating characteristic (ROC) curves
for categories included in the analysis (normal, non-neoplastic pathology, osteosarcoma, chon-
drosarcoma, and metastatic cancer). All calculated areas under the curve (AUCs) were cal-
culated to be above threshold to constitute a good classification model. Overall accuracy of
predictions was calculated to be ~92%.

In summary, the results of the classification model show that lacunae associated parame-
ters obtained by morphometric analysis in conjunction with carbonate content for the mineral
portion of bone can provide a good basis for assessing bone specimens in an intraoperative

setting.

4.6 Summary and Outlook

Interrogation of bone specimens is severely limited by conventional histological methods due

to their reliance on sectioning of tissue into 4-6 pum sections. Without the ability to visualize

pathological processes, intraoperative consultations are hindered and can rely only on soft
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tissue, if present. Meanwhile, patients undergo multiple surgeries that could potentially be
prevented with the advent and implementation of adequate tools to assess bone samples in
intraoperative settings. In this paper, we conduct the first study of this kind to demon-
strate how non-linear optical techniques employing SRS, TPF, and SHG have a remarkable
potential to provide much needed tools to surgeons, pathologists, and most importantly,
patients.

By using SRS, we can visualize bone structure in a label-free and non-destructive manner.
Being able to provide such information with relative ease and without compromising the
availability of tissue is important in the context of an intraoperative setting as it preserves
the tissue for subsequent molecular studies if they are deemed necessary.

TPF from acridine orange (AO) highlighted nuclei allows us to generate images that
could be used similarly to those from H&E. Achieving non-destructive bone imaging allows
intraoperative tissue assessment without challenges posed when trying to section mineral-
ized bone. Using distinct Raman features of mineral components such as phosphate and
carbonate, we can probe mineral components of bone and study how changes in mineral con-
tent correlate with bone pathology, including neoplastic processes. By collecting SHG from
collagen fibers, we augment collected data with important information about surrounding
collagen fiber organization. Additionally, we chose bone samples relevant to intraoperative
settings, such as normal rib and mandible, fractured femur head, femur with avascular necro-
sis, and bone samples involved with primary cancer (e.g. osteosarcoma and chondrosarcoma)
or metastatic cancer.

Our main findings show that carbonate content varies across different pathological cate-
gories and assists in identifying the cases where osteosarcoma is likely present. Additionally,
morphometric analysis of bone organic matrix provides additional parameters (lacunae as-
pect ratio, angle of collagen relative to lacunae major axes, and collagen anisotropy) that
prove to be useful in identifying cases where the organic matrix is abnormal, specifically in
cases of abnormal bone healing/growth and metastatic cancer. We combine our techniques

with a machine learning approach (Random Forest classification) and demonstrate that to-
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gether, the parameters have potential utility in diagnostic pathology. The overall accuracy of
92% demonstrates that multimodal imaging and machine learning-based analysis of bony tis-
sue has an immense potential to address the major gap in intraoperative pathology involving

bony specimens.
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