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General introduction and outline of the thesis

General introduction

Vision is a complex process
Visual input and associative processing of images in the brain has been fundamental for
animal evolution. Processing of images in the visual cortex and the ability to store images
in memory over longer time periods is a paramount precondition for most strategies of
survival. Moreover, the social and cultural achievements governing all kind of human
interactions, including communication and emotion, rely heavily on our visual perception.
Even Charles Darwin himself experienced sincere difficulties in conceptualizing the
mystery how natural selection could have resulted in such a complex process as vision. In
his Origin of Species (1859), he wrote that the evolution of the eye, one of the most elegant
organs, at first glance seemed “absurd in the highest possible degree”. However, he went on
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to explain that despite the difficulty in imagining it, it would be feasible “..if numerous
gradations from a perfect and complex eye to one very imperfect and simple, each grade
being useful to its possessor, can be shown to exist; if further, the eye does vary ever so
slightly, and the variations be inherited, which is certainly the case; and if any variation or
modification in the organ be ever useful to an animal under changing conditions of life,
then the difficulty of believing that a perfect and complex eye could be formed by natural
selection, though insuperable by our imagination, can hardly be considered real””’

Parallel to development of sight, representational systems have evolved that permit the
brain to model the world, to identify objects and events, to attach meaning and significance
to them, and to establish their causal relations.? Standard accounts of vision assume that the
purpose of the visual system is to construct an internal model of the world outside: to create
a kind of simulacrum of the real thing, which can then serve as the perceptual foundation
for all visually derived thought and action.

The concept of interpretation of the “objective world” poses many difficulties and has
been a subject of intensive debate since the early onset of philosophy and observational
science. In Sophist’, Plato speaks of two kinds of image-making. The first is a faithful
reproduction, directed towards producing an exact copy of the original. The second is
distorted intentionally, in order to make the copy appear correct to observers. The example
of Greek statuary is given, in which statues were crafted larger on top than on bottom so
that viewers from the ground would see it correctly. If they could view it in scale, they
would realize it was malformed.’

Observational science

In the early days of biology research, observation of organisms to understand the underlying
principles of life from birth to death was the only way to collect information. As always,
these visual impressions are projected towards the knowledge that is concealed in memory.
Images are interpreted by intuitive matching of the new to the known. The use of light
to render an image began with discovery of the Camera Obscura around 1550, although
the theoretical optical principle of a pinhole camera had first been described by Aristotle
(384-322 BC). A simple lens was used which focused on a wall or a drawing board in order
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to trace the image. In the first decade of the 1900, radiology evolved as a medical sub-
specialty after the discovery of x-rays by Wilhelm Rontgen (1845-1923). The extensive use
of x-ray imaging during the second world war, and the advent of the digital computer and
new imaging modalities like ultrasound and magnetic resonance imaging have created a

revolution of diagnostic imaging techniques in the past 25 years (Figure 1).

Image-guided

| cT/MRI surgery

Molecular
Imaging
Endoscopy

Rontgen

Microscopy

Fig. 1. The evolution of observational medical science.

Evolution of imaging towards the molecular level
As we know now, the molecular level determines the properties of biological systems. For
a long time, the mechanisms of causation from genotype to phenotype have remained
obscure. Mendel was not yet aware of the molecules involved in heredity, although he could
show a clear and causative relation between the phenotype of parents and offspring. The
genome age has inversed our view to the biology: knowledge of the primary information
encoded in the genome has guided the analysis of the molecular makeup of the cells.*
Over the past decades, molecular imaging has gained strong influence on medicine
and biology, leading the way in exploiting molecular, biological and genetic information
to develop precise in vivo diagnostic methods. These methods are increasingly precious
for the follow-up and the evaluation of new treatments of many pathological states. A key
paradigm towards further understanding of (patho-) physiological processes was established
with the introduction of real-time imaging technologies: synchronous data capturing and
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processing that results in a direct presentation of the fluorescent images. Using dynamic
imaging modalities, the interaction of molecules in time, space, and condition could be

followed in its natural environment.

Introducing image-guided surgery

From the evolution of vision in the earliest stages of life, to the primitive forms of imaging
in the medieval era, technologies have culminated into the high standards of state-of-
the-art imaging modalities. Currently, we are on the verge of the next step of imaging,
entering the realm of real-time image-guided surgery. This now allows us to introduce
real-time imaging, up to the cellular level, into the operation room. In terms of Plato’s
Sophist, we are thereby trying to create an exact copy of the original. However, in spirit of
the greatest philosophers of our time, we should be aware of the observer’s reference frame
and, consequently, the risk of unintentionally creating a simulacrum that has a different
“objective reality” than the copy that is considered identical to the original by its observers.
This must be bore in mind when exploring a relatively new field as optical image-guided

surgery, and dictates thorough research in the preclinical phase.

Towards optical image-guided head and neck cancer surgery
Although imaging of tumors in the head and neck region has made great progress over
the last decades, translation of these images to the operation field sometimes remains
a challenge for the surgeon. A critical aspect of oncologic surgery is to adequately
discriminate between tumor and normal tissue and consequently determine the tumor-free
margin, which is essential for the prognosis of the patient. Currently, the only way to do
this during surgery is by visual appearance and palpation, which might in part explain the
suboptimal survival rates after surgery. In oral cancer for instance, local recurrence rates of
21.9% have been reported when involved margins are found on histopathology, compared
to 3.9% local recurrences in patients with tumor-free margins.” Involved surgical margins
increase the risk of death at 5 years by 90%.° Nevertheless, in current clinical practice,
involved surgical margins are found in 16-31% of the patients that were operated with the
objective of achieving a macroscopic clearance of 1 cm.”® If close resection margins (<5
mm) are included on top of that, a total of 85% positive or close resection margins has been
reported.®

New intraoperative visualization techniques using near-infrared (NIR) fluorescence
imaging are being developed that could help the surgeon to discriminate between healthy
and cancer tissue.”' The concept of using NIR light has proven a crucial step towards the
application in intraoperative image-guided surgery. Absorption describes the phenomenon
that electromagnetic energy of a photon is taken up by matter, typically the electrons of
an atom. The combination of light absorption by hemoglobin in the visible light spectrum
(<600 nm) and other components (e.g. water and lipids) in the infrared range (>900
nm), offers an optical imaging window from approximately 650 to 900 nm in which the
absorption coeflicient of tissue is at a minimum. Furthermore, light scattering (deflection of

15



16

the path that photons travel after contact with particles or irregularities in the propagation
medium) and fluorescence of normal components of the tissue (i.e., autofluorescence) are
decreased and tissue penetration is increased in this spectrum.

Introduction of real-time imaging technologies into the operating room has the
potential to improve resection of diseased tissue with optimal preservation of healthy
tissue, resulting in image-guided surgery. However, real-time imaging requires specific
targeting to detect malignant cells or tissues, for which multiple strategies can be followed.
Optical imaging is currently considered the optimal technique for intraoperative image-
guided surgery. In optical imaging, the properties of light are exploited to image anatomic
or chemical characteristics of tissue. Imaging of optical contrast can be performed using
either the properties intrinsic to the tissue, or, analogous to many radiolabeled agents,
using antibodies or ligands conjugated to an optically active reporter to target a recognized
disease biomarker. These injectable substances are called fluorescence agents or probes.’
Although a very promising technique, optical image-guided surgery has yet no place in
head and neck oncology.
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Outline of the thesis

In Part I, the current modalities of optical imaging are introduced and reviewed. Chapter
2 focuses on the various techniques, contrast agents, and camera systems that are currently
used for image-guided cancer surgery. Furthermore, an overview is provided of the wide
range of molecular contrast agents that each target specific hallmarks of cancer and the
perspectives on its future use in cancer surgery is described.

In order to investigate the feasibility of these alternative optical imaging strategies for
targeting of head and neck cancers, two different head and neck cancer animal models were
introduced. Using these models, detection of head and neck cancer was performed in vivo,
using various NIR fluorescence agents and subsequent optical imaging. These studies are
described in Part II.

In Chapter 3, an orthotopical animal model of oral cancer and cervical lymph node
metastasis was used. In order to gain optimal tumor-to-background ratios (TBR), activatable
agents were used that contain a cleavage site specific to tumor specific enzymes.'* These
agents are injected in a quenched (i.e., non-fluorescent) state, minimizing fluorescence
at the time of administration. After cleavage by the specific enzyme, the agent becomes
dequenched (i.e., fluorescent) and emits a fluorescent signal of 700 nm. In this study,
we used ProSense680 (PerkinElmer, Waltham, MA), which is activated by cathepsins
(mostly cathepsin B), and MMPSense680 (PerkinElmer), which is activated by matrix
metalloproteinases (MMPs). These proteolytic enzymes are involved in degradation of
the extracellular matrix of the head and neck tumor,'*** and are therefore mainly found in
the invasive tumor front. We aimed to assess the feasibility of protease-activatable optical
imaging for detection of oral cancer and cervical lymph node metastasis.

In Chapter 2, NIR fluorescence agents were described that target the various hallmarks
of cancer. One of these hallmarks, limitless replicative potential of tumor cells, contains
an essential feature of carcinogenesis and is facilitated in part by increased expression of
growth signaling receptors. In Chapter 4, the feasibility of targeted NIR fluorescence optical
imaging was assessed in the aforementioned animal model of oral cancer and cervical
lymph node metastasis. For tumor-specific targeting, agents were used that fluoresce in the
800 nm range and detect increased epidermal growth factor (EGF) receptor expression or
increased tumor glucose metabolism.

In Chapter 3, NIR fluorescence agents were used that fluoresce at 700 nm. Subsequently,
the use of agents that have emission peaks at 800 nm was described in Chapter 4. We
hypothesized that tumor detection could be improved by targeting multiple tumor-specific
characteristics simultaneously with fluorophores that emit light at different wavelengths.
Therefore, in Chapter 5, dual wavelength targeting by NIR fluorescence technologies
for in vivo cancer imaging was explored. In the 700 nm region, ProSense680 and
MMPSense680 (PerkinElmer) were used that detect increased activity of cathepsins and
MMPs, respectively. The use of these agents was combined with NIR fluorescence agents
that emit at 800 nm, which included 2DG CW800 (LI-COR Biosciences), detecting tumor
cells through uptake by the glucose transporter, and EGF CW800 (LI-COR Biosciences),
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which is internalized by the EGF receptor of tumor cells. This study was performed in an
animal model of hypopharyngeal cancer to demonstrate the extensive applicability of the
used agents in head and neck cancers with variable molecular characteristics. Although an
orthotopical tumor model is preferred in order to maintain optimal conditions of the natural
surroundings of the tumor, the cells were injected subcutaneously because inoculation into
the hypopharynx would lead to high risk of dyspnea or suffocation during the earliest stages
of carcinogenesis.

The use of dual wavelength imaging was further exploited in Chapter 6, which focused
on two important aspects of cancer: involvement of avf3 integrins'® and the enhanced
permeability and retention (EPR) effect.” Integrins are transmembrane cell surface
receptors that are involved in cell migration, invasion and extravasation.'® Because these
are all key components in angiogenesis, tumorigenesis and metastasis, integrins have been
distinguished as appealing targets for cancer imaging.'® The EPR effect is a result of abnormal
formation of newly formed tumor vessels. As a result, macromolecules selectively leak out
from tumor vessels and accumulate in tumor interstitial tissues. Therefore, in Chapter 6, a
combination of two NIR fluorescence agents was used that either target integrins or the EPR
effect for clear demarcation of oral cancer in an orthotopical mouse model. Agents were
used that fluoresce at different wavelengths, allowing for simultaneous, dual wavelength
imaging of their signals.

Opverall, optical imaging using NIR fluorescence light is a new imaging modality that has
recently emerged in the field of cancer imaging. After extensive preclinical research, Part
III focuses on the first steps of translation to the clinical practice that are currently being
made. In Chapter 7, the preclinical and clinical results are discussed of NIR optical imaging
for non-invasive detection and classification of tumors, therapy monitoring, sentinel lymph
node procedures, and image-guided cancer surgery. An overview of the preclinical studies
that have preceded the current essential steps of translational medicine is provided, as well
as the future directions of optical imaging.

Finally, the fundamental aspects of optical imaging, its limitations and the challenges
that lie ahead are the focus of Part IV: the General Discussion. In Chapter 8, the basic
aspects of the technique are studied with special attention to its consequences for the clinical
practice. It provides a complete overview of its possibilities and limitations and describes in
detail how optical imaging can become a powerful intraoperative tool in guiding the future
oncologic surgeon towards radical resection and optimal clinical results and will form the
foundation of tomorrow’s medicine. Next, the results of NIR fluorescence imaging of head
and neck cancer in animal models are discussed in Chapter 9, followed by a discussion in
Chapter 10 on the future directions and hurdles that have yet to be overcome in order to
establish a strong foundation on which the field can build the next generation of advances.

In this thesis, we have set the first steps towards detection of head and neck cancer
within the relatively young revolutionary field of optical imaging. In the Conclusion, it is
stated that although there are limitations to the intrinsic capacity of the technique, when
practical and technical surgical possibilities are carefully considered, optical imaging can
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be a very powerful intraoperative tool in guiding the future head and neck surgeon towards

radical resection and optimal clinical results. All results are summarized in an English and

Dutch Summary.
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Abstract

A key aspect for the postoperative prognosis of patients with head and neck cancer is
complete tumor resection. In current practice, the intraoperative assessment of the tumor-
free margin is dependent on visual appearance and palpation of the tumor. Optical imaging
has the potential of traversing the gap between radiology and surgery by providing real-time
visualization of the tumor, thereby allowing for image-guided surgery. The use of the near-
infrared light spectrum offers two essential advantages: increased tissue penetration of light
and an increased signal-to-background-ratio of contrast agents.

In this review, the current practice and limitations of image-guided surgery by optical
imaging using intrinsic fluorescence or contrast agents are described. Furthermore, we
provide an overview of the wide range of molecular contrast agents targeting specific

hallmarks of cancer and we describe perspectives on its future use in cancer surgery.
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Introduction

Over the last decades, imaging technologies have made significant developments, resulting
in their current perpetual role in clinical oncology. The field has expanded greatly and now
comprises various modalities, including ultrasonography (US), computed tomography
(CT), magnetic resonance imaging (MRI), positron emission tomography (PET) and
single-photon-emission computed tomography (SPECT). Because each modality has its
specific advantages and disadvantages, the combination of different techniques has become
standard practice for tumor detection, staging and treatment evaluation.

For the surgeon however, a major challenge remains in the translation of these images
to the operation field. A critical aspect of oncologic surgery is to adequately discriminate
between tumor and normal tissue and consequently determine the tumor-free margin
which is essential for the prognosis of the patient. Nevertheless, currently, the only way to
do this during surgery is by visual appearance and palpation.

Real-time imaging technologies (i.e., synchronous data capturing and processing that
results in a direct presentation of the fluorescent images) could offer the possibility to put
the images right under the hands of the surgeon, warranting intraoperative image-guided
surgery. In order to detect malignant cells or tissues, the various hallmarks of cancer can
be used as a target for imaging strategies: increased growth and growth factor signaling
receptors, limitless replicative potential, sustained angiogenesis, and increased proteolytic
activity resulting in tissue invasion and metastasis (Figure 1).?

The characteristic of increased metabolism is exploited in PET technology, using the
glucose-mimetic 2-deoxy-2-[18F]fluoro-D-glucose (18FDG). Tumor cells most frequently
use glycolysis for energy generation, resulting in an increased glucose metabolism and
the overexpression of glucose transporters (GLUTs).? 18FDG is taken up by metabolically
active cells, making it applicable in a wide range of tumors.* For intraoperative evaluation
of tumor localization and margin status in breast cancer surgery, a hand-held PET-probe
to detect the high-energy gamma rays during surgery has been developed.® This device
was also used in the resection of head and neck cancer, and helped guiding diagnostic
neck dissections.®

Although very useful for diagnostic applications, the PET imaging technology has several
disadvantages for widely used intraoperative practice. Due to its limited spatial resolution,
small tumors (<1 cm) have proven difficult to detect by this hand-held probe.® Furthermore,
the use of PET technology is restricted to specialized centers for logistical, practical, and
financial reasons. Radiochemists, a cyclotron, and specialized waste processing facilities
are required in order to produce the radiopharmaceuticals. Although radiation exposure
for the patient and operation personnel is minimized due to tracer amounts of the very
short-lived agents, the short half-life time limits the time-frame in which the agents have
to be administered. This requires careful planning with the risk of high expenses when an
operation procedure is delayed.
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Fig. 1. Hallmarks of cancer and their targets for optical imaging. EGF, epidermal growth factor;
cRGD, cyclic arginine-glycine-aspartate; VEGF, vascular endothelial growth factor; NIRE near
infrared fluorescence. Reprinted with kind permission from Kroemer, G & Pouyssegur, J; Tumor cell
metabolism: cancer’s Achilles’ heel. Cancer Cell. 2008 Jun;13(6):472-82.

In neurosurgery, intraoperative magnetic resonance imaging (ioMRI)-guided surgery
has been developed during the last two decades.” It allows the neurosurgeon to alter the
surgical approach during the operation to compensate for shifting of the brain, which
usually occurs due to tumor removal, development of brain edema, and loss of cerebrospinal
fluid. However, the introduction of MRI technology into the operation room results into
extended practical, logistical and financial difficulties that do not outweigh the benefits for
general oncological surgery.

Interesting developments have been made in the last years using Raman spectroscopy.
A Raman spectrum is generated by a shift in frequency in the incident excitation light of
tissue, resulting in in-elastic scattering. The shift in frequency is caused by discrete changes
in emergent light, above and below the wavelength of the incident photons, due to the
vibrational frequencies of the bio-molecules that constitute the tissue. There are several
characteristic features of spectroscopy which make it attractive for oncological applications.
Specificlesions can be identified using optical fibers for in vivo measurements. Furthermore,
they do not require the use of dyes, labels or other contrast-enhancing agents, implicating
that tissues can be studied in their native states.
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Various groups have performed Raman spectroscopic studies where spectral differences
have been reported between normal and cancerous lesions. In this way, the detection of
cancers and precancers has been described in skin, mucosal surfaces, and solid organs.®°

These interesting results suggest its relevance to clinical oncological applications. However,
several hurdles have yet to be overcome. The Raman effect comprises a very small fraction
(~11in 107) of the incident photons, resulting in much weaker signals than autofluorescence.
Hence, these signals can be easily masked by the broad-band fluorescence background,
hampering interpretation of the spectra. Additionally, in most of these studies a fiber-optic
Raman probe is required to access the tissues of interest in vivo. Although a necessary and
important step towards a widespread clinical use, such fiber-based Raman technology using
manageable probes with real-time translation software is yet to be developed."

Optical imaging is currently considered the optimal technique for intraoperative image-
guided surgery. In optical imaging, the properties of light are exploited to image anatomic
or chemical characteristics of tissue. Imaging of optical contrast can be performed using
either the properties intrinsic to the tissue, or, analogous to many radio-labeled agents,
using antibodies or ligands conjugated to an optically active reporter to target a recognized
disease biomarker.!

Over the last decade, a significant amount of work has been done in the field of optical
imaging in oncology. In head and neck cancer, a substantial part of the reports have
focused on the intrinsic fluorescence of malignant tissues. This review outlines the various
techniques, contrast agents, and camera systems that are currently used for image-guided
surgery. Furthermore, an overview of the wide range of molecular contrast agents that each
target specific hallmarks of cancer is provided and the perspectives on its future use in
cancer surgery is described.

Tumor detection using intrinsic fluorescence

Autofluorescence refers to the intrinsic fluorescence of the tissue that is excited when
activated by ultraviolet, visible, or near-infrared (NIR) radiation of suitable wavelength.
Because cancerous transformation leads to morphologic and biochemical alterations which
affect the optical properties of the tissue, in some cases the autofluorescence may actually
illuminate the structures of interest and can serve as a useful diagnostic indicator.'?

The preliminary results of detection of oral squamous cell carcinoma using intrinsic
fluorescence have been described by Dhingra et al,”” followed by the first prototype of a
hand-held device in 2004." These results have been promising, and more recently, high
sensitivity and specificity scores have been reported in detecting oral neoplasia.’> '

Muller et al'” combined the intrinsic fluorescence spectroscopy with diffuse reflectance
spectroscopy and light scattering spectroscopy in oral squamous cell carcinoma patients.
Diffuse reflectance spectroscopy is a measurement technique based on detection of
diffusely scattered light, specifically in reflection geometry. When incident light strikes a
surface, the light that penetrates is reflected in all directions, a phenomenon that is called
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diffuse reflectance. Diffusely reflected white light enters the tissue and scatters multiple
times before it is collected at the tissue surface and its intensities can be estimated based on
diffusion theory. The combined use of these techniques, “trimodal spectroscopy”, resulted
in a sensitivity and specificity of both 96 % in distinguishing cancerous and dysplastic
lesions from normal tissue."”

The use of intrinsic fluorescence has also been explored for detection of laryngeal cancer
and tumor precursor lesions.'® ' However, in these studies, not only normal, dysplastic,
and cancerous lesions were compared, but it was also noted that scar formation (e.g. after
surgery or radiotherapy), subepithelial hematoma, minimal amount of blood in the larynx
or hypopharynx, simplex hyperplasia, papilloma without epithelial dysplasia, marked
hyperkeratosis, bacterial colonization, and inflammation could all produce false-positive
findings, thereby limiting the predictive value.?® Therefore, it must be concluded that the
current technique for endoscopic intrinsic fluorescence is not yet superior to the gold
standard of microlaryngoscopy, but might provide significant added value.”

Several counter-arguments regarding the clinical application of intrinsic fluorescence
have emerged over the last years. Determination of the various mechanisms that influence
the signal and its relative contribution has proven to be a complex process.? Even though
some preclinical studies may suggest a correlation between certain components in the
intrinsic fluorescence and the stage of the disease, such correlations have shown to be
difficult to exploit clinically. The measured intrinsic fluorescence signal does not only
depend on the concentration of the fluorophore (i.e. the component of a molecule which
causes a molecule to be fluorescent), but also on the optical properties of the tissue. The
same optical properties influence the color of the tissue. Thus, when the spectroscopic
device is positioned based on visual clues of the lesion, the correlation with malignancy
is lost, resulting in a biased measurement. The work of De Veld et al? illustrated that the
spectroscopy only confirmed the visibility of the lesion with a very high sensitivity, whereas
it could not distinguish between benign and malignant visible lesions. To avoid this bias, one
would either have to find a way to find an invisible lesion, or develop a method to untangle
fluorescence information and the effects of optical properties on the signal. Such methods
are currently under development, but have not yet reached successful clinical application.?

Tumor detection using conventional fluorescence

As mentioned earlier, tumor cells or biomarkers can also be imaged using antibodies or
ligands conjugated to an optically active reporter (i.e. fluorophore). The principle of optical
imaging is based on the concept of signal-to-background ratio (SBR), which is equivalent
to the tumor-to-background ratio (TBR) in cancer imaging. The intensity of the signal must
be increased at least 2 folds in order to be discriminated from nonspecific surrounding
signals. The conventional fluorescence imaging techniques use probes (i.e. an antibody or
ligand conjugated to an optically active reporter that is designed to target a disease-specific
biomarker) in the visible light spectrum (~ 400-600 nm), which results in low SBR due to
the relatively high level of nonspecific background light. A second disadvantage of visible
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light is its absorption by biological chromophores, in particular hemoglobin. Absorption is
the phenomenon that describes how the electromagnetic energy of a photon is taken up by
matter, typically the electrons of an atom. Absorption limits the depth penetration to a few
millimeters. Biological chromophores can also increase the scattering of light. To gain the
required sensitivity and specificity to make optical imaging a potentially useful technique

for image-guided surgery, the light properties of this spectrum are not sufficient.

Tumor detection using near-infrared fluorescence

A crucial step has been made by the introduction of near-infrared (NIR) imaging techniques,
which has led to a revolution in optical imaging. The absorption coefficient of tissue is at
a minimum when using light in the NIR region due to light absorption by hemoglobin in
the visible light spectrum (<600 nm) and other components such as water and lipids in the
infrared range (>950 nm). This results in an optical imaging window from approximately
650 to 950 nm that allows for minimal light absorption and nonspecific autofluorescence,
resulting in an increase in tissue penetration. These features of NIR light provide crucial
advantages for its application in intraoperative image-guided surgery and a wide variety of

strategies can be chosen when targeting specific (tumor) cells.

Near-Infrared Spectroscopy

The intrinsic optical absorption signals of blood, water, and lipid, correlated with increased
hemoglobin concentration due to angiogenesis and decreased hemoglobin saturation due
to hypermetabolism, can be utilized in NIR spectroscopy to detect and localize cancer.*
Diffuse optical imaging is a measurement technique based on detection of diffusely
scattered light. It is used to estimate the average optical properties of tissue at multiple
wavelengths based on diffusion theory. The technology assumes that light propagation
is dominated by multiple scattering and is modeled as a diffusive process where photons
behave as stochastic particles. Semi-quantitative tissue measurements can be obtained
by separating light absorption from scattering using spatially- or temporally-modulated
photon migration technologies. Using diffuse optical tomography techniques® or time-
domain optical mammography?¢ (Softscan®, Advanced Research Technologies, Montreal,
Canada) to measure photon migration through the breast, variations in the functional and
structural NIR properties (e.g. scattering, oxy- and deoxy-hemoglobin concentrations)
were observed, enabling differentiation between benign and malignant tumors.?® However,

these techniques are not directly suitable for intraoperative use.

Non-Targeted Exogenous Contrast Agents

Various nonspecific agents have been developed that are currently available for research
and clinical use (e.g. fluorescein, indocyanine green (ICG), cresyl violet acetate, toluidine
blue, Lugol’s iodine). ICG (emission peak: 830 nm) has optical properties that are suitable
for NIR imaging, which have been exploited for imaging of angiogenesis and identification

of hepatic segments for facilitation of hepatic resection.?”>?® Moreover, promising results
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have been reported in the field of sentinel lymph node mapping, which we will describe
later. In principle, because these agents are not tumor-specific, they are not optimally suited
for determination of the tumor-free margin. Very recently however, real-time demarcation
of small and grossly unidentifiable liver cancers using ICG has been described due to
the disordered biliary excretion of ICG in cancer tissues and noncancerous liver tissues

compressed by the tumor.?®

Non-Targeted Activatable Organic Fluorophores
When focusing on the expansive character of the tumor resulting from upregulation of
proteolytic enzymes, a different strategy can be followed by using activatable fluorophores.
This method allows detection of proteases that are relatively abundant in malignant tissue,
which can be associated with specific characteristics (e.g. invasive, aggressive or metastatic
tendency) of the tumor. These agents are injected in a quenched (i.e. inactivated) state,
resulting in minimal fluorescence at the time of administration. When cleaved by specific
enzymes, the agent becomes dequenched (i.e. activated), and fluorescence can be measured.
Due to the cleavability, these probes have higher SBR when compared to nonspecific probes.
Weissleder et al. have developed a series of such cleavable NIR probes that are activated
by proteases such as cathepsins and matrix metalloproteinases® *' that are currently
commercially available (Visen Medical, Boston, MA). A different quencher mechanism,
using an inhibitory domain made up of negatively charged residues fused to activatable
polyarginine-based cell-penetrating peptides has been described by Tsien et al. for use
in the detection of matrix metalloproteinases.”> However, these agents are not targeting
specific molecules in cancer cells only. Cathepsins and matrix metalloproteinases are also
produced by macrophages and neutrophils, and hence are abundant in inflammatory
tissue® and in cerebral ischemia.** Nonetheless, our preclinical results in rats®* and the

previously mentioned studies are very promising (Figure 2).

Fig. 2. Detection of breast cancer using the non-targeted activatable organic NIRF probe ProSense
680™ in a syngeneic rat model of primary breast cancer. A. 3-dimensional fusion of contrast-enhanced
micro-CT and fluorescence imaging. In collaboration with J. Dijkstra, Division of Image Processing,
LUMC. B. NIRF image-guided resection of one of the primary tumors using the Fluobeam™.
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Targeted Organic Fluorophores

Essential for the limitless replicative potential of tumor cells are the increased metabolism
and expression of growth signaling receptors, combined with increased tumor angiogenesis
to supply sufficient oxygen and nutrients. These characteristics have been exploited as a target
for chemotherapeutics in head and neck cancer (e.g. cetuximab, bevacizumab), but can also
be used for molecular-specific detection of cancer cells (Figure 1). In these agents, the NIR
fluorophore has been conjugated to a specific targeting ligand or monoclonal antibody. Such
agents have shown excellent SBR in whole animals and images can be collected over longer
periods than the short-lived radiotracers labeled with fluorine-18 or carbon-11.

The epidermal growth factor receptor (EGFR) is expressed in the majority of head and
neck squamous cell carcinomas.’® The antibody has been coupled to a fluorophore Cy 5.5
(excitation 678 nm, emission 703 nm) and used to describe in vivo detection of the primary
tumor,” identification of regional and distant metastasis,*® evaluate chemoradiotherapeutic
treatment,* detect residual disease, and guide surgical resections* in head and neck
mouse tumor models (Figure 3). The conjugation of cetuximab to ICG, a nonspecific NIR
fluorophore, has been reported to lack the sensitivity for use in a clinical setting.*'

Production of the vascular endothelial growth factor (VEGF) is upregulated in tumor
cells to promote angiogenesis. This provides a second target for chemotherapy, especially
in recurrent or metastatic disease, as is illustrated by the use of bevacizumab, anti-VEGF
antibody, for head and neck tumors.*> Conjugation of Cy 5.5 to bevacizumab has also been
described in the mouse model that was mentioned earlier, with a sensitivity and specificity
of 80.9% and 91.7%, respectively.*!

Brightfield Fluorescence Imaging

Fig. 3. Cervical metastases in an orthotopic murine model were detected with systemically injected
cetuximab-Cy5.5 conjugate. The primary tongue tumor (A-C) was clearly visualized under fluorescent
imaging after systemic injection of cetuximab-Cy5.5. After removal of cervical skin, bilateral draining
lymph nodes could be identified and confirmed by pathology. Bar 5 2 mm. Reproduced with kind
permission from Gleysteen JP, Newman JR, Chhieng D, Frost A, Zinn KR, Rosenthal EL. Fluorescent
labeled anti-EGFR antibody for identification of regional and distant metastasis in a preclinical
xenograft model. Head Neck 2008;30(6):782-9.
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Instead of conjugation of the fluorophore to a monoclonal antibody, it can also be bound
to a specific ligand, as was illustrated with VEGF and EGE.*»* The latter was conjugated to
the IRdye800CW (Li-Cor Bioscience, Lincoln, NE; excitation 785 nm, emission 810 nm).
Due to the higher excitation frequency, IRdye800CW has much better penetration and SBR
than Cy 5.5 as was illustrated by a comparative study of human breast cancer cell lines in
subcutaneous xenograft models.*>  To image the expansive feature of cancer cells, the use
of CD147 has been proposed as a third target in head and neck cancer imaging.** CD147
is a membrane spanning molecule highly expressed in tumor cells which stimulates the
production of matrix metalloproteinases in neighboring fibroblasts. Analogous to the
previously described studies, this molecule has been conjugated to Cy5.5 and in vivo
fluorescent imaging was possible in a mouse head and neck tumor model.

A fourth tumor characteristic that has been explored for optical imaging is the
transferrin receptor (TfR). This is a cell-membrane internalizing receptor that is largely
responsible for iron sequestration. In normal squamous epithelium, TfR is expressed in
only the parabasal and basal layers at a very low level and rarely in benign lesions; however
it is overexpressed in many head and neck tumors.” Its use has been reported in imaging
of a head and neck tumor mouse model by conjugation of a TfR antibody to Alexa-488
(excitation 494, emission 519), indicating a potential use for non-invasive imaging of head
and neck tumors.*

An exciting new approach, similar to the non-targeted activatable organic fluorophores
described earlier, is the use of quenched fluorophores conjugated to tumor targeting
monoclonal antibodies. This approach was successfully explored by the group of Kobayashi
et al.* They used avidin (targeting the d-galactose receptor) and trastuzumab (anti-HER2)
labeled with the TAMRA (fluorophore)-QSY7 (quencher) pair. After internalization into
the cell, the probe was cleaved, resulting in dequenching and target-specific fluorescence
imaging with high SBR.

In strategies for imaging (tumor) angiogenesis, a crucial concept has been the targeting
of alpha-v-beta-3 (avp3) integrin, a critically important adhesion molecule in the regulation
of angiogenesis. This molecule can be found at the sprouting ends of newly formed blood
vessels but also frequently on many epithelial tumor cells. High expression of adhesion
receptors can be detected when targeting avp3 integrin by cyclic arginine-glycine-aspartate
(cRGD) conjugated to Cy 5.5 or IRdye800CW.* The use of the quenching technique has
been described in this respect as well, by means of a quenched cRGD molecule (RAFT-
c(-RGDfK-)(4)-Cy5-SS-Q) which becomes activated during internalization into the cell.”

Increased avP3 expression can also be visualized by direct binding of a small
peptidomimetic antagonist coupled to a NIR fluorescent dye (VivoTag-S680), known as
IntegriSense (Visen Medical, Boston, MA). IntegriSense has a much higher specificity for
a B, integrin compared to RGD-based probes. It was shown to co-localize at the surface of
both a B, integrin positive endothelial and tumor cells. The signal is additionally enhanced
by the internalization into a 3, integrin positive tumor cells, leading to a slower clearance of
the probe from tumors compared to surrounding tissues.”? This probe has successfully been
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used to visualize liver metastasis from colon cancer in a rat model. It is important to note
that most fluorescent dyes are related to high background signal in the liver, kidneys and
bladder due to biodistribution and clearance of the agent, whereas in this study, the liver
metastases could be clearly demarcated.*

Tumor cell metabolism is upregulated due to nearly all hallmarks of cancer,* leading
to increased expression of membrane glucose transporter proteins (i.e. GLUT) and
consequently increased glucose metabolism. Analogous to PET technology, this aspect can
be targeted using a glucose analogue 2-deoxyglucose (2-DG) conjugated with IRDyeCW800.
Very interesting results have recently been published revealing imaging glucose uptake in
intracranial gliomas using the glucose analogue 2-deoxyglucose (2-DG) conjugated with
IRDye800CW.**

Nanoparticles

Nanoparticles hold an exceptional position in the discussion regarding the feasibility
of fluorescent probes for optical imaging. Quantum dot nanoparticles are small crystals
(2-10 nm diameter), made of inorganic semiconductor materials. They possess several
physical properties that make them appealing for use as imaging reporters. The high
quantum yields result in high signal intensity, enabling detection at lower expression levels
compared to organic fluorophores. In addition, the fluorescence emission spectra can be
tuned depending on their size, allowing for multiplexed imaging. Furthermore, quantum
dot nanoparticles have proven to be photostable and have the possibility to target multiple
biomarkers, due to its ability to contain multiple probe molecules. Finally, multimodal
targeted quantum dot-based nanoparticles coated with a paramagnetic micellar shells
have been described, allowing for both optical and magnetic resonance detection of tumor
angiogenesis (Figure 4).%

However, the toxicity of quantum dot nanoparticles is a serious concern. The problem
is that most quantum dots (albeit a very diverse group of substances) are based on heavy
metal cores (e.g. Cd-Se, Cd-Te), which have been reported to be cytotoxic in their soluble
form due to the release of toxic Cd(2+) ions and their surface chemistry and stability
towards aggregation.””*® These issues raise such significant hazards that, at present, clinical
application of quantum dot nanoparticles does not seem feasible.

Silica nanoparticles have been developed as an alternative to quantum dots that combine
the versatility and functionality of organic dyes with the stability and biocompatibility of
the silica surface.” In a recent study, the biodistribution, including long-term quantitative
tissue distribution, subcellular distribution, and the toxicity of silica nanoparticles were
assessed in a mouse model. The results indicated that the small size of the silica nanoparticles
resulted in high permeability and lengthy accumulation of the agent in lungs, liver and
spleen, and could potentially cause liver injury when intravenously injected.®® Because
size, surface area, surface chemistry, solubility and shape are probably all key features that
play a role in determining the harmful potential for engineered nanomaterials,®' extensive
research will have to be performed over the coming years in order to address these issues.
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Bioluminescence (Luciferase) Fluorescence (RGD-pQDs)

Fig. 4. Magnetic resonance and optical molecular imaging of tumor angiogenesis using alpha-v-beta-3
targeted multimodal quantum dot-based nanoparticles. T2-weighted images (A,E), collected before
the nanoparticles were injected, show the contour of the tumor on the flank. T1-weighted images
(B,C,EG) with TR = 800 ms were measured before (B,F) and 45 min after (C,G) the injection of the
nanoparticles. The arrows in (C,G) indicate bright (positive contrast) regions in the periphery of the
tumor. In D,H, pixels in the tumor with signal enhancement of at least three times the noise level
are color coded according to the pseudo-color scale on the right. I,] Bioluminescence imaging and
fluorescence imaging of a Balb/c nude mouse with a luciferase-expressing renal carcinoma tumor after
injection of luciferin (I). The strong bioluminescence signal is indicative of tumor growth in the right
kidney. This signal colocalizes with a strong fluorescence signal (J) originating from intravenously
administrated nanoparticles that are accumulated in the tumor.

Republished with kind permission from Mulder W], Castermans K, van Beijnum JR et al. Molecular
imaging of tumor angiogenesis using alphavbeta3-integrin targeted multimodal quantum dots.
Angiogenesis. 2009;12(1):17-24.

In conclusion, several strategies are at hand in the optical imaging field using NIR,
with probes that can reach significant SBR and can be combined to increase the specificity
and sensitivity of tumor detection (Figure 5). Because organic fluorophores are more
biocompatible than inorganic agents, it is expected that when using the former agents,
toxicity issues will play a minor role, as illustrated by ICG and fluorescein, which are already
widely used in the clinic. However, for clinical translation of these results, pharmacokinetic
studies are required for each fluorophore or fluorophore conjugate. Furthermore, in order
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Fig. 5. Illustration of the use of two fluorescent agents with emission on different wavelenghts, showing
the simultaneous detection of an MDA-MB231 breast cancer bone metastases in the right hind limb
of a nude mouse. MDA-MB231 cells express relatively high levels of EGFR and are highly osteolytic.
Nonspecific uptake of the probes in the bladder is also shown. A. Fluorescent image showing the
blue signal of MMPSense™ 680; green is tissue autofluorescence. B. Fluorescent image showing the
red signal of IRDye® 800CW EGF; green is tissue autofluorescence C. Fluorescent composite image
showing both signals simultaneously (purple); green is tissue autofluorescence. D. Graphic showing
peak signal intensity of MMPSense™ 680 at 700 nm (blue line), unmixed from autofluorescence (green
line). E. Graphic showing peak signal intensity of IRDye® 800 CW EGF at 800 nm (red line), unmixed
from autofluorescence (green line).

The MMPSense signal covers a larger area compared to the IRDye® 800CW EGF signal. This is most
probably due to the fact that IRDye® 800CW EGF only detects the MDA-MB231 cells, whereas
MMPSense also detects the highly increased osteoclastic bone resorption (ostelytic lesion) as a result
of matrix metalloproteinase-9 expression of resorbing osteoclasts. AF; autofluorescence.

for these applications to be used intraoperatively, the development of suitable camera
systems is required.

Future directions

Intrinsic fluorescence imaging

The use of intrinsic fluorescence in detection of head and neck cancer is expected to be
limited to analyzing lesions that are already suspicious to the naked eye, as was illustrated
by a case report of detection of an occult cancerous lesion during routine oral examination
in a patient which had been treated for cervical lymph node metastasis of unknown
primary tumor.*? In this way, this technique could provide added value in the clinical
setting in the years to come. However, for image-guided surgery, a clear demarcation of
the tumor-free margin is required, necessitating the development of techniques that are
capable of correcting the measured signal for scattering and absorption. In theory, this
information could be provided by differential pathlength spectroscopy, which is currently
being investigated in vivo.®
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Optical image-guided surgery

NIR optical imaging seems a good option for real-time image-guided surgery. If adequate
imaging resolution can be achieved, intraoperative tumor visualization may improve
complete tumor resection without unnecessary damage to healthy tissue and has the potential
to more accurately assess tumor margins during surgery. Moreover, through biochemical
changes involved in the earliest stages of neoplastic development, this technique promises
to identify malignant lesions before they become visible to the naked eye or to currently
available intraoperative imaging modalities.

Considering its wide range of applications, one could wonder why this technique has just
recently emerged. Essentially, the development has been hampered by the lack of suitable
NIR fluorescent probes and dedicated camera systems for the intraoperative visualization
of these probes.

Conventional camera systems are limited to single-band NIR cameras, which have two
drawbacks: they do not enable separation of autofluorescence from fluorescent probe signal,
and it is not possible to correct for geometric and intensity distortions caused by photon-
tissue interactions. Dedicated NIR camera systems that have been used for intraoperative
optical image-guided surgery include the Photodynamic Eye (PDE; Hamamatsu Photonics,
Hamamatsu City, Japan) and a self-build system, the Fluorescence-Assisted Resection and
Exploration (FLARE™) from the Fragioni laboratory (Brookline, MA).** Currently, two
smaller systems have been developed: the Mini-FLARE™ from the Frangioni laboratory and
the Fluobeam from Fluoptics (Grenoble, France) (Figure 6).

Imaging over a range of NIR wavelengths enables correction for photon-tissue interaction
and spectral unmixing of fluorescent signals. Spectral unmixing is the decomposition of the
complete spectrum of a fluorescence signal into a collection of predefined spectra. This
technique is used to determine the individual contribution of each fluorophore, i.e. linear
unmixing. In preclinical studies, spectral unmixing has already proven to be superior to
conventional fluorescence detection and was shown to greatly improve sensitivity and
localization accuracy of NIR cameras.®*” However, these systems are not able to unmix

the signals in real-time, which would be required for intraoperative image-guided surgery.

Fig. 6. Near-infrared intraoperative camera systems. A. FLARE™ camera system (www.frangionilab.
org). B. Artist impression of Fluobeam™ (www.fluoptics.com). C. Artemis™ camera system (www.
O2view.com) D. The Photodynamic Eye (Hamamatsu Photonics, Hamamatsu City, Japan).
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Currently, two new camera systems have been developed that can detect and unmix NIR
fluorescence in real-time. The first system has been developed by the group of Ntziachristos,
which implements a correction scheme that improves the accuracy of epi-illumination
fluorescence images for light intensity variation in tissues. The implementation is based on
the use of three cameras operating in parallel, utilizing a common main objective, which
allows for the concurrent collection of color, fluorescence, and light attenuation images at
the excitation wavelength from the same field of view. The correction is based on a ratio
approach of fluorescence over light attenuation images. Color images and video are used
for surgical guidance and for registration with the corrected fluorescence images. The
second camera system is the Artemis, developed by O2view (Marken, The Netherlands).
The Artemis is a real-time stereoscopic imaging system that combines visible light with NIR
light images. It is equipped with a laser diode and the camera system allows additional 3D
visualization of fluorescent molecules, superimposed on color stereoscopic vision. It has
the potential to make multispectral images because it is using a 5-channel prism (covering
the range from 400 — 1000 nm) enabling to capture images from 5 different CCD/CMOS
sensors simultaneously with 5 different color bands.

Sentinel Lymph Node Mapping
The first steps for translation of this technique to the clinic have been made in sentinel
lymph node mapping. The sentinel lymph node is the first lymph node to which the
lymphatic fluid coming from the tumor drains and in which tumor cells will first
metastasize. Currently, lymphatic imaging is performed using dye-injection, nuclear
imaging, CT and MRL® which each have their specific limitations regarding sensitivity,
resolution, exposure to radioactivity, or practical use. NIR fluorescence imaging allows for
high spatial and temporal resolution without ionizing radiation, making it an easy-to-use
and safe technique. With parallel imaging of visible and near-infrared light, the contrast
agents can be traced to the sentinel lymph nodes in real-time, without affecting the visual
appearance of the surgical field.

Considering the recent clinical results using intraoperative NIR fluorescence cameras®”
or portable NIR imaging devices,” for now, sentinel lymph node mapping is one of the most
promising clinical applications for NIR fluorescence imaging in the field of oncology.

Other Surgical Applications

Intraoperative optical imaging camera systems are being developed resulting in the
detection of a variety of tumors in preclinical studies during surgical procedures. In
addition to intraoperative tumor detection, endoscopic systems are under development for
diagnostic and surgical applications.”

In neurosurgery, the use of 5-aminolevulinic acid (5-ALA) for detection of malignant
gliomas by optical imaging techniques has been recently studied. The intraoperative use for
fluorescence guidance has been described in a phase II trial as an effective adjunct in the
surgery of recurrent malignant gliomas.”
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Clinical availability of fluorescent probes

The use of NIR fluorescence optical imaging in the field of sentinel lymph node mapping is
rapidly expanding in clinical oncology. ICG, approved by the Food and Drug Administration
(FDA) for various other applications, will play a major role in this respect, potentially
demonstrating the clinical advantage over current lymph node mapping protocols.

However, FDA approval of organic fluorophores is a necessary step towards clinical
targeting of tumor specific signals. Once these agents are also found to be safe, it is
anticipated that the initial steps will be taken in conjugating them to already FDA approved
and clinically used monoclonal antibodies (e.g. cetuximab, bevacizumab). In the following
years, FDA approval of the activatable agents is required to fully exploit the possibilities
of optical imaging, and thereby enhance the specificity and sensitivity of this technique.
Furthermore, if the toxicity issues of nanoparticles can be solved, interesting developments
in that field can be expected due to the aforementioned advantages regarding multimodality
and multitargeted imaging. All these developments will have to be accompanied by parallel
development of adequate, manageable, intraoperative camera systems.

Very recently, intriguing research regarding undetectable fluorescence of non-
fluorescent, light-absorbing molecules has been described by stimulating photon emission
techniques.” Although yet far from practical applications, these studies hold promising
possibilities for clinical or even intraoperative use in the years to come.

Conclusion

It is clear that the properties of NIR optical imaging are well suited for real-time fluorescence
imaging during surgery. The technique has the potential to identify malignant lesions
through biochemical changes involved in the earliest stages of neoplastic development before
becoming visible to the naked eye. To achieve this, a combination of the different strategies
that each target specific hallmarks of cancer will most likely be required. Consequently, the
oncologic surgeon will be able to assess tumor margins during surgery and will be guided
toward optimal radical resection without unnecessary damage to the healthy tissues.
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Abstract
Objective

To assess the feasibility of optical imaging using activatable near-infrared fluorescence
(NIRF) agents to detect oral cancer and cervical lymph node metastasis in vivo.

Design

In vivo study.

Setting

University medical center.

Subjects

Female nude mice aged 4-6 weeks.

Intervention

Luciferase-expressing OSC-19-luc cells were injected into the tongues of nude mice. A control
group of nude mice was injected in the tongue with physiological saline. Tumor growth was followed
by bioluminescence imaging. After 3 weeks, animals were randomly allocated to intravenous
administration of 1 of 2 activatable NIRF agents: ProSense680 or MMPSense680. Fluorescence
imaging was performed of the mice and tumor-to-background ratio (TBR) was determined on

histological sections of the tongue and cervical lymph nodes after resection at necropsy.

Main outcome measure

Fluorescence signals.

Results

The fluorescence signals in tongue tumor and cervical lymph node metastases were
significantly higher than those in control animals. Histological analysis demonstrated the
highest proteolytic activity at the invasive tumor border where the extracellular matrix is
degraded. The mean (SD) TBR of ProSense680 in the tongue was 15.8 (8.1) and in the
lymph nodes was 11.8 (3.6). For MMPSense680, the mean (SD) TBR in the tongue was 18.6
(SD=9.4) and in the lymph nodes was 10.5 (4.0).

Conclusions

Oral cancer and cervical lymph node metastases can be detected by targeting increased
proteolytic activity at the tumor borders with NIRF optical imaging. These NIRF agents
could be used for real-time image-guided surgery, which has the potential to improve the
complete surgical resection of oral cancer.

Abbreviations used: BLI, bioluminescence imaging; ECM, extracellular matrix; FLI,
fluorescence imaging; HE, hematoxylin-eosin; MMP, matrix metalloproteinase; NIRE,
near-infrared fluorescence; OSCC, oral squamous cell carcinoma; PET, positron emission

tomography; PBS, phosphate buffered saline; TBR, tumor-to-background ratio.
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Introduction

Intraoperative assessment of tumor-free margins in head and neck cancer surgery is critical
to completely remove the primary tumor and improve prognosis while minimizing surgical
morbidity.! Currently, preoperative assessment of tumor size and involvement of regional
lymph nodes is performed using different imaging modalities. However, in the operating
room, the surgeon is confined to visual appearance and palpation of the tumor and cervical
lymph nodes.

As a result, involved surgical margins have been described in 16% of clinically
radically resected oral and oropharyngeal squamous cell carcinoma (OSCC) specimens.’
Postoperative radiotherapy is often administered in order to decreaselocal recurrence rate.
However, local tumor recurrence for tongue carcinomas after curative intended surgery
has been described in 22% of the patients.? Therefore, new intraoperative visualization
techniques are required to assess tumor margins in real-time (i.e., synchronous data
capturing and processing that results in a direct presentation of the fluorescent images)
and to guide the subsequent surgical removal with adequate tumor-free margins. Optical
imaging using near-infrared fluorescence (NIRF) light has recently emerged as a promising
technique which has the potential to traverse the gap between preoperative radiology and
surgery by providing real-time visualization of tumor tissue, warranting image-guided
surgery.* The features of NIRF light provide crucial advantages for its application in image-
guided surgery, due to light absorption (i.e. uptake of electromagnetic energy of a photon
by the electrons of an atom) by hemoglobin in the visible light spectrum (<650 nm) and
other components such as water and lipids in the infrared range (>900 nm). This results
in an optical imaging window from approximately 650 to 900 nm in which the light
scattering and nonspecific autofluorescence (i.e. fluorescence of normal components
of the tissue) are minimal. Furthermore, the absorption coefficient is very low in this
spectrum resulting in an increase of tissue penetration,* and interference of fluorescence
with the surgical field is prevented due to the insensitivity of human eyes to near-infrared
wavelengths.>*

When targeting specific cancer cells, a wide variety of strategies can be chosen that
each target different tumor characteristics.” To gain optimal tumor-to-background ratios
(TBR), new agents (i.e. antibodies or ligands conjugated to an optically active reporter
that is designed to target a disease-specific biomarker) have been designed that contain a
cleavage site specific to tumor specific enzymes.®® These agents are injected in a quenched
(i.e., non-fluorescent) state, minimizing fluorescence at the time of administration. After
cleavage by the specific enzyme, the agent becomes dequenched (i.e., fluorescent). Next to
increased TBR, the use of activatable agents has a second specific advantage, because they
detect proteases that are associated with specific characteristics, for example the invasive,
aggressive or metastatic tendency of the tumor.

The capability to degrade the extracellular matrix (ECM) surrounding the tumor to access
blood vessels and lymphatic vessels is a prerequisite for tumors to invade and metastasize.
In this process, the same mechanisms that normal cells use for migrating through tissue
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barriers are exploited. Proteolytic enzymes, including matrix metalloproteinases (MMPs),
and cathepsins (mostly cathepsin B) are involved in ECM degradation of OSCC.> '
Increased production of these enzymes has been associated with the invasive and metastatic
phenotype of the tumor.” Tumor-associated MMP expression and activity is the result of
endogenous tumor cell-expression. However, in epithelial cancers, most of the upregulated
MMPs are expressed by host stromal cells surrounding the tumor, especially in areas of
active invasion.'"'* Cathepsin B is mostly upregulated in lysosomes of tumor cells that
are located at the invasive tumor border, where ECM degradation takes place, and hence
the proteolytic activity is increased.” ' Furthermore, Cathepsin D has been described as
a potential independent predictor of cervical lymph node metastasis in head and neck
cancer.” Therefore, NIRF agents that are able to detect these proteases may be of use for
intraoperative detection of OSCC™.

We performed a study to assess the feasibility of protease-activatable optical imaging for
detection of OSCC and cervical lymph node metastasis. To our knowledge, this is the first
study that describes the use of activatable NIRF agents to detect OSCC in vivo.

Materials and Methods

Reagents

The NIRF agent ProSense680 (VisEn Medical, Woburn, MA) with peak excitation at
680 nm and emission at 700 nm was used for imaging of the tumor and involved margins.
ProSense680 is conjugated to the fluorochrome VivoTag-S680 (VisEn Medical), and
becomes activated after cleavage by proteolytic activation of lysosomal cysteine or serine
proteases including cathepsin B. The second agent that was used was MMPSense680 (VisEn
Medical) which is conjugated to the same fluorochrome and has the same fluorescence
characteristics. This agent becomes activated after cleavage by MMPs.

Cell line

For this study, the human OSCC cell line OSC-19-luc was used, which is known to
metastasize to cervical lymph nodes. This cell line was established in Japan with cells from
a patient with squamous cell carcinoma of the tongue that metastasized to a cervical lymph
node.”” The OSC-19-luc cells had been retrovirally infected before with the luciferase
gene to allow bioluminescence imaging (BLI)."* Bioluminescence is the process of light
emission in living organisms. In contrast to fluorescence, bioluminescence does not require
excitation by light, but is generated chemically. In bioluminescence imaging, the DNA of
such an organism that encodes the luminescent protein is incorporated into a laboratory
animal either via a viral vector or by creating a transgenic animal. Bioluminescence imaging
is based on the detection of light produced during enzyme (luciferase)-mediated oxidation
of a molecular substrate when the enzyme is expressed in vivo as a molecular reporter.
The technique enables monitoring throughout the course of disease, allowing localization
and serial quantification of biological processes without killing the laboratory animal. Cells

were grown in vitro in Dulbecco modified Eagle medium supplemented with 10% fetal
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bovine serum, L-glutamine, sodium pyruvate, nonessential amino acids, and a vitamin
solution (Life Technologies Inc, Grand Island, NY).

Cell assays

To test the sensitivity of in vitro detection of OSC-19-luc cells, 2 assays using ProSense680
and MMPSense680 were performed. An increasing amount of cells (range: 0 — 40 000) was
seeded in two 96-wells plates. After 7 hours, ProSense680 (45 nM) was added in 100 uL
per well in the first plate, which incubated on the cells during 24 hours. Medium without
probe was added to other cells in the plate as a control. In addition, the cells were washed
3 times with phosphate buffered saline (PBS) to discard excess non-bound agent according
to previous studies.® Finally, the wells were imaged using the Odyssey™ scanner (LI-COR
Biosciences, Lincoln, NE; focus offset 3 mm, intensity 10, 700 nm channel). The same
protocol was used for the assay of MMPSense680 in the second plate.

Animal model

BALB/c nu/nu female mice, aged 4 to 6 weeks (Charles River Laboratories, LArbresle,
France), were obtained and housed in accordance with the guidelines of the Animal Welfare
Committee of the Leiden University Medical Center, which also approved the study. All
experiments were conducted and the animals were humanely euthanized according to
these guidelines. The animals were housed in the animal facility of the Leiden University
Medical Center. Autoclaved pellet food and sterilized water were provided ad libitum.
The weight of the animals was followed throughout the experiment to monitor their
general health. Throughout tumor inoculation and the imaging procedures, the animals
were anesthetized with 4% isoflurane for induction and 2% isoflurane for maintenance
in oxygen with a flow of 0.8 L/min and placed on an animal bed with an integrated
nose mask.

Study design

To induce an OSCC model, 6 x 10* OSC-19-luc cells, diluted in 30 puL PBS, were injected
submucosally into the distal end of the tongue of 10 BALB/c nu/nu mice. Tumor growth
was followed 2 times a week by BLI and visual inspection of the tongue.

At day 21, mice were randomly allocated to administration of 1 of the 2 activatable
NIRF agents: ProSense680 or MMPSense680. For both ProSense680 and MMPSense680,
a control group (each containing 5 BALB/c nu/nu mice without tumor) was treated with
an injection of physiological saline in the tongue and later intravenously injected with
either of the 2 activatable agents. The agents were injected intravenously (1.33 nmol, 100 uL
per animal) into 1 of the tail veins. Fluorescence imaging (FLI) was performed 24 hours
after injection, based on the blood pharmacokinetics of the agents (VisEn website: www.
visenmedical.com), and the animals were humanely killed afterwards. Subsequently, the
overlying skin of the cervical region was removed for gross examination. After whole
animal FLI, the tongue and cervical lymph nodes were completely excised for additional ex
vivo fluorescence measurements.
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Bioluminescence and Fluorescence Imaging

Currently, BLI is considered the most sensitive imaging technology available. A recent
study’® has shown the ability to pick up a single cancer cell in vitro using the same imaging
systems and luciferase vectors that were used in the present study. Because BLI requires
genetic modification of the cancer cells, this technique is not applicable for clinical use, and
FLI is required to identify the tumor. However, in the experimental setting, BLI can be used
as an internal control to assess co-localization with the fluorescence signal.

Non-invasive BLI was performed by anesthetizing the animals with 2% isoflurane
before and during imaging. An aqueous solution of luciferin (Caliper LifeSciences,
Hopkinton, MA) at 150 mg/kg in a volume of 50 uL was injected intraperitoneally 5 minutes
prior to imaging, after which the animals were imaged using the IVIS 100 imaging system
(Caliper LifeSciences, Hopkinton, MA). Quantification of the BLI signal was performed
through standardized regions of interest using Living Image software (version 3.2, Caliper
LifeSciences, Hopkinton, MA). The FLI of the mouse was performed using the Maestro™
(CRi, Woburn, MA), fitted with the yellow filter with acquisition range of 630-800 nm in
10 nm steps and variable acquisition time.

Histological analysis

After FLI, tongues were surgically removed and snap frozen on dry ice. Subsequently, they
were cut into slices (20 um) and imaged using the Odyssey scanner, followed by imaging
using the EVOS fl fluorescence microscope fitted with a Cy 5.5 filter (Advanced Microscopy
Group, Bothell, WA). Then, tissue sections were air-dried and stained with standard
hematoxylin-eosin.

Cervical lymph nodes were surgically removed and cut into 2 halves. One half was fixed
in 3.7% formalin overnight and paraffin embedded, cut into slices (20 pm), imaged using
the Odyssey scanner, and hematoxylin-eosin stained. The second half was snap frozen to
allow for immunohistochemical analysis. Immunohistochemical staining was performed
on 10-pm-thick fresh frozen tissue sections. Rabbit polyclonal antibodies against wide
spectrum cytokeratin, diluted 1:100, were used (ab9377; Abcam, Cambridge, MA). The
slides were then washed with phosphate-buffered saline and detected with biotinylated
polyclonal goat anti-rabbit immunoglobulins, diluted at 1:600 (E0432; Dako, Heverlee,
Belgium). Slides were counterstained with hematoxylin.

After merging of the fluorescence image with the microscopic image, co-localization
of fluorescence signal with cancer tissue was determined and the TBR was calculated. To
quantify the fluorescence signal regions of interest were drawn in the tumor region, as well
as in the surrounding normal tissue at a range of 2 mm from the invasive tumor border as
described previously."” This was repeated in 3 different slices of the same tissue specimen
resulting in a mean TBR for each specimen, which was subsequently used for calculation of
the overall TBR and standard deviation.
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Statistical analysis

Mean fluorescence intensity and associated standard deviations were assessed using the
Living Image software (version 3.2, Caliper LifeSciences) for BLI data and the Maestro
Software (version 2.10.0, CRi Inc.) for FLI data. Correlation was calculated using the
Pearson correlation test for linear correlations and the Spearman correlation test for
non-parametrical data. Unpaired or paired t-tests were used for testing differences of
fluorescence intensity between groups. Statistical tests were two-tailed and p < 0.05 was
considered significant. For statistical analysis, SPSS for Windows, version 16.0 was used.
GraphPad Prism software (Version 5.01, La Jolla, CA) was used for generation of graphs
and merging of fluorescence images with microscopic images was performed using Cyttron
Visualization Platform (Version 1.3, Leiden University, The Netherlands).

Results

In vitro

The fluorescence intensity of ProSense680 was significantly correlated with the number of
OSC-19-luc cells (correlation coeflicient: 0.968, p < 0.01, Fig. 1). This finding suggests that
ProSense680 is activated by OSC-19-luc cells, indicating its potential use for in vivo testing.
No correlation was observed using MMPSense680, most likely because activity of matrix
metalloproteinases is mainly increased in the surrounding tissue of cancer cells''? and,

therefore, is not detectable in cell culture.
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Fig. 1. Correlation of fluorescence and increased number of OSC-19-luc cells in vitro for ProSense680,
MMPSense680 and medium (control). Data points represent the mean; error bars indicate the
standard deviation.
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In vivo
Seven days after inoculation of the OSC-19-luc cells, tongue tumors had developed in all 10
mice which could be followed by BLI signal (Fig. 2, A). After 11 days, BLI signal indicated
uni- (n=1) or bilateral (n=9) cervical lymph node metastases in all animals (Fig. 2, B).
Tumor growth as a function of time (including standard deviation) is illustrated in Fig. 2, C.
No BLI signal was found in the control animals. When FLI was performed after resection
of the overlying skin in the control animals, a low-level background signal of both agents
was observed in the tongue and cervical lymph nodes (Fig. 3, A+D). In the animals with
OSCC, cervical lymph node metastases were not distinguishable by gross examination after
resection of the overlying skin. However, the fluorescence images showed clear demarcation
of tumor regions in both the tongue tumor and cervical lymph node metastases (Fig. 3,
B+E). Furthermore, quantitative comparison between tumor and control animals (n = 5

per group) demonstrated significantly higher signals in malignant tissues for ProSense680
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Fig. 2. Monitoring oropharyngeal squamous cell carcinoma (OSCC) tumor growth. A. Image of a
mouse with OSCC tumor at day 14. B. Bioluminescence image (BLI) of a mouse with OSCC tumor at
day 14 illustrating increased BLI signal in tongue and bilateral cervical lymph nodes. C. Increase in
BLI signal as a function of time indicating tumor growth in all animals (n=10). Data points represent
the mean; error bars indicate the standard deviation.
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Fig. 3. Uptake of activatable near-infrared fluorescence agents ProSense680 and MMPSense680 in control
animals and mice with oropharyngeal squamous cell carcinoma (OSCC). Pseudocolored fluorescence
imaging (FLI) signal (red) of a control mouse and a mouse with OSCC is shown for ProSense680
(A, B) and MMPSense680 (D, E). The emission peaks of both agents at 700 nm are demonstrated
(C, F). Differences in FLI signal intensity between tumor and control animals of ProSense680 and
MMPSense680 are illustrated in (G) and (H). Error bars represent the standard deviation.

(tongue: p =.02; lymph nodes: p <.001) and MMPSense680 (tongue: p = .02; lymph nodes:
p =.01) (Fig. 3, G+H).

Histologic analysis

Histologic analysis of the tissues by a pathologist confirmed the presence of OSCC in the
tongue specimens of all 10 mice that had been inoculated with the OSC-19-luc cells (Fig. 4
+5). Furthermore, squamous cell carcinoma metastases were found in the lymph nodes that
had an increased BLI signal (Fig. 6). No tumor was found on HE or immunohistochemical
staining analysis in the lymph nodes without BLI signal.

High fluorescence signal of ProSense680 was found in the invasive border of the
tongue tumor (Fig. 4, B+C), which is the region where cathepsin activity is increased to
facilitate degradation of the ECM. As with cathepsins, MMPs are mainly active in the direct
surrounding tissue of the tumor, corresponding with the region where the fluorescence
signal of MMPSense680 was found (Fig. 5, B+C).

The mean (SD) TBR of ProSense680 in the tongue was 15.8 (8.1) and in the lymph nodes
was 11.8 (3.6). For MMPSense680, the mean (SD) TBR in the tongue was 18.6 (9.4) and
in the lymph nodes was 10.5 (4.0, Fig. 7). Subsequent imaging with brightfield microscopy
with fluorescence overlay confirmed these findings (Fig. 8).
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Fig. 4. Localization of ProSense680 in histologic sections of tongue tissue with oropharyngeal
squamous cell carcinoma. A. Hematoxylin-eosin staining indicating tumor (T) and normal (N)
tissue. Tumor border is indicated by a dotted line. B. Fluorescence signal (pseudocolored in green).
C. Overlay image illustrates ProSense680 in the invasive front of the tumor.

is enhanced in the invasive border (IB) of the tumor (T) (A-C). FLI signal of MMPSense680 is found
in the invasive tumor border as well as in the surrounding host stromal cells (D-F). N = normal tongue
tissue, IB = invasive border, T = tumor.

Discussion

In this study, OSCC with cervical lymph node metastasis was established in all the animals.
Using optical imaging techniques to image the 2 activatable NIRF agents, ProSense680 and
MMPSense680, we detected tongue tumor and cervical lymph node metastases. Histologic
analysis demonstrated that proteolytic activity by cathepsins was highest at the invasive
tumor border. This is explained by the upregulation of cathepsin B in lysosomes of tumor cells
that are located at the invasive tumor border in order to degrade the ECM.>!* These findings
are in accordance with a study by Mieog et al,’” who demonstrated the use of ProSense680
for surgical removal of mammary cancer in a rat model. They demonstrated complete

removal of the tumor under direct, real-time NIRF guidance using an intraoperative optical
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1 mm

Fig. 5. Imaging of histological sections of cervical lymph nodes with OSCC metastasis. I vivo, these lymph
node metastases had been indicated by BLI and FLI signal. A. Overview image of immunohistochemistry
on a cervical lymph node; the dotted square indicates the area of magnification. B. Magnification (10x)
illustrates immunohistochemical coloring of humane OSCC cells in the border (white arrows). C. Paraffin
section of a different OSCC positive cervical lymph node (black arrow) in surrounding connective and
adipose tissue. D. Pseudocolored (green) fluorescence signal of MMPSense680. E. Overlay image of C
and D indicating fluorescence signal inside the tumor positive node.

imaging camera system. On histologic analysis, MMP activity was mainly increased at the
invasive tumor border and tumor surrounding host stromal cells, which is a well-known
feature of epithelial cancers.!"?

In cancer surgery, detection of involved margins is essential for complete removal of the
tumor. Therefore, it might be more important to show the border of the tumor, including
the involved surrounding matrix, than the tumor mass itself. A high fluorescence signal
of the tumor mass itself could potentially outshine the tumor resection margin, thereby
prohibiting accurate determination of the tumor border.

A second interesting feature of MMPs is that increased activity can be used as a

predictor for progression from oral dysplasia to cancer.’® In this way, NIRF imaging using
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Fig. 6. Tumor-to-background ratio (TBR) of ProSense680 and MMPSense680 in histological sections
of tongue tissue and cervical lymph nodes.
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Fig. 7. Brightfield image with fluorescence overlay (emission ~ 700 nm) showing increased fluorescence
signal (pseudocolored red) of ProSense680 (A) and MMPSense680 (C) at the invasive tumor front
(10x magnification). Corresponding tissue samples with HE staining are shown in B and D.
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ProSense680 MMPSense680
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Fig. 8. Brightfield image with fluorescence overlay (emission ~ 700 nm) showing increased fluorescence
signal (pseudo-colored red) of ProSense680 (A) and MMPSense680 (B) at the invasive tumor front
(indicated by white arrows). Corresponding tissue samples with HE staining are shown in C and D,
demonstrating the tumor border (black arrows).

MMPSense680 could potentially be used for tumor screening, follow-up of premalignant
lesions, or tumor detection, which would be of great value for the current clinical practice.
It is generally accepted that a TBR greater than 2 is sufficient to critically distinguish the
fluorescence signal from the background during surgery.’ In the present study, TBR was
assessed on histology within 2 mm of the invasive border. Values ranged from 15.8 to 18.6
for tongue tissue, and 10.5 to 11.8 for lymph nodes. This strongly indicates the feasibility of
the use of both agents for real-time image-guided surgery. Based on the present results, it
is expected that these agents could be used for detection of cervical lymph node metastases
in patients.

The ultimate goal of image-guided head and neck cancer surgery is complete removal of
the tumor. However, further research is required to determine whether this technique will
actually lead to more radical resections in clinical practice. Furthermore, before clinical
studies can be performed, approval by the Food and Drug Administration to use these
agents in patients is required.
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Conclusions

In conclusion, oral cancer and cervical lymph node metastases can be detected by targeting
increased proteolytic activity at the tumor borders with NIRF optical imaging. This strategy
could be used for real-time image-guided surgery, which can potentially improve the
complete surgical resection rate in patients with oral cancer.
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Abstract
Background

In oral cancer surgery, intraoperative optical imaging could help the surgeon to determine
adequate tumor-free margins.

Methods

Tumor-specific near-infrared fluorescence agents targeting epidermal growth factor
receptor (CW800 EGF) or glucose transporter system (CW800 2-DG) were administered
to mice with tongue carcinoma and cervical lymph node metastases. Tumor growth was
followed by bioluminescence imaging. Fluorescence signals were compared to a control
group of healthy animals.

Results

Significantly higher fluorescence was found in tongue tumors and cervical lymph node
metastases compared to control animals. Fluorescence correlated with histopathology.
Tumor-to-background ratio of CW800 EGF in the tongue was 13.8 (SD = 6.1) and in the
lymph nodes 15.7 (SD = 8.8). For CW800 2-DG, the tumor-to-background ratio in the
tongue was 4.6 (SD = 2.1) and in the lymph nodes 33.9 (SD = 18.4).

Conclusions
Optical imaging can be used to detect oral cancer and cervical lymph node metastases and
could potentially improve complete surgical resection by real-time image-guided surgery.

Abbreviations used: ECM, extracellular matrix; GLUT, glucose transporter; HE, hematoxylin-
eosin; MMP, matrix metalloproteinase; NIR, near-infrared; OSCC, oral squamous cell

carcinoma; PET, positron emission tomography; PBS, phosphate buffered saline.
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Introduction

In daily practice of oral cancer surgery, intraoperative determination of adequate tumor-
free margins is performed by palpation and visual inspection. However, involved surgical
margins have been reported in 16% of the patients with oropharyngeal or oral squamous
cell carcinoma (OSCC) that were operated with the primary objective of achieving a
macroscopic clearance of 1 cm.! Furthermore, local recurrence rates of 22% have been
reported in patients treated for tongue carcinomas with curative intended surgery.? New
intraoperative visualization techniques using near-infrared (NIR) fluorescence optical
imaging are being developed, that could help the surgeon to discriminate between healthy
and cancer tissue.” * NIR fluorescence agents that target specific tumor characteristics
provide the possibility of real-time image-guided surgery.’

The essence of optical image-guided cancer surgery revolves around a sufficient tumor-
to-background ratio to accurately distinguish tumor from healthy tissue. Due to light
absorption by hemoglobin in the visible light spectrum (<650 nm) and other components
such as water and lipids in the infrared range (>900 nm), the near-infrared region offers
optimal fluorescence characteristics to provide sufficient tumor-to-background ratios.
Fluorophores that emit light at the 800 nm region have increased penetration depth and
lower non-specific fluorescence due to lower absorption coefficients of tissues, compared
to fluorophores that emit at lower wavelengths. These fluorescence characteristics result in
better tumor-to-background ratios and sensitivity.*”

Many targeting strategies have been proposed to detect head and neck cancer by NIR
fluorescence optical imaging.® Limitless replicative potential of tumor cells, an essential
feature of carcinogenesis, is facilitated in part by increased expression of growth signaling
receptors. In the majority of head and neck cancers, increased expression of the epidermal
growth factor (EGF) receptor is found,’ providing a potential target for tumor imaging.
A second feature of tumor growth is exploited in positron emission tomography (PET)
technology, by targeting the increased metabolism of cancer cells using the glucose-mimetic
2-deoxy-2-[18F]fluoro-D-glucose (18FDG)." Recently, two NIR fluorescence agents have
been developed for optical imaging that target these characteristics. Increased EGF receptor
expression can be targeted by a recombinant of human EGF which has been labeled to
a fluorophore that fluoresces in the 800 nm region (CW800 EGF, LI-COR™ Biosciences,
Lincoln, NE).!"" A fluorescent analogue to 18FDG (CW800 2-DG, LI-COR Biosciences), has
been used to target increased glucose uptake in tumors."

The purpose of this study was to assess the feasibility of targeted NIR fluorescence
optical imaging of OSCC and cervical lymph node metastasis in an animal model. For
tumor-specific targeting, agents were used that fluoresce in the 800 nm range and detect
increased EGF receptor expression or increased tumor metabolism.
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Materials and Methods

Animal model
The study protocol was approved by Animal Welfare Committee of the Leiden University
Medical Center. Housing of the BALB/c nu/nu female mice (aged 4 to 6 weeks, Charles
River Laboratories, UArbresle, France), conducting of the experiments, and euthanizing
were performed in accordance with the guidelines of this Animal Welfare Committee.
Autoclaved pellet food and sterilized water were provided without restriction. The weight of
the animals was followed throughout the experiment to monitor their general health state.
To develop orthotopic oral cancer mouse models, OSC-19-luc cells were used that
had been kindly received from the laboratory of Prof. J.N. Myers, MD, PhD, University
of Texas, M.D. Anderson Cancer Center, Houston. This cell line was established with cells
from a patient with OSCC of the tongue that metastasized to a cervical lymph node and has
been described to have increased expression of EGF receptor.”® To allow bioluminescence
imaging, the OSC-19-luc cells had been retrovirally infected with the luciferase gene.”
Cells were grown in vitro in Dulbecco modified Eagle medium (DMEM, Gibco, Invitrogen)
supplemented with 10% fetal bovine serum, L-glutamine, sodium pyruvate, nonessential
amino acids, and a 2-fold vitamin solution (Life Technologies Inc, Grand Island, New York).
The cells (6 x 10* OSC-19-luc cells, diluted in 30 uL phosphate buffered saline (PBS))
were inoculated submucosally into the distal end of the tongue of the animals as described
previously."* Throughout tumor inoculation and imaging procedures, the animals were
anesthetized with 4% isoflurane for induction and 2% isoflurane for maintenance in oxygen
with a flow of 0.8 L/min and placed on an animal bed with an integrated nose mask.

Bioluminescence and Fluorescence Imaging

Bioluminescence imaging is currently considered the most sensitive imaging technology
available. In contrast to fluorescence, bioluminescence does not require excitation by
light, but is generated chemically. Bioluminescence imaging is based on the detection of
light produced during enzyme (luciferase)-mediated oxidation of a molecular substrate
when the enzyme is expressed in vivo as a molecular reporter. The technique enables
monitoring throughout the course of disease, allowing localization and serial quantification
of biological processes without killing the laboratory animal. Recent reports have shown
the ability to pick up a single cancer cell in vivo, using the same imaging systems and
luciferase-vectors that were used in our study.” However, because bioluminescence imaging
requires genetic modification of the cancer cells, this technique is not applicable for clinical
use and fluorescence imaging is required to identify the tumor. To follow tumor growth
non-invasively, bioluminescence imaging was performed by intraperitoneal injection
of an aqueous solution of luciferin (Caliper LifeSciences, Hopkinton, MA) at 150 mg/kg
in a volume of 50 puL, 5 minutes prior to imaging, followed by imaging of the animals
using the IVIS Spectrum imaging system (Caliper LifeSciences). Quantification of the
bioluminescence signal was performed through standardized regions of interest using
Living Image software (version 3.2, Caliper LifeSciences).
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For fluorescence imaging, 2 NIR fluorescence agents were used that were coupled to
the IRDye CW800 (excitation 774 nm, emission 789 nm). The first agent, CW800 2-DG
(LI-COR Biosciences), has been described to detect increased glucose uptake, mainly by the
glucose transporter (GLUT)-1."2 Although the exact mechanism is yet unknown, blockage
of uptake of the agent with either unlabeled 2-DG or glucose has been reported, as well as
localization in the cytoplasm, indicating involvement of the GLUT system. Contrary to
GLUT-4, which are mainly found in striated muscle tissue,'® GLUT-1 are found in stratified
squamous epithelia and are upregulated in OSCC'¢; association with poor prognosis in
patients has been described.”” The second agent was CW800 EGF (LI-COR Biosciences), a
fluorophore labeled recombinant of human EGE"

Whole-body fluorescence imaging was performed using the Maestro™ scanner (CRi,
Woburn, MA), fitted with the deep-red filter with acquisition range of 700-950 nm in 10 nm
steps and variable acquisition time. A mirror was placed along both sides of the animal to
include anterolateral views. Imaging of histological sections of excised tongue tissue and

cervical lymph nodes was performed using the 800 nm channel of the Odyssey scanner.

Study design
The sensitivity of both agents for detection of OSC-19-luc cells was tested in vitro with a cell
binding assay according to previous experiments.'>'? An increasing amount of cells (range:
0 - 40 000) was seeded in a 96-wells microtiter plate. As a control, an assay of medium only
(i.e., autofluorescence) and an assay of non-specific IRDye CW800 carboxylate (LI-COR
Biosciences) were included. The cells were starved for 2 hours in serum-free low-glucose
DMEM and incubated with CW800 2-DG (5 uM in 100 uL) at 37°C during an additional
hour. For CW800 EGF and IRDye CW800, starvation media were replaced with media
containing IRDye CW800 only (50 nM in 100 uL) or CW800 EGF (50 nM in 100 uL), and
incubated at room temperature (25°C) for 15 minutes. Specificity of the NIR fluorescence
agents was evaluated by competition assays in which starvation media were replaced with
media containing increasing concentrations of unlabeled EGF (4-2140 nM, AF-100-15,
Peprotech, Rocky Hill, NJ) plus CW800 EGF (70 nM), or increasing concentrations of
unlabeled D+ glucose (0.8-375 uM) plus CW800 2-DG (5 uM). The assays were stopped by
fixation with 4% formaldehyde solution for 20 minutes and washed four times with PBS to
get rid of excess non-bound agents. Finally, the wells were imaged using the 800 nm channel
of the Odyssey scanner (LI-COR Biosciences; focus offset 3 mm, intensity 8).

In the animal experiment, OSC-19-luc cells were inoculated into the tongues of
14 BALB/c nu/nu mice. Tumor growth was followed twice a week by bioluminescence
imaging and visual inspection of the tongue. Due to small tongue sizes, comparison of
fluorescence signals between tumor and healthy surrounding tongue tissue was not
possible. Therefore, we introduced a control group of 14 BALB/c nu/nu mice that were
injected in the tongue with physiological saline. After 3 weeks, mice of both groups were
randomly allocated to intravenous administration of CW800 2-DG or CW800 EGF in one
of the tail veins (10 nmol for CW800 2-DG and 1.33 nmol for CW800 EGF, 100 pL per
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animal). Based on the blood pharmacokinetics of the agents (LI-COR Biosciences website:
www.licor.com), whole-body fluorescence imaging was performed 24 hours after injection.
First, the animals were killed and the overlying skin of the cervical region was removed
for gross examination. Subsequently, whole-body fluorescence imaging was performed,
followed by complete excision of the tongue and cervical lymph nodes for additional ex
vivo fluorescence measurements and histological analysis.

The excised tongues and cervical lymph nodes were frozen on dry ice or paraffin
embedded and fixed in 3.7% formalin overnight. Next, tissues were cut into 3 slices
(10-20 pm) and imaged using the Odyssey scanner. After imaging, histological sections
were air-dried and stained with standard hematoxylin-eosin stain. Lymph nodes were also
stained with anti-human wide spectrum cytokeratin staining (Abcam Inc, Cambridge, MA)
to help to identify smaller cervical lymph node metastases.

On histologic sections, colocalization of fluorescence signal with cancer tissue
was determined after merging of the fluorescence image with the microscopic image.
Subsequently, the tumor-to-background ratio in the histological sections was determined.
The fluorescence signal was quantified by drawing regions of interest in the tumor region,
as well as in the surrounding normal tissue at a range of 2 mm from the tumor border as
described previously.'® For each separate tissue specimen, the mean tumor-to-background
ratio of all 3 slices was calculated.

Statistical analysis

Using the Living Image software (version 3.2, Caliper LifeSciences) for bioluminescence
data and the Maestro Software (version 2.10.0, CRi Inc.) for fluorescence data, fluorescence
signal was measured using standard regions of interest. Statistical analysis was performed
using SPSS for Windows, version 16.0. For bioluminescence and fluorescence imaging,
mean signal intensity and associated standard deviations (SD) were reported. Unpaired
or paired t-tests were used for testing differences of fluorescence intensity between tongue
tissue with and without tumor. To calculate linear correlations, the Pearson correlation test
was used, and the Spearman correlation test was performed for non-parametrical data.
Statistical tests were two-tailed and p < 0.05 was considered significant. Generation of
graphs was performed using GraphPad Prism software (Version 5.01, La Jolla, CA). For
merging of fluorescence images with microscopic images, Cyttron Visualization Platform
(Version 1.3, Leiden, The Netherlands) was used.

Results

In the in vitro cell assay, the increased number of OSC-19-luc cells correlated significantly
with an increasing fluorescence signal for both NIR fluorescence agents (Figure 1, a). The
correlation coeflicient was 0.984 for CW800 EGF (p=0.01) and 0.997 for CW800 2-DG
(p=0.01), indicating the potential use of these agents for further in vivo testing. Very low
signals of the non-specific unconjugated IRDye CW800 carboxylate and medium were
seen, independent from the increasing number of tumor cells. The specificity of the agents
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Fig. 1. Targeting specificity of CW800 EGF and CW800 2-DG to OSC-19-luc cells in vitro.
A. Increasing numbers of cells correspond with increasing fluorescence signal of both agents, but not
with fluorescence signals of non-specific CW800 IRDye carboxylate and medium. B. Competition
experiments of CW800 EGF (70 nM) and increasing concentrations of free unlabeled EGF indicate
high specificity. C. Competition experiments of CW800 2-DG (1 uM) and increasing concentrations
of free unlabeled D+ glucose indicate high specificity. Data points represent the mean; error bars
indicate the standard deviation.

for the EGF and GLUT-1 receptors on the tumor cells was evaluated by competitions with
unlabeled EGF (Figure 1, b) and unlabeled D+ glucose (Figure 1, c). Both unlabeled EGF
and D+ glucose reduced fluorescence in a concentration dependent manner.

In all 14 mice, tongue tumors had developed within 1 week after the inoculation with
OSC-19-1uc cells which could be detected as a bioluminescence signal. Four days later, all
animals had uni- (n = 4) or bilateral (n = 10) cervical lymph node metastases in the neck,
indicated by bioluminescence signals (Figure 2, a). Tumor growth as a function of time
(including standard deviation) is illustrated in Figure 2, b.

In the 14 control animals, a low-level background fluorescence signal of both agents
was observed in the tongue and cervical lymph nodes after resection of the overlying skin.
However, in the animals with OSCC, fluorescence imaging showed clear demarcation
of tumor regions in the tongue (Figure 3). Furthermore, although cervical lymph node

metastases were not distinguishable by gross examination, fluorescence imaging revealed
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Fig. 2. Monitoring OSCC tumor growth. A. Image of a mouse with OSCC tumor at day 14.
B. Bioluminescence image of a mouse with OSCC tumor at day 14 illustrating increased signal in
tongue and bilateral cervical lymph nodes. C. Increase in bioluminescence signal as a function of time,
indicating tumor growth in all animals (n=14). Data points represent the mean; error bars indicate
the standard deviation.
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Fig. 3. Uptake of NIR fluorescence agents CW800 EGF and CW800 2-DG in animals with OSCC.
Pseudocolored fluorescence signal (red) in the tongue and cervical lymph nodes with emission peaks
at 785 nm is shown for CW800 EGF (A, B) and CW800 2-DG (C, D). Removed skin in an animal with
OSCC and cervical lymph node metastasis is illustrated in E. Mean fluorescence signals of CW800
EGF (F) and CW800 2-DG (G) in the tongue and lymph nodes of mice with tumor and control mice
are demonstrated. Error bars indicate the standard deviation. RAL; right antero-lateral view, F; frontal
view, LAL; left antero-lateral view.
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high signal intensity in cervical lymph node metastases that were also identified by
bioluminescence (Figure 3).

When comparing the fluorescence signal in tongue and lymph nodes of tumor and
control animals quantitatively, the signal intensity in malignant tissue was significantly
higher for both CW800 EGF (tongue: p = 0.020, lymph nodes: p = 0.005) and CW800 2-DG
(tongue: p = 0.003, lymph nodes: p < 0.001, Figure 3).

A pathologist confirmed the presence of OSCC in the tongue specimens of all 14 mice
that had been inoculated with the OSC-19-luc cells. Colocalization of OSCC with
fluorescence signal in the histological sections is demonstrated in Figure 4. As expected,
lower fluorescence signals were found in the superficial layers of the tongue sections due
to expression of EGF receptor and GLUT-1 in the normal squamous cell epithelium.” '¢
Furthermore, OSCC metastases were found in all cervical lymph nodes that had shown
increased bioluminescence signal, which also corresponded with fluorescence signal
(Figure 5). On the histological sections, the tumor-to-background ratio of CW800 EGF
in the tongue was 13.8 (SD = 6.1) and in the lymph nodes 15.7 (SD = 8.8). For CW800
2-DG, the tumor-to-background ratio in the tongue was 4.6 (SD = 2.1) and in the lymph
nodes 33.9 (SD = 18.4, Figure 6). No tumor was found in the negative lymph nodes on
hematoxylin-eosin or immunohistochemical staining analysis.

CW800 2-DG

Cws800 EGF .-

Fig. 4. Fluorescence signal (pseudocolored in green) corresponds to histolopathological prescence of
OSCC in the tongue. A-C. Paraffin section of tongue with OSCC showing colocalization with CW800
EGE. D. A detail of (A) demonstrating tumor tissue (magnification 10x) F-H. Cryosection of tongue
with OSCC showing colocalization with CW800 2-DG. A detail of (F) is shown in E (magnification
10x). T; Tumor.
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Cwa800 EGF Cwa800 2-DG

Fig. 5. Cervical lymph nodes with OSCC metastasis. A. Paraffin section of an OSCC positive cervical
lymph node (LN) surrounded by connective tissue and adipose tissue (AT). Pseudocolored (green)
fluorescence signal of CW800 EGF (B) and overlay image (C) are shown. D. Cryosection of a cervical
lymph node demonstrating immunohistochemical coloring of humane OSCC cells in the border
(black arrows). E. Tumor positive areas correspond with pseudocolored (green) fluorescence signal of
CW800 2-DG (E, F). All lymph node metastases had been indicated in vivo by bioluminescence and
fluorescence signal.

Discussion

Intraoperative detection of OSCC with sufficient sensitivity could lead to more adequate
assessment of the tumor margin and consequently better survival and functionality
after surgery. This study describes the establishment of OSCC with cervical lymph node
metastases in an orthotopic animal model and the subsequent detection of the tumors using
NIR fluorescence optical imaging.

Contrary to earlier studies describing detection of head and neck cancer using Cy 5.5 as
a fluorophore (emitting at a wavelength of approximately 695 nm),"?' we used the IRDye
CW800 which has better fluorescence characteristics for image-guided surgery purposes.®

In vitro, tumor-specificity of both agents was demonstrated. In vivo, co-localization was
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Fig. 6. Tumor-to-background ratio of both NIR fluorescence agents in histological sections of tongue
and cervical lymph nodes.

found between the fluorescence and bioluminescence signal coming from luciferase-
expressing OSCC cells. Further analysis on histological level confirmed the co-localization
of fluorescence with histopathology and allowed determination of subsequent tumor-to-
background ratios on histological sections (Figures 4-6). In previous experiments, we
showed that no intratumoral fluorescence was seen after injection of non-specific polymers
conjugated to the IRDye CW800, emphasizing tumor-specificity of the current agents
(Supplementary Figure 1).%

Furthermore, since the first steps of optical imaging in head and neck cancer were made
using fluorescently labeled cetuximab (targeting EGF receptor)? or bevacizumab (targeting
vascular endothelial growth factor receptor),” many other strategies for tumor targeting
have been described. Over the last years, this has led to an interesting range of possibilities
for optical imaging of head and neck cancer.® The current study uses a fluorophore labeled
recombinant of human EGF and a fluorescence agent analogous to 18FDG, 2 new targeting
agents suitable for optical imaging of head and neck cancer. In the histologic sections,
fluorescence signal of both agents was also found at the squamous cell epithelium of the
tongue, indicating a positive control for the targeted receptors that are prevalent in normal
tongue epithelium.”'¢

Sufficient tumor-to-background ratio is the core principle of image-guided cancer
surgery. Within 2 mm from the tumor border, we report tumor-to-background ratios of
the agents varying between 4.6 and 33.9 depending on the agent and imaged tissue. These
results suggest the potential use of these agents for improved resection of tumor margins by
optical image-guided surgery.

Furthermore, the use of optical imaging for detection of cervical lymph node metastases

seems feasible. Currently, important research is focusing on detection of sentinel lymph
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nodes in T1-2 oral cancers using non-tumor-specific radiotracers.”” However, optical
imaging of cervical lymph nodes using tumor-specific agents could eventually prevent the
time-consuming step of intraoperative pathological analysis of fresh frozen tissue sections.
NIR fluorescence agents could be used for staging of the neck, but because penetration
depth is limited, adequate wide-field camera systems are required to reach sufficient
sensitivity. Fluorescence microscopes could be used for microlaryngoscopy, but these
intraoperative microscopes are not suited for open head and neck cancer surgery because
these systems do not provide the wide-field epiluminscence imaging which is required to
image the whole tumor and its surroundings. Therefore, various intraoperative camera
systems are currently being developed that each have different sensitivity and resolution
properties than the Maestro system that was used in this study. These systems include the
Photodynamic Eye (PDE; Hamamatsu Photonics, Hamamatsu City, Japan), the SPY Imaging
System (Novadagq, Bonita Springs, Florida), the Fluobeam (Fluoptics, Grenoble, France),'
and the Fluorescence-Assisted Resection and Exploration (FLARE™) which has the extra
advantage of merging fluorescence with bright-light images in real-time.?® Although direct
extrapolation of our results could be hindered because the properties of different camera
systems may be different from the Maestro, the FLARE system already demonstrated high
affinity for the IRDye CW800 in humans.”’

Both CW800 EGF and CW800 2-DG are agents that could be used for real-time image-
guided surgery of oral cancer. However, several limitations of the current study have to be
noted. When using agents that target the EGF receptor or glucose metabolism, the sensitivity
of tumor detection might be dependent on the metabolic rate of the tumor. Thus, in theory,
tumors with lower metabolic rate might prove more difficult to detect by these agents. In
addition, further research is required to show if this technique will actually lead to more
radical resections in clinical practice. A preliminary study on optical image-guided surgery
in a breast cancer animal model has shown promising results.? Finally, before clinical studies
can be performed, approval by the U.S. Food and Drug Administration to use the agents in
patients is required. Critical steps have recently been made by a toxicology study of IRDye
CW3800 in rats, which reported no evidence of toxicity or adverse effects.?? Furthermore, no
tumor promoting properties of EGF CW800 were shown in a longitudinal animal study of
prostate cancer,’ although no data on OSCC are yet available. Clinical trials are planned in
the near future, which is of great importance for the field of surgical oncology.?’

Conclusions

NIR fluorescence optical imaging can be used to detect oral cancer and cervical lymph
node metastases in an animal model. The fluorescence properties of agents that emit light
in the 800 nm region result in significant tumor-to-background ratios, which is essential
in intraoperative cancer detection. When these agents are approved for clinical practice,
optical imaging has the potential to improve complete surgical resection of oral cancer and
cervical lymph node metastases by real-time image-guided surgery.
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Supplementary Fig. 1. Injection of non-specific proteins of similar molecular weight conjugated to
the IRDye 800CW shows fluorescence signal around the tumor as a result of enhanced permeability
and retention effect. This indicates that the intratumoral fluorescence in figures 4-6 is specific for the
tumor rather than just an indication of alterations in hydrostatic pressure or vascular permeability.
A. H-E staining of 20 um section indicating tumor in the tongue. B. Fluorescence image at 800 nm
wavelength. T; tumor.
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Abstract

Optical imaging is a promising technique to visualize cancer tissue during surgery. In this
study, we explored the use of combinations of near-infrared fluorescence agents that emit
fluorescence signal at different wavelengths and each target specific tumor characteristics.
Two combinations of agents (ProSense680 combined with 2DG CW800 and MMPSense680
combined with EGF CW800) were used to detect hypopharyngeal cancer in an animal
model. ProSense680 and MMPSense680 detect increased activity of cathepsins and matrix
metalloproteinases, respectively. These enzymes are mainly found in the invasive tumor
border due to degradation of the extracellular matrix. 2DG CW800 detects tumor cells
with high glucose metabolism and EGF CW800 is internalized by the epidermal growth
factor receptor of tumor cells. Whole-body imaging revealed clear demarcation of tumor
tissue using all 4 agents. The tumor-to-background ratio (standard deviation, p-value) was
3.69 (0.72, p<0.001) for ProSense680; 4.26 (1.33, p<0.001) for MMPSense680; 5.81 (3.59,
p=0.02) for 2DG CW800; and 4.84 (1.56, p<0.001) for EGF CW800. Fluorescence signal
corresponded with histopathology and immunohistochemistry, demonstrating signal of
ProSense680 and MMPSense680 in the invasive tumor border, and signal of 2DG CW800
and EGF CW800 in the tumor tissue. In conclusion, we demonstrated the feasibility of
dual wavelength tumor detection using different targeting strategies simultaneously in an
animal model. Combined targeting at different wavelengths allowed simultaneous imaging
of different tumor characteristics. Near-infrared fluorescence optical imaging has the
potential to be translated into the clinic in order to improve the complete removal of tumors
by real-time image-guided surgery.

Abbreviations used: BLI, bioluminescence imaging; EGFE, epidermal growth factor; EPR,
enhanced permeability and retention; FLI, fluorescence imaging; H-E, hematoxylin-eosin;
NIR, near-infrared; PET, positron emission tomography; PBS, phosphate buffered saline;
TBR, tumor-to-background ratio.
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Introduction

In oncologic surgery, involvement of the surgical margins is a critical prognostic factor for
survival. In current clinical practice, surgeons rely on palpation and visual inspection to
discriminate between tumor and normal tissue and consequently determine an adequate
tumor-free margin. However, incomplete tumor resections and surgical morbidity as
a result of damage to vital structures are not uncommon. Better postoperative results
(e.g., survival, functionality) could be achieved by imaging techniques that help the surgeon
discriminate between healthy and diseased tissues (e.g., cancer) and identify vital structures
during surgery. Near-infrared (NIR) fluorescence imaging is a promising technique that
can be used to visualize cancer tissue during surgery.

In NIR fluorescence imaging, fluorophores are used that emit signal between
650-900 nm, a range in which absorption coeflicients of tissues are relatively low, and non-
specific intrinsic fluorescence is minimized. Due to the reduced background signal in this
spectrum, sensitivity and depth of penetration are increased, which is directly reflected in
improved image quality.! By the use of new NIR fluorescence agents and special camera
systems, direct tumor imaging can be incorporated into the operation field, allowing for
real-time image-guided surgery.

In order to detect the tumor during surgery, a wide range of NIR fluorescence agents
has been described that each have their specific targeting strategy.” Tumor detection can
be improved by targeting multiple tumor-specific characteristics simultaneously with
fluorophores that emit light at different wavelengths.? Dual-wavelength imaging has been
used to correct for biodistribution parameters in vivo by separating true molecular target
signals from biodistribution® and to improve tumor observation accuracy by simultaneous
imaging of more than one target. In the 700 nm region, ProSense680 and MMPSense680
(PerkinElmer, Waltham, MA) are NIR fluorescence agents that detect increased activity of
cathepsins and matrix metalloproteinases (MMPs), respectively. These enzymes are mainly
found in the invasive tumor border due to degradation of the extracellular matrix (ECM)
directly surrounding the tumor. NIR fluorescence agents that emit at 800 nm are 2DG
CW800 (LI-COR Biosciences, Lincoln, NE), which detects tumor cells through uptake by
the glucose transporter, and EGF CW800 (LI-COR Biosciences), which is internalized by
the epidermal growth factor (EGF) receptor of tumor cells. The combined use of agents that
each have their specific targeting strategy and specific wavelength will result in different
localizations of signals during imaging. This provides the surgeon with a complete view of
the tumor and its invasive border, allowing better determination of the tumor margin and the
extent to which the invasive tumor front should be resected. In this study, dual wavelength
targeting by NIR fluorescence technologies for in vivo cancer imaging is explored. We
describe the use of two combinations of NIR fluorescence agents that each target specific
tumor characteristics at different wavelengths for detection of hypopharyngeal cancer in an
animal model.
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Materials and Methods

Cell line and generation of luciferase-2-expressing FaDu cells

The human hypopharyngeal squamous cell carcinoma line FaDu was obtained from
the American Type Culture Collection (Manassas, VA), which was grown in Minimum
Essential Medium (Gibco, Invitrogen) supplemented with 10% fetal bovine serum, 2mM
Glutamax I (Gibco, Invitrogen), 50 units/ml of penicillin and 50 pg/ml streptomycin.

In order to image tumor cells in nude mice by bioluminescence imaging (BLI), FaDu
cells were transfected with a luciferase-expressing vector (pCAGGS- Luc-2), using FuGene
HD (Roche, Woerden, The Netherlands). Transfected cells were selected with 800 ug/mL
G418 (Gibco, Invitrogen), and individual clones were analyzed for luciferase expression
by plating in a 24-well plate, adding luciferin (50ug/ml) and measuring BLI in the IVIS
Spectrum imaging system (Caliper LifeSciences, Hopkinton, MA). The selected FaDu-luc2
clone was the one that expressed the highest level of active luciferase.

Imaging agents
Two combinations of NIR fluorescence agents (out of four possible combinations) were
used in this study, based on their target localization. Each combination included an agent
that provides an intratumoral signal combined with an agent that detects the invasive tumor
front at a different wavelength. The first combination was ProSense680 (PerkinElmer)
and 2DG CW800 (LI-COR Biosciences). ProSense680 (excitation: 680 nm, emission:
700 nm) is conjugated to the fluorochrome VivoTag®-S680 (PerkinElmer) in a quenched,
non-fluorescent state. After cleavage by proteolytic activity of lysosomal cysteine or serine
proteases such as cathepsin B, the agent becomes “activated” and fluorescent. 2DG CW800
(excitation: 774 nm, emission: 789 nm) has been described to detect increased glucose
uptake, analogous to 2-deoxy-2-[18F] fluoro-D-glucose (18FDG) detection in positron
emission tomography (PET) technology. Although the exact mechanism is yet unknown,
it has been shown that uptake of the agent can be effectively blocked with either unlabeled
2DG or glucose, and confocal microscopy demonstrated that the agent is taken up by the cell
and localized in the cytoplasm, indicating involvement of the GLUT transporter system.’
The second combination of agents was MMPSense680 (PerkinElmer) and EGF
CW800 (LI-COR Biosciences). MMPSense680 is conjugated to the same fluorochrome
as ProSense680 and therefore has the same fluorescence characteristics. This agent is also
injected in a quenched, non-fluorescent state and becomes “activated” after cleavage by
MMPs. EGF CW800 (excitation: 774 nm, emission: 789 nm) is a recombinant of human
EGF labeled to a fluorophore. In vivo testing and specificity of the conjugate for the EGF
receptor has previously been evaluated by competition with a monoclonal antibody.®

Optical Imaging Techniques

Non-invasive BLI was performed by anesthetizing the animals with 2% isoflurane before
and during imaging. An aqueous solution of luciferin (Caliper LifeSciences) at 150 mg/kg
in a volume of 50 pL was injected intraperitoneally 5 minutes prior to imaging, after which



Dual-wavelength detection of head and neck cancer

the animals were imaged using the IVIS Spectrum imaging system (Caliper LifeSciences).
Quantification of the BLI signal was performed through standardized regions of interest
using Living Image software (version 3.2, Caliper LifeSciences).

Fluorescence imaging (FLI) of the mouse was performed using the Pearl Impulse
imaging system (LI-COR Biosciences), fitted with lasers that scan in the 700 nm and
800 nm channel with standard acquisition time. Microscopic images were acquired using
the confocal laser scanning microscope (Carl Zeiss LSM 510, Germany).

Cell assays

Before in vivo tests were performed, the sensitivity of in vitro detection of FaDu-luc2 cells was
assessed by cell assays using ProSense680, MMPSense680, 2DG CW800 and EGF CW800.
An increasing amount of cells (range: 0 — 40,000) was seeded in four 96-wells plates. A control
was included using medium without a NIR fluorescence agent (i.e., autofluorescence).
Different protocols were used for each agent. After 7 hours, ProSense680 (45 nM) was added
in 100 uL per well in the first plate, which incubated on the cells during 24 hours. In addition,
the cells were washed three times with phosphate buffered saline (PBS) to discard excess
non-bound agent according to previous studies.” Finally, the wells were imaged using the
Odyssey scanner (LI-COR Biosciences; focus offset 3 mm, intensity 10, 700 nm channel).
The same protocol was used for the assay of MMPSense680.

In order to test the sensitivity of 2DG CW800 and EGF CW800, the protocol was
adjusted according to previous experiments.® The cells were starved for 2 hours in serum-
free low-glucose Minimum Essential Medium (Gibco, Invitrogen) and incubation with
2DG CW800 (5 pM in 100 uL) was performed at 37°C during an additional 2 hours. In
another plate, the cells were starved for 2 hours in serum-free media. Starvation media
were replaced with media containing EGF CW800 (50 nM in 100 uL), and incubated at
room temperature (25°C) for 15 minutes. Both assays were stopped by fixation with 4%
formaldehyde solution for 20 minutes and washed four times with PBS to get rid of excess
non-bound agent. Next, the wells were imaged using the 800 nm channel of the Odyssey
scanner (focus offset 3 mm, intensity 8).

Animal experiments

Experiments were performed in BALB/c nu/nu female mice, aged 4 to 6 weeks, obtained
from Charles River Laboratories, LArbresle, France. They were cared for according to our
institution’s animal facility standards and the Animal Welfare Committee of the Leiden
University Medical Center approved the protocol. Conduction of the experiments and
euthanasia of the animals were performed according to these guidelines. Autoclaved pellet
food and sterilized water were provided ad libitum. The weight of the animals was followed
during the experiment to monitor their general health state. Throughout tumor inoculation
and imaging procedures, the animals were anesthetized with 4% isoflurane for induction
and 2% isoflurane for maintenance in oxygen with a flow of 0.8 L/min and placed on an
animal bed with an integrated nose mask.
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In order to induce a hypopharyngeal squamous cell carcinoma model, 2 x 10°
FaDu-luc2 cells, diluted in 20 uL PBS, were inoculated subcutaneously at two spots at the
back of 20 BALB/c nu/nu mice. Cranial injection sites at the back were chosen to prevent
interference from non-specific FLI signal due to uptake of agents in the liver and kidneys.
Tumor growth was followed two times a week by BLI and visual inspection.

At day 20-24, tumors had reached a mean BLI signal intensity of 5.6 x 10° and mice were
randomly allocated to administration of one of the two combinations of NIR fluorescence
agents: ProSense680 and 2DG CW800 or MMPSense680 and EGF CW800. The agents
were injected intravenously (1.33 nmol for EGF CW800, ProSense680 and MMPSense680
and 10 nmol for 2DG CW800, 100 pL per animal) into one of the tail veins. FLI was
performed 24 hours after injection, based on the blood pharmacokinetics of the agents
(PerkinElmer, LI-COR Biosciences), followed by injection of luciferin and subsequent
BLI. Then, the maximum diameter of the tumor was measured manually using a calliper.
Finally, the animals were injected with luciferin for the second time, sacrificed, and the
tumors and lungs were surgically removed for histological analysis. Within 5 minutes after
the second injection of luciferin, separate BLI of the lungs was performed to screen for
pulmonary metastases.

After surgical removal of the tumors, the tissues were cut in two and each half was
either fresh frozen on dry ice or fixed in 3.7% formalin overnight and paraffin embedded,
then cut into slices (20 um) and imaged using the Odyssey scanner. After imaging, tissue
sections were air-dried and stained with immunohistochemistry or standard hematoxylin-
eosin (H-E).

Immunohistochemical staining was done on 4-pm thick paraffin tissue sections. Rabbit
polyclonal antibodies (Abcam, Cambridge, MA) were used against cathepsin B (ab33538,
diluted at 1:40), the glucose transporter (GLUT-1, ab15309, diluted at 1:200), and the EGF
receptor (ab2430, diluted at 1:50). The slides were then washed with PBS and detected with
biotinylated polyclonal goat anti-rabbit immunoglobulins (E0432, diluted at 1:600, Dako,
Heverlee, Belgium). For staining of MMPs, MMP-9 antibody was used (sc-6840, diluted
at 1:100, Santa Cruz Biotechnology, Inc, Heidelberg, Germany) which was detected with
biotinylated polyclonal rabbit anti-goat immunoglobulins (E0466, diluted at 1:400, Dako).
All slides were counterstained with hematoxylin.

Data analysis

Fluorescence signal was measured using standard regions of interest and data processing
was performed using Pearl Impulse Software (Version 2.0.16, LI-COR Biosciences). Mean
signal intensity and associated standard deviations (SD) were reported.

For statistical analysis, SPSS for Windows, version 16.0 was used. Unpaired or paired
t-tests were performed for testing differences of fluorescence intensity between tissue
with and without tumor. To calculate linear correlations, the Pearson correlation test
was used, and the Spearman correlation test was performed for non-parametrical data.
R? was determined for linear regression. Statistical tests were two-tailed and p < 0.05
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was considered significant. Generation of graphs was performed using GraphPad Prism
software (Version 5.01, La Jolla, CA).

Results
Cell assays

The number of FaDu-luc2 cells significantly correlated with fluorescence intensity for
ProSense680, 2DG CW800, and EGF CW800 (correlation coefficients: 0.968, 0.997, and
0.984, respectively, p < 0.01 for all tests), as illustrated in Fig. 1. This suggests that these
agents are taken up by FaDu-luc2 cells, indicating their potential use for in vivo testing.
No correlation between an increasing number of cells and MMPSense680 was found in
cell culture.
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Fig. 1. Sensitivity of various NIR fluorescence agents for FaDu-luc2 cells in vitro. Increased signal
intensity corresponding to increased number of FaDu-luc2 cells is shown for ProSense680, 2DG
CW800, and EGF CW800. No signal increase is seen when medium of MMPSense680 was added to
the cells.

Animal experiments

Subcutaneous tumors were established 4 days after inoculation of the FaDu-luc2 cells in
all mice, leading to a total of 40 tumors in 20 mice. The increase in BLI signal as a function
of time showed a correlation coefficient of 0.905 (p < 0.01, Supplementary Data). After
FLI measurements at day 20 or 24, the mean tumor diameter was 4.5 mm (SD=2.3). The
correlation of tumor diameter with BLI signal was statistically significant (R?=0.7292,
p<0.001, Supplementary Data). No BLI signal was found in the resected lungs, indicating
that no pulmonary metastasis of the primary tumors had occurred.

89



90

Using FLI, high signal intensities of all 4 NIR fluorescence agents were found in the
tumor, while a low-level background signal was observed in the surrounding healthy
tissue, indicating a clear demarcation of tumor regions (Fig. 2). Both ProSense680 and

MMPSense680 were mainly located in a ring-like region around the tumor where the

ProSense680 MMPSense680
700 nm
2DG CW800 EGF CW800
800 nm
ProSense 680 + MMPSense 680 +
2DG CWB00 EGF CW800
700 nm +
800 nm

Fig. 2. Multi-targeted tumor detection. Detection of xenograft hypopharyngeal squamous cell cancer
injected in two sites at the back of nude mice. Signal of agents that are imaged in the 700 nm channel
(red, pseudo colored) is shown in A (ProSense680) and D (MMPSense680). Signals imaged in the
800 nm channel (green, pseudo colored) are shown in B (2DG CW800) and E (EGF CW800). Overlay
images of both combinations of probes are demonstrated in C and F.
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targeted enzymes are found (Fig. 2A and 2D), whereas 2DG CW800 and EGF CW800 were
predominantly found at the core of the tumor (Fig. 2B and 2E). Merged images of both
agents are shown in Fig. 2C and 2F, demonstrating the different localizations of the agents.

By comparing the quantitative FLI signal in the tumor region and in healthy surrounding
tissue (except from the liver and kidney areas due to clearance of the agents), the tumor-to-
background ratio (TBR) of each agent was calculated. The mean TBRs (standard deviation,
p-value) were: ProSense680; 3.69 (0.72, p<0.001), MMPSense680; 4.26 (1.33, p<0.001),
2DG CW800; 5.81 (3.59, p=0.02) and EGF CW800; 4.84 (1.56, p<0.001, Fig. 3). TBRs of
fluorescence agents with emission peaks at 800 nm were significantly higher than of agents
with emission peaks at 700 nm (p=0.02).

The presence of hypopharyngeal squamous cell cancer was found in all 40 tumor
specimens by histological analysis of the tissues by a pathologist. Analysis of the fluorescence
signal in the tissue sections demonstrated high signal at 700 nm of ProSense680 in the tumor
border (Fig. 4A), which is the region of the tumor where cathepsin activity is increased to
facilitate degradation of the extracellular matrix (ECM). Immunohistochemical analysis
illustrated co-localization of ProSense680 with cathepsin staining (Fig. 4D and 4G). In the
800 nm spectrum, 2DG CW800 was found in the tumor tissue (Fig. 4B), corresponding
with localization of GLUT-1 staining (Fig 4E and 4H). Difference in localization between
these agents is illustrated by dual wavelength imaging (Fig. 4C). H-E staining demonstrates
presence of hypopharyngeal tumor in these sections in 4F and 4I.

Furthermore, histology showed that MMPSense680 signal at 700 nm was found in the
direct surrounding tissue of the tumor, within a margin of 1-2 mm (Fig. 5A). The MMPs,
which are involved in degradation of the ECM, were stained with immunohistochemistry in
this same invasive tumor border (Fig. 5D and 5G). Both fluorescence signal of EGF CW800
and staining of the EGF receptor were found in the tumor tissue (Fig. 5B, 5E and 5H).
Merged images of both wavelengths (Fig. 5C) and corresponding H-E images (Fig. 5F and

10 3 ProSense680

8- MMPSense680
2DG Cw 800

6+ E3 EGF CW800

4- 1 7/' 3 é-: :

NIR fluorescence agents

L]
L
.

Ratio tumor/normal

Fig. 3. Tumor-to-background ratio of each individual NIR fluorescence agent. Mean value and
standard deviations are shown. NIR: near-infrared.
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A ProSense680 D Cathepsin staining G Cathepsin staining

B 2DG CW800

C ProSense 680 +
2DG CWaDD

Fig. 4. Histological analysis showing co-localization of fluorescence signals of ProSense680 and 2DG
CW800 with immunohistochemistry. A. ProSense680 is found in the invasive border (black arrows)
of the tumor where cathepsins are stained (D, G) B. Fluorescence signal of 2DG CW800 is found in
the primary tumor (T) corresponding with GLUT-1 staining (E, H). C. Different localizations of both
agents are illustrated by dual wavelength imaging. Hypopharyngeal tumor is identified by H-E staining
(F). Details of D, E, and F (indicated by the dashed squares) are shown in G, H, and I, respectively.

5I) are shown. To a lesser extent, fluorescence signals and immunohistochemical staining
of both MMP-activity and EGF receptors were found in the normal epithelium of the skin,
where these targets are normally situated (Fig. 5).

Discussion

Surgical treatment of advanced hypopharyngeal cancer is associated with poor survival
rates and significant morbidity, even when combined with postoperative radiotherapy.®
Chemoradiation is an alternative treatment option for advanced hypopharyngeal cancer,
but is also associated with significant morbidity and reduced quality of life.” Intraoperative

techniques that can accurately determine microscopical tumor margins during surgery
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A MMPSense680 D MMP staining G MMP staining

B EGF CWa00 E EGF receptor staining H EGF receptor staining

MMPSense 680 +

EGF CW800

Fig. 5. Histological analysis showing co-localization of fluorescence signals of MMPSense680 and EGF
CW800 with immunohistochemistry. A. MMPSense680 is found in the invasive tumor border (black
arrows) where MMPs are stained (D, G). B. Fluorescence signal of EGF CW800 is found in the primary
tumor (T) corresponding with staining of the EGF receptor (E, H). C. Different localizations of both
agents are illustrated by dual wavelength imaging. Hypopharyngeal tumor is identified by H-E staining
(F). Details of D, E, and F (indicated by the dashed squares) are shown in G, H, and I, respectively.

are likely to improve disease specific survival and reduce unnecessary loss of functionality
after surgery.

Each agent that was used in this study had its specific targeting strategy, resulting in
different localizations of signal during imaging. A combination of different fluorescence
agents targeting several tumor characteristics is necessary to provide the surgeon with
a complete view of the tumor and its invasive border. On FLI and histological analysis,
ProSense680 and MMPSense680 were mainly found in the invasive tumor borders (Fig. 4
and 5). These agents become fluorescent by proteolytic activity of cathepsins (mostly
cathepsin B) and MMPs respectively, which are both involved in tumor invasion by

degradation of the ECM surrounding the tumor.!® ' Cathepsin B is mostly upregulated
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in lysosomes of tumor cells that are located at the invasive tumor border. However, in
epithelial cancers, most of the upregulated MMPs are expressed by the host stromal cells,
especially in areas of active invasion.’>"* Microscopical analysis of the stroma surrounding
the tumor illustrated the abundance of (myo-) fibroblasts (Fig. 4 and 5), which are well-
known drivers for invasive cancer growth." Furthermore, it has been previously shown
that FaDu cells themselves express no MMPs.'® This probably explains why, contrary to all
other agents, no correlation was found between FLI signal intensity of MMPSense680 and
increased amounts FaDu-luc2 cells in vitro, for the fibroblast are absent in cell cultures.

Targeting the EGF receptor by EGF CW800 resulted in specific imaging of the tumor
in vivo. In head and neck cancer, 80-90% of the tumors are EGF receptor positive, which
underlines its importance as a target for detection.'®!” Apart from the relevance for
delineation of tumors in case of head and neck cancer, the potential use of these agents is
much wider. The use of ProSense680 has also been portrayed in breast and colon cancers,
emphasizing the widespread detection capacity of these agents.'® Furthermore, the EGF
receptor is upregulated in approximately one third of all epithelial cancers.'” Moreover,
increased glucose uptake is in part a result of increased tumor metabolism, one of the
hallmarks of cancer,” a feature that is exploited by 2DG CW800.° The widespread potential
of this targeting strategy is emphasized by 18FDG PET technology, which is already widely
used in clinical practice for detection of many different cancers.?® Next to the strategies that
are used in this study, other targets have been proposed to detect head and neck cancer by
NIR fluorescence optical imaging.”’ These mainly focus on detection of tumor vasculature
by NIR fluorescence dyes labeled to agents that target avf3 integrins, vascular endothelial
growth factor, or cyclic arginine-glycineaspartate. The current study shows the feasibility
of dual wavelength targeting of hypopharyngeal cancer by NIR fluorescence imaging in
vivo. A sufficient TBR is essential for real-time image-guided cancer surgery. The essence
is to help the surgeon distinguish malignancy from normal tissue, which can be provided
by sufficient contrast of the FLI signal compared to the healthy surroundings. In our
experience, TBR > 2 is sufficient to critically distinguish the fluorescence signal from the
background during surgery. In this study, TBRs ranged from 3.69 to 5.81 (Fig. 3), depending
on the used NIR fluorescence agent, indicating the feasibility for image-guided surgery.
Furthermore, significantly higher TBRs were found in the 800 nm spectrum compared to
the 700 nm. This difference could be explained by different specificity of the imaged agents.
However, intrinsic tissue fluorescence is lower at 800 nm as a result of lower absorption of
hemoglobin, which may also contribute to higher TBRs.? In conclusion, we demonstrate
that multiple tumor-specific targets can be visualized simultaneously with sufficient
TBRs, which could improve the sensitivity of tumor detection using NIR optical imaging,
especially in heterogeneous tumors.

Next to NIR fluorescence agents, parallel development of dedicated, manageable,
intraoperative camera systems is required for optimal image-guided surgery. At this moment,
various intraoperative optical imaging camera systems have been developed, including the
Fluorescence-assisted Resection and Exploration (FLARE™, Frangioni laboratory, Boston,
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MA), the Photodynamic Eye (PDE; Hamamatsu Photonics, Hamamatsu, Japan), the
Fluobeam® (Fluoptics, Grenoble, France), the Spy imaging system (Novadaq, Canada) and a
system build by the group of Ntziachristos. A new camera system is being developed which
allows real-time multispectral imaging (Artemis; O2view, Marken, The Netherlands).

However, several limitations of the current study have to be noted. NIR fluorescent
agents were used that target the expansive characteristics or increased metabolism of the
tumor. In patients, this might result in interpersonal variability of sensitivity of tumor
detection caused by differences in invasiveness and metabolic rate of the individual tumor.
Consequently, tumors with lower invasive or metabolic rate might, in theory, prove more
difficult to be detected by these agents. The possible influence of these intertumoral and
interpersonal differences on fluorescence intensity should be taken into account when
these agents are introduced into the clinic. Consequently, these differences make multiple
wavelength imaging of tumors using different probes favorable over imaging using a single
probe. Furthermore, contribution of the enhanced permeability and retention effect remains
subject to debate. Tumor specificity could be a result of macromolecules larger than 40 kDa
that selectively leak out from tumor vessels and accumulate in tumor tissues.*? Finally,
specificity of the targeting mechanism of 2DG has been reviewed extensively. As mentioned
previously, the exact uptake mechanism of this conjugated remains unknown. Specificity for
the GLUT transporter system could not be shown for a 2DG-Cy5.5 conjugate.® Therefore,
competition experiments with the 2DG-CW800 dye using increasing concentrations of free
unlabeled D+ glucose were performed in a previous study, demonstrating high specificity
of the agent.” Taken together, we believe that 2-DG CW800 can be used as a tumor-specific
imaging agent for near-infrared fluorescent imaging but that tumor specificity should be
interpreted with caution as long as the exact uptake mechanism remains obscure. However,
the ability to distinguish tumor tissue from healthy surrounding tissue is of primary
importance for image-guided surgery, independent of the targeting mechanism.

For clinical applicability, detection thresholds of fluorescence agents contain essential
information for assessment of complete surgical resection of tumors. Optical imaging
provides sufficient contrast to visualize tumor margins and detect tumor deposits 3-5 mm
deep.” However, further studies are required to determine the minimal detectable amount
of tumor cells. Moreover, the combination with other therapeutic modalities has to be
taken in account. In head and neck cancer, various therapeutic modalities are available
for advanced (i.e. stage III-IV) tumors. In most cases, there is a choice between primary
chemoradiation and primary surgery. In case of tumor recurrence or residual disease after
chemoradiotherapy, salvage surgery is the only therapeutic option. The applicability of
optical imaging in these specific cases is an interesting question for future research.

Finally, approval by the Food and Drug Administration to use the agents in patients is
yet to be obtained. Although important steps have been made in a recent toxicology study
of IRDye CW800 in rats that reports the absence of toxic or adverse effects,? the approval
for combined use of different fluorescent agents might take longer. Clinical trials that will
be planned in the near future will be imperative for the field of surgical oncology. Once
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these agents are approved for clinical practice, optical imaging has the potential to improve

complete surgical resection of tumor tissue by real-time image-guided surgery.

Conclusions

In conclusion, we demonstrated the feasibility of combined tumor detection using different
targeting strategies simultaneously in an animal model. Dual wavelength targeting allowed
for simultaneous imaging of different tumor characteristics. In combination with the
current rapid development of adequate camera systems, near-infrared fluorescence optical
imaging has the potential to be translated into the clinic in order to improve the complete

removal of a wide range of tumors by real-time image-guided surgery.
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Abstract
Objectives

Near-infrared (NIR) fluorescence optical imaging is a promising technique to assess the
tumor margins during oral cancer surgery. This technique requires targeting by specific
fluorescence agents to differentiate tumor from normal surrounding tissue. We assessed
the feasibility of cancer detection using NIR fluorescence agents that target either avp3
integrins or the enhanced permeability and retention (EPR) effect in an orthotopic mouse
model of oral cancer.

Materials and Methods

Binding of the integrin-targeted agent to tumor cells was assessed in vitro. Oral cancer was
induced in 6 BALB/c nu/nu mice by submucosal inoculation of human OSC19-luc cells into
the tongue. Tumor growth was followed with bioluminescence imaging. A combination of
agents targeting integrins or EPR effect was injected followed by fluorescence imaging in

vivo and ex vivo after resection of the tongues.

Results

Oral cancer was clearly demarcated in vitro, in vivo, and on histological analysis. For
the integrin-targeted agent, the mean tumor-to-background ratio (TBR) was 67.6 + 24.8
(p<0.001) and intratumoral fluorescence signal was found both on histological analysis and
in vitro. The agent targeting the EPR effect had a TBR of 13.4 + 10.6 (p=0.006) and was
located directly around the tumor within a margin of 3 mm.

Conclusion

This study demonstrates the feasibility of optical imaging of oral cancer based on targeting
of avP3 integrins and the EPR effect. Once these NIR fluorescence agents become available
for clinical testing, optical image-guided surgery could reduce residual disease after oral

cancer surgery.
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Introduction

A clean surgical margin is the quintessence of oral cancer surgery. When involved margins
are found on histopathology, local recurrence rates of 21.9% have been reported, compared
to 3.9% local recurrences in patients with tumor-free histological margins.' Involved
surgical margins increase the risk of death at 5 years by 90%.> Nevertheless, in current
clinical practice, involved surgical margins are found in 16% of the patients that were
operated with the objective of achieving a macroscopic clearance of 1 cm.?

Optical image-guided surgery can help the surgeon to accurately assess tumor-free
margins during an operation.* In optical imaging, fluorescence agents are used that emit
signal in the near-infrared (NIR) range (650-900 nm), resulting in lower absorption
coefficients of tissues, light scattering and non-specific intrinsic fluorescence. In addition,
sensitivity and depth of penetration are increased, improving image quality.*®

In order to image oral squamous cell carcinoma (OSCC) during surgery, preoperative
injection of NIR fluorescence agents that target the tumor is required. Various targeting
strategies are available,® but attention is increasingly focusing on two important aspects of
cancer: involvement of avp3 integrins® and the enhanced permeability and retention (EPR)
effect,” which we will discuss separately.

Integrins are transmembrane cell surface receptors thatare involved in signal transduction,
cell-cell interaction and adhesion to the extracellular matrix.® Hence, their activity is essential
for cell migration, invasion and extravasation.® Because these are key components in
tumorigenesis, angiogenesis, and metastasis, integrins have been distinguished as clinically
relevant biomarkers of tumor progression. A fortiori, integrins, and specifically integrin
avp3, are upregulated in activated endothelial cells as well as in tumor cells, including head
and neck cancer,”’"! which makes them appealing targets for cancer imaging and therapy.®
For imaging, targeting of integrins has been used in positron emission and single-photon
emission computed tomography.” ' Chemotherapeutic targeting of integrins is reported in a
Phase II clinical trial of patients with glioblastoma.!' Consequently, we believe that expression
of integrins in tumor cells provides an interesting target for optical imaging of OSCC.

A second important aspect of cancer that can be used for optical imaging is tumor
targeting based on the EPR effect. In order to provide the tumor with a sufficient supply of
nutrients and oxygen for rapid growth, angiogenesis is promoted in the earliest stages of
cancerogenesis. However, these newly formed tumor vessels are usually abnormal in form
and have defective architecture, leading to enhanced vascular permeability.”'* Furthermore,
tumor tissues usually lack effective lymphatic drainage resulting in abnormal molecular and
fluid transport dynamics.”'* As a result, macromolecules selectively leak out from tumor
vessels and accumulate in tumor interstitial tissues. This unique pathophysiological nature
of tumor blood vessels is considered a landmark principle in anticancer drug development’
and could be exploited in optical cancer imaging."

In optical imaging, NIR fluorescence agents are used to target and subsequently image
the tissue of interest. Bioluminescence imaging (BLI) is a different imaging technique that
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can be used for highly sensitive in vivo tumor localization."* Genetic modification of the
cancer cells is required and BLI is thus not applicable for clinical use. However, it can be
used in animal experiments to non-invasively follow tumor growth and as an internal
control for co-localization with the fluorescence signal.

The aim of this study was to use a combination of two NIR fluorescence agents that
either target integrins or the EPR effect for clear demarcation of OSCC in a mouse model.
NIR-fluorescence agents were used that fluoresce at different wavelengths, allowing for
simultaneous, dual wavelength imaging of their signals.' Fluorescence signal was correlated
to BLI signal and histopathology.

Materials and Methods

NIR fluorescence agents

IntegriSense680 (PerkinElmer, Waltham, MA) is a targeted fluorescence imaging agent
comprising a selective non-peptide small molecule integrin avp3 antagonist and a NIR
fluorochrome with peak excitation at 675 nm and emission at 693 nm. Specific binding
of the agent to tumor cells has been demonstrated in previous experiments.'® The IRDye
800CW PEG (LI-COR Biosciences, Lincoln, NE) is a non-specific imaging agent intended
to exploit the EPR effect in tumor biology. Surface of the fluorochrome (excitation; 774 nm,
emission; 789 nm) has been conjugated to PEG to extend blood circulation time.” "

Tumor model

Human OSCC cell line OSC-19-luc was cultured in Dulbecco Modified Eagle Medium
supplemented with 10% fetal bovine serum, L-glutamine, sodium pyruvate, nonessential
amino acids, and a vitamin solution (Life Technologies Inc, Grand Island, NY). These
cells are retrovirally infected with the luciferase gene to allow BLL." In accordance with
previous studies,'® 6 x 10* OSC-19-luc cells, diluted in 30 pL phosphate buffered saline
(PBS), were inoculated submucosally into the distal end of the tongue of 6 BALB/c nu/nu
mice, aged 4 to 6 weeks (Charles River Laboratories, LArbresle, France). Tumor growth was
followed by BLI and visual inspection of the tongue two times a week.'® Sterilized water and
autoclaved pellet food were provided ad libitum and weight of the animals was followed
during the experiments to follow general health state. Animals were housed according to
our institution’s animal facility standards and the Animal Welfare Committee of the Leiden
University Medical Center approved the experiments. Throughout tumor inoculation and
imaging procedures, the animals were placed on an animal bed with an integrated nose
mask and anesthetized with 4% isoflurane for induction and 2% isoflurane for maintenance

in oxygen with a flow of 0.8 L/min.

Experimental design
Contrary to 800CW PEG, IntegriSense680 specifically binds to tumor cells next to
targeting tumor vascularisation.'® Therefore, tumor-specific targeting by IntegriSense680

was imaged in vitro. OSC19-luc cells were plated onto poly-L-lysine coated 35mm glass
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bottom dishes (MatTek Corporation, Ashland, MA). Twenty-four hours after plating, cells
were incubated with nucleus staining (1 ug/ml, Hoechst 33342, Invitrogen, Carlsbad, CA)
for 8 min. Next, cells were washed with warmed growth medium, followed by membrane
staining (Dil, 5 pg/ml, v-22889, Invitrogen), for 10 min. Subsequently, cells were washed
3x with medium and incubated with IntegriSense (200 nM in medium) at 37°C for
30 min. To prevent non-specific fluorescence of the medium, cells were washed with
PBS, directly followed by confocal microscopy on a Leica SP5 confocal system (Leica,
Wetzlar, Germany).

For the in vivo experiment, tumor growth was followed using BLI. During BLI, animals
were anesthetized with 2% isoflurane, followed by intraperitoneal injection of an aqueous
solution of luciferin (Caliper LifeSciences, Hopkinton, MA) at 150 mg/kg in a volume of
50 puL 10 minutes prior to imaging. Next, the animals were imaged using the IVIS 100
imaging system (Caliper LifeSciences). Quantification of the BLI signal was performed
through standardized regions of interest using Living Image software (version 3.2, Caliper
LifeSciences).

In accordance with our previous studies,'® a high BLI signal was found at day 11,
indicating that OSCChad developed. Next, theanimals with OSCC (N = 6) were systemically
injected with a combination of IntegriSense680 and 800CW PEG (1.33 nmol, 100 pL per
probe) into one of the tail veins. One control mouse was injected with physiological saline
in the tongue and later intravenously injected with the same combination of agents. Whole-
body fluorescence imaging (FLI) was performed at various time points: 15 min, 45 min,
90 min, 3 hrs, 6 hrs, and 24 hrs after injection, and the animals were sacrificed afterwards.
Subsequently, the tongue was removed in total for gross examination and additional ex
vivo fluorescence measurements. Whole-body FLI of the mouse and subsequent FLI of the
surgically removed tongues was performed using the Maestro™ (CRi, Woburn, MA), fitted
with the yellow filter with acquisition range of 630-800 nm in 10 nm steps and variable
acquisition time followed by scanning using the deep-red filter with acquisition range of
700-950 nm. Spectral unmixing of the fluorescence signals was performed to reduce the
effects of native tissue autofluorescence and separating multiple fluorescence agents.

To identify tumor tissue with FLI, higher fluorescence signal in the tumor compared
to healthy surrounding tissue is required, which is generally reported by the tumor-to-
background ratio (TBR).* In order to calculate the TBR, fluorescence signal of the tumor
was quantified by drawing 2 regions of interest in the tumor region of which the mean
value was used. The mean background value was calculated from 3 regions of interest in the
surrounding normal tissue at a range of 2 mm from the tumor border. After imaging, the
excised tongues were frozen on dry ice, cut into slices (20 um) and FLI was performed of the
histological sections by simultaneous scanning of the 700 and 800 nm channels using the
Odyssey scanner (LI-COR Biosciences; focus offset 1 mm, intensity 5 for both channels).
Subsequently, tissue sections were air-dried and stained with standard hematoxylin-eosin
(H-E), followed by microscopical analysis by a pathologist. In this way, correspondence
between fluorescence signal and histopathology could be determined in detail.
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Data analysis

Merged NIR fluorescence light images of separate scans of the Maestro were created
using Adobe Photoshop CS3 Software (Version 10.0.1, Adobe Systems Inc., San Jose, CA).
GraphPad Prism software (Version 5.01, La Jolla, CA) was used for generation of graphs.
Mean fluorescence intensity and associated standard deviations were assessed using the
Living Image software (version 3.2, Caliper LifeSciences) for BLI data and the Maestro
Software (version 2.10.0, CRi Inc.) for FLI data. Continuous variables were analyzed using
the (paired) t-test for comparison of two groups. Statistical tests were two-tailed and p < 0.05
was considered significant. For statistical analysis, SPSS for Windows, version 16.0 was used.

Results

The in vitro experiments demonstrated binding of IntegriSense680 to the OSC19-luc cells
(Fig. 1). Co-localization of IntegriSense680 with the membrane staining is illustrated by the
yellow signal in Fig. 1C. Next to binding to receptors at the surface of the cells, internalization
into the cells was found. According to previous experiments'®, tumor growth was followed

Figure 1. Binding of Integrisense680 to OSC19-luc oral cancer cells. A. Membrane staining (green signal)
with nuclear staining (blue signal). B. IntegriSense680 (red signal) with nuclear staining (blue signal).
C. Co-localization of IntegriSense680 with the membrane staining and intracellular uptake (yellow signal).

Fig. 2. In vivo imaging of oral cancer. Arrows indicate the tumor in the tip of the tongue.
A. Bioluminescence image OSCC in the tongue and cervical lymph nodes after 11 days. B. Fluorescence
image at 700 nm, 24 hrs after injection of IntegriSense680 (pseudo-colored red). C. Fluorescence
image at 800 nm, 24 hrs after injection of 800CW PEG (pseudo-colored green). D. Merged image of
Fig. 2B and 2C, demonstrating different localizations of the agents.
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by whole-body BLI (data not shown). An example of the BLI signal is shown in Fig. 2A.
After injection of both NIR fluorescence agents, whole-body dual wavelength FLI was
performed at different time points and images were spectrally unmixed to allow separate
subtraction of the 700 and 800 nm wavelengths. These images demonstrated background
signal of both agents around the mouth and in the cervical and axillary regions at all time
points. Demarcation of the tumor in the tip of the tongue by IntegriSense680 was only seen
after 24 hrs (Fig. 2B). Similarly, increased fluorescence of 800CW PEG in the distal tongue
was not seen until 24 hrs after injection (Fig. 2C). Compared with IntegriSense680, the
signal of 800CW PEG was found over a larger area in the distal tongue (Fig. 2D). FLI of the

control mouse without tumor showed no signal in the tongue for both agents. However,

1 mim

TBR

1L

Gt TF IntegriSense680 BOOCW PEG

Fig. 3. Dual wavelength fluorescence imaging of tongue tumor and surrounding normal tissue.
A. IntegriSense680 (pseudo-colored red), with corresponding light spectrum (D). B. 800CW PEG
(pseudo-colored green) with corresponding light spectrum (E). C. Merged image of Fig. 3A and
3B, demonstrating different localizations of the agents. E Tumor-to-background ratios (TBR) were
calculated on these images.
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the same background signal around the mouth and in the cervical and axillary regions was
found (data not shown).

For image-guided surgery, higher fluorescence signal of the tumor related to its direct
surrounding tissue is required, which is reflected in the TBR. In order to accurately
determine the TBR of both agents, the tongue was removed and FLI was performed ex
vivo. Spectral unmixing resulted in the image of IntegriSense680 (Fig. 3A) and its emission
peak at 700 nm (Fig. 3D). The image and corresponding 800 nm spectrum of 800CW PEG
are shown in Fig. 3B and 3E, respectively. Both NIR fluorescence agents demonstrated a
clear demarcation of the tongue tumor compared to the surrounding healthy tongue tissue.
The highest signal of IntegriSense680 was found in the center of the demarcated region,
whereas 800CW PEG indicated a slightly wider region (Fig. 3C). The TBRs of both agents
were calculated on the resected tongues. For IntegriSense680, the mean TBR was 67.6 +
24.8 (p<0.001, Fig. 3F). The mean TBR of 800CW PEG was 13.4 + 10.6 (p=0.006, Fig. 3F).

Histological analysis of unfixed 20 pm frozen tissue sections confirmed co-localization
of IntegriSense680 with OSCC in the tongue (Fig. 4A and 4B). A low-level fluorescence
signal of IntegriSense680 was also found in the healthy mucosal layer of the tongue (Fig. 4B).
Presence of 800CW PEG was predominantly found in the tissue directly surrounding the
tumor within a margin of 3 mm (Fig. 4C).

Discussion

Optical image-guided surgery could be a very valuable tool to determine tumor margins
during surgery. For imaging of head and neck cancer, various strategies are at hand to target

Fig. 4. Histological analysis of tongue with tumor. A. OSCC was identified on H-E staining analysis.
B. IntegriSense680 (pseudo-colored red) clearly co-localizes with the tumor. C. 800CW PEG (pseudo-
colored green) was found in the region directly surrounding the primary tumor. D. Difference in
localization is illustrated by dual wavelength imaging. T = Tumor
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the tumor using NIR fluorescence agents.” In this study, in vivo detection of OSCC by
simultaneous imaging of IntegriSense680 and 800CW PEG is reported.

By targeting av3 integrins using IntegriSense680, we demonstrated detailed demarcation
of OSCC in vivo that was confirmed by histopathology, and found a mean TBR of 67.6. In
larger tumors, TBRs typically range from 3 to 12 depending on the used NIR fluorescence
agent.® Small tumors often have better uptake of imaging agents due to more efficient
diffusion from the surface,” which could explain the high TBR found in this study. A second
important factor is the camera system used, as lower TBRs of IntegriSense680 were recently
reported using an intraoperative camera system for detection of colorectal metastases in the
liver.*! In normal oral mucosa, low levels of integrins are expressed.”>* This explains the
delineation of the squamous cell epithelium by low-level signals of IntegriSense680 on the
histological sections (Fig. 4B), which further indicates specificity of the agent.

Macroscopic clearance of 1 cm is generally considered sufficient in oral cancer surgery.’
Hence, the high TBRs, combined with the intratumoral signal of IntegriSense680 and
signal of 800CW PEG within a margin of 3 mm indicate that both are powerful agents for
detection of OSCC and delineation of tumor margins in vivo.

There are limitations to the use of these agents for detection of OSCC. Because 800CW
PEG is merely a PEGylated fluorophore, it does not detect tumor-specific targets and FLI
is completely based on the EPR effect. While EPR effect is used as a rationale for many
applications, the exact mechanism is complicated and depends on the characteristics of
both particle and vasculature 7 '> " resulting in variations in vascular permeability within
a tumor over time and between different tumors.'? Furthermore, increased permeability
is also found in inflammatory processes, although to a lesser extent than in tumor tissues,
which could hamper specificity in the initial phase of the EPR effect.?*?* However, contrary
to inflammatory tissues, retention of agents is highly increased in tumors due to defective
architecture of lymphatic drainage.*

In addition, activation of avp3 integrins is not limited to tumor growth but is also
associated with infection, thrombosis and autoimmune disorders.® These effects are
important to consider when further clinical testing is performed, because they could
potentially influence tumor-specific targeting.

In conclusion, this study demonstrates the feasibility of dual wavelength optical imaging
of OSCC based on targeting of avp3 integrins and the EPR effect. These results warrant
clinical validation of the technique, because once these NIR fluorescence agents become
available for clinical testing, optical image-guided surgery could reduce residual disease
after oral cancer surgery.
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Abstract

In cancer imaging, many different modalities are used that each have their specific features,
leading to the combined use of different techniques for the detection, staging and treatment
evaluation of cancer. Optical imaging using near-infrared fluorescence light is a new
imaging modality that has recently emerged in the field of cancer imaging. After extensive
preclinical research, the first steps of translation to the clinical practice are currently
being made.

In this article, we discuss the preclinical and clinical results of near-infrared optical
imaging for non-invasive detection and classification of tumors, therapy monitoring,
sentinel lymph node procedures, and image-guided cancer surgery. Widespread availability
of imaging systems and optical contrast agents will enable larger studies on their clinical
benefit and can help establish a definitive role in clinical practice.
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Introduction

Ever since Wilhelm Rontgen discovered X-rays in 1895, clinical imaging has been used
increasingly to aid caregivers in visualizing anatomy, physiological processes and disease
beyond the capacity of their senses. Over the last decades, significant developments in imaging
technologies have resulted in their established role in current clinical practice. Next to X-ray
technology, the field of clinical imaging now includes ultrasonography (US), computed
tomography (CT), magnetic resonance imaging (MRI), positron emission tomography (PET)
and single-photon-emission computed tomography (SPECT). Each of these modalities has
specific features, leading to the combined use of different techniques for the detection, staging
and treatment evaluation of cancer .

The use of imaging modalities for guidance during surgical interventions has been limited to
incidental use of intraoperative ultrasonography and X-ray fluoroscopy °. Therefore, surgeons
still mainly have to rely on palpation and visual inspection to discriminate between tumor and
normal tissue and consequently determine an adequate tumor-free margin during surgery.
Imaging techniques that can help the surgeon discriminate between healthy and diseased tissues
(e.g., cancer) and identify vital structures (e.g., nerves, ureters, bile ducts) could be of great benefit.

Real-time imaging technologies offer a direct translation of preoperative images into the
operation field, warranting image-guided surgery. A technique that has recently emerged as
a potential candidate is optical imaging using near-infrared (NIR) fluorescence light.

Clinical translation of optical imaging

Optical imaging uses specific properties of light to image anatomical or chemical
characteristics of tissue. Analogous to many radiolabeled agents, imaging of optical
contrast can be performed using ligands conjugated to an optically active reporter to target
a recognized disease biomarker .

In the visible light spectrum (<650 nm), light is in part absorbed by hemoglobin, whereas
water and lipids largely absorb light in the infrared range (>900 nm). The combination of these
light characteristics offers an optical imaging window in the NIR spectrum (approximately
650 to 900 nm) in which the absorption coefficient, autofluorescence and light scattering
of tissue are at a minimum (Figure 1). Consequently, tissue penetration is increased in this
spectrum, leading to development of probes (i.e. antibodies or ligands conjugated to an
optically active reporter that is designed to target a disease-specific biomarker) that provide
high signal-to-background ratios (SBR) *. These advantages can be used in tumor detection,

tumor staging, image-guided surgery and follow-up after treatment.

Non-invasive detection and classification of tumors and
therapy monitoring
Preclinical results

The intrinsic optical absorption signals of blood, water, and lipid, correlated with increased
hemoglobin concentration due to angiogenesis and decreased hemoglobin saturation
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Fig. 1. Absorption of light by various components varies over the wavelength spectrum, resulting in an
optimal window for fluorescence imaging in the NIR light region between 650 and 900 nm. OxyHb,
oxygenated hemoglobin; DeoxyHb, deoxygenated hemoglobin. Figure reprinted from Chance, B.*
With permission, Copyright Clearance Center Rightslink.

due to hypermetabolism, have been used in NIR spectroscopy to detect and localize
cancer °. Furthermore, the use of exogenous contrast agents to detect and monitor tumor
growth has been described. Planar fluorescence imaging has been used to register and
quantify fluorescence signal on a two-dimensional image °. Planar fluorescence imaging
is a conventional imaging technique that uses illumination of tissues with a plane wave
(i.e. an expanded light beam), with subsequent collection of fluorescence signals that are
emitted toward the camera. This can be applied in epi-illumination (i.e. photographic or
reflectance imaging) or transillumination (collection of data on the opposite side) mode.
More recently developed techniques have been used to generate three-dimensional images,
in order to do volumetric assessments of fluorescence signal and to localize the signal.
These techniques include fluorescence tomography imaging 7 (Figure 2a) and fluorescence
lifetime imaging *°, which have shown promising results in preclinical validation studies
on tumor therapy monitoring. Fluorescence tomography is an imaging technology that is
capable of spatially resolving the concentration of fluorescent agents located deep in soft
tissue in vivo. Because of the possibility of co-registration with other imaging modalities
such as MRI, PET, SPECT, and CT, it determines the position and quantity of a fluorescent
source in a three-dimensional image.

For example, Choi and colleagues have used the FMT fluorescence tomography system
(VisEn Medical, Bedford, MA) to monitor photodynamic therapy response '°. Whole-body
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B

Fig. 2. A. VisEn FMT 2500 NIR fluorescence tomography imaging system, for preclinical imaging
applications B. Time-domain optical mammography (Softscan®), used for detection of breast cancer.

fluorescence tomography imaging is presently not available for clinical applications, as
penetration depth of signal through tissue is limited to several centimeters. Fluorescence
tomography does have potential application in selected areas, for example in breast, where
the tissue volume that needs to be penetrated is relatively small. Lifetime imaging is an
imaging technique that distinguishes individual fluorophores by their specific temporal

decay (i.e. time domain) after excitation *°.

Clinical results

Diffuse optical imaging is a measurement technique based on detection of diffusely
scattered light. It is used to estimate the average optical properties of tissue at multiple
wavelengths based on diffusion theory. The technology assumes that light propagation
is dominated by multiple scattering and is modeled as a diffusive process where photons
behave as stochastic particles. Semi-quantitative tissue measurements can be obtained
by separating light absorption from scattering using spatially- or temporally-modulated
photon migration technologies.

Three-dimensional parallel-plate diffuse optical tomography ' or time-domain optical
mammography '? (Figure 2b) have been used to measure photon migration through the
breast and variations in the functional and structural NIR properties (e.g. scattering, oxy-
and deoxy-hemoglobin concentrations), enabling differentiation between benign and
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malignant tumors. Potential benefit of these techniques lies in the ability to non-invasively
classify tumors and monitor therapy response. Clinical studies are currently being
performed to assess patient benefit 2. However, three-dimensional parallel-plate diffuse
optical tomography and time-domain optical mammography require post-processing and
therefore do not provide real-time imaging.

Sentinel Lymph Node Detection

The sentinel lymph node (SLN) is the lymph node that directly drains from the tumor site
and to which tumor cells will first metastasize. Currently, sentinel lymph node imaging is
performed using dye-injection, nuclear imaging, CT and MRI *, which each have their specific
limitations regarding sensitivity, resolution, exposure to radioactivity, or practical use.

As in tumor detection applications, NIR fluorescence imaging of the SLN allows for high
spatial and temporal resolution. Recent camera systems are able to detect sub millimeter
spots with more than 30 frames-per-second, thereby providing real-time visualization '*°.
When camera systems are used with parallel imaging of visible and near-infrared light,
the contrast agents can be traced to the SLNs in real-time, without affecting the visual
appearance of the surgical field '. Furthermore, the lack of ionizing radiation makes it an

easy-to-use and safe technique - '°.

Preclinical results

Preclinical validation of SLN mapping using NIR fluorescence light has been performed
using NIR fluorescence imaging systems (Maestro In-Vivo Imaging System, CRI Inc.,
Woburn, MA) Y, intraoperative imaging systems (FLARE, Frangioni Lab, Boston,
MA) 1% 1Y and experimental laparoscopic camera systems %. In both small animal and
large animal models, SLN mapping using NIR fluorescence light was found to be fast and
feasible. Indocyanine green (ICG) is currently the only Food and Drug Administration
(FDA) approved NIR fluorescent contrast agent and has been used intensively in SLN
studies. Other compounds are being developed that have advantageous properties for SLN
imaging. These agents can roughly be divided in organic fluorophores, organic nanoparticles
and inorganic nanoparticles. Ohnishi and colleagues showed that several of those newly
developed contrast agents showed superior results in comparison with ICG *. Novel organic
fluorophores and organic nanoparticles based on currently clinically available compounds
are more likely to be introduced in the clinic in a short timeframe, as the suspected toxicity

is relatively low.

Clinical results

At this moment, SLN mapping is one of the most promising clinical applications for NIR
fluorescence imaging in the field of oncology. Recent clinical results reported the use of
intraoperative NIR fluorescence cameras 2! or portable NIR imaging devices % for SLN
mapping. NIR fluorescence imaging using ICG has been shown to visualize the lymphatic
channels transcutaneously. Multiple studies, containing in total more than 500 patients,
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have been published using ICG as lymphatic tracer in SLN procedures in breast, skin,
or gastro-intestinal cancer '*2?»2628 An example of SLN mapping in breast cancer is
shown in Figure 3. At this moment, availability of camera systems is limited to a small
number of research hospitals, limiting the introduction of these techniques into general
clinical practice.

Color

Color-NIR Merge

s

Fig. 3. Intraoperative detection of an axillary SLN in a patient with breast cancer.

Tumor margin detection and image-guided resection

During cancer surgery, complete removal of all tumor tissue is pivotal for a patient’s
prognosis *#. Currently, surgeons can only rely on visual inspection and palpation to
discriminate between healthy tissue and tumor tissue. Therefore, there is a need for imaging
modalities that can visualize this distinction. If this can be achieved, tumor margins can
be assessed more accurately during surgery which may improve radical resection without
unnecessary damage to healthy tissue »*. Furthermore, it is anticipated that identification
of malignant lesions will be possible before they become visible to the naked eye, through
detection of biochemical changes involved in the earliest stages of neoplastic development.

Preclinical results

Different strategies can be followed to detect malignant cells or tissues intraoperatively.
The various hallmarks of cancer can be used as a target for imaging strategies: increased
growth and growth factor signaling receptors, limitless replicative potential, sustained
angiogenesis, and increased proteolytic activity resulting in tissue invasion and
metastasis *. Enzyme activatable probes allow detection of proteases that are relatively
abundant in malignant tissue, which can be associated with specific characteristics of
the tumor, e.g. invasive, aggressive or metastatic tendency. These agents are injected in
a quenched (i.e. non-fluorescent) state, resulting in minimal fluorescence at the time of
administration. After cleavage by the specific enzyme, the agent becomes dequenched
(i-e., fluorescent), resulting in a high SBR. Examples of activatable agents that have
been used in animal cancer models are activatable polyarginine-based cell-penetrating

peptides that detect matrix metalloproteinases *, activity-based probes that target cysteine

121



122

cathepsins *

, and several commercially available probes that have been developed by
Weissleder et al., which are activated by cathepsins or matrix metalloproteinases (VisEn
Medical, Bedford, MA) 3233,

Instead of detection of tumor-associated proteases, molecular-specific detection of
cancer cells can be performed using a specific targeting ligand or monoclonal antibody
conjugated to a fluorophore. Tumor detection by exploiting the increased growth factor
receptor expression of tumors has been described in all kinds of different tumors. In these
studies, fluorophores that were coupled to monoclonal antibodies targeting the epidermal
growth factor receptor, Her2/neu receptor, or vascular endothelial growth factor receptor
were used **¥. For imaging of tumor angiogenesis, targeting of alpha-v-beta-3 (avp3)
integrin, a critically important adhesion molecule in the regulation of angiogenesis, is
a widely used strategy. Targeting of avp3 integrin by cyclic arginine-glycine-aspartate
conjugated to various non-quenched or quenched fluorophores has been reported 73 %,
Finally, in analogy with PET technology, increased glucose metabolism due to increased
expression of membrane glucose transporter proteins in intracranial gliomas has been
reported *°. An example of tumor detection using a protease sensing NIR fluorescent agent
(ProSense, VisEn Medical, Bedford, MA) is shown in Figure 4.

Color-NIR Merge Histology

Fig. 4. NIR fluorescence imaging of excised primary breast cancer in a rat model using the
ProSense680 and the Fluobeam camera system. A color image (first panel) a NIR fluorescence image
(second panel), and a pseudocolored green merge of the two images (third panel) of a sectioned
4 mm EMRS86 breast tumor with surrounding mammary fat pad is shown. A detail of the square
region in the third panel is shown in the fourth panel (325 original magnification) with hematoxylin-
eosin histologic staining.

Clinical results

Over the last years, intraoperative optical imaging camera systems are being developed
resulting in the detection of a variety of tumors during surgical procedures. These include
the Fluorescence-assisted Resection and Exploration (FLARE™, Frangioni laboratory,
Boston, MA), the Photodynamic Eye (PDE; Hamamatsu Photonics, Hamamatsu, Japan),
and a system build by the group of Ntziachristos '®*"*. Furthermore, the use of endoscopic

fluorescence systems has been reported for diagnostic and surgical applications *.
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In neurosurgery, the use of 5-aminolevulinic acid for detection of malignant gliomas by
optical imaging techniques has been studied over the last years. The intraoperative use of
fluorescence guidance has been described in a phase II trial as an effective adjunct in the
surgery of recurrent malignant gliomas *.

To date, three Japanese studies have reported the use of ICG in NIR fluorescence
imaging of liver tumors. Ishizawa et al. *! injected ICG in 37 patients with hepatocellular
carcinoma and 12 patients with colorectal carcinoma liver metastases before surgery
as part of a routine liver function test. Both during and after resection, the liver and
liver specimens were imaged with the Photodynamic Eye imaging system (Hamamatsu
Photonics, Hamamatsu, Japan). All pathologically confirmed hepatocellular carcinomas
and colorectal metastases were identified in the excised surgical specimens using ICG

(example shown in Figure 5).

PR Ere e e e e e e eren e

Fig. 5. Fluorescent patterns of liver cancers on NIR fluorescence image-guided surgical specimens
(left) and their gross appearances (right). (A) Total fluorescent type; well-differentiated
hepatocellular carcinoma (HCC), 7 mm in diameter. (B) Rim fluorescent type; poorly differentiated
HCC, 30 mm in diameter. Reprinted from Ishizawa et al.* With permission, Copyright Clearance
Center Rightslink.

123



124

Future directions

The use of NIR fluorescence optical imaging in the field of SLN mapping is rapidly expanding
in clinical oncology. ICG, approved by the FDA for various other applications, will play a
major role in this respect, potentially demonstrating the clinical advantage over current
lymph node mapping protocols.

Probe development and regulatory approval

Preclinical trials have clearly demonstrated the large potential of targeting strategies for
tumor detection using NIR fluorescence techniques. However, FDA approval of organic
fluorophores is a necessary step towards clinical targeting of tumor specific signals. In
the following years, FDA approval of the activatable agents is required to fully exploit the
possibilities of optical imaging, and thereby enhancing the specificity and sensitivity of
this technique. Once these agents are found to be safe, it is anticipated that the initial steps
will be taken in their conjugation to already FDA approved and clinically used monoclonal

antibodies (e.g. cetuximab, bevacizumab).

Development of imaging devices
All these developments will have to be accompanied by parallel development of adequate,
manageable, intraoperative camera systems. In order to guide the surgeon to perform a
tumor resection with tumor-free margins, the development of camera systems that provide
adequate imaging resolutions is essential. NIR fluorescence laparoscopic camera systems
are currently being developed, which will allow NIR fluorescence image-guided surgery
in a minimally invasive setting. Various techniques are being evaluated to correct for
photon scattering and thereby enhance the depth at which NIR fluorescence signal can be
detected **>*. When these probes and improved NIR fluorescence camera systems become
clinically available, applications of NIR fluorescence image-guided cancer surgery will be
greatly expanded.

Tumor detection and therapy monitoring using whole body optical imaging will
be limited to preclinical applications in the foreseeable future due to lack of required
penetration depth of NIR light. However, in selected indications (i.e. breast cancer) optical

imaging is applicable using specialized devices.

Conclusions

Recent developments in optical imaging have shown promising clinical applications for
this technique. The current review describes its applications in oncology in particular.
Preclinically, optical imaging has been employed in tumor identification, image-guided
resection, therapy monitoring and SLN detection. Each of these indications is currently
being translated into the clinic. Widespread availability of imaging systems and optical
contrast agents will enable larger studies on its clinical benefit and can help establish a

definitive role in clinical practice.
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List of abbreviations

CT = computed tomography
FDA = Food and Drug Administration
ICG = Indocyanine Green

MRI = magnetic resonance imaging
NIR = Near-Infrared

PET = positron emission tomography
SBR = Signal-to-Background Ratio
SLN = Sentinel Lymph Node

SPECT = single-photon-emission computed tomography

US = ultrasonography
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Abstract

Purpose
To provide a clear overview of the various components that play an essential role in the
conundrum of optical imaging for application in cancer surgery.

Background

Optical image-guided cancer surgery is a promising technique to adequately determine
tumor margins by tumor-specific targeting, potentially resulting in complete resection of
tumor tissue with improved survival. However, identification of the photons coming from
the fluorescent contrast agent is complicated by autofluorescence, optical tissue properties,
and accurate fluorescent targeting agents and imaging systems. These factors all have an
important influence on the image that is presented to the surgeon.

Results

Considering the clinical consequences at stake, it is a prerequisite to answer the questions that
are essential for the surgeon. What is optical image-guided surgery and how can it improve
patient care? What should the oncologic surgeon know about the fundamental principles of
optical imaging to understand which conclusions can be drawn from the images? And how
do the limitations influence the clinical decision-making? This manuscript discusses these
questions and provides a clear overview of the basic principles and practical applications.

Conclusion

Although there are limitations to the intrinsic capacity of the technique, when practical
and technical surgical possibilities are considered, optical imaging can be a very powerful
intraoperative tool in guiding the future oncologic surgeon towards radical resection and
optimal clinical results.
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Introduction

For cancer surgery with curative intentions, radical resection (i.e., removal of all cancer
cells) is a sine qua non. In order to achieve this, the surgeon has to adequately assess the
tumor resection margin during the operation. Optical molecular imaging using near-
infrared (NIR) fluorescence introduces a revolutionary new approach to address this basic
challenge in surgical oncology.(1-3)

The field of optical imaging emerged in the early 20" century with the observation
of porphyrin fluorescence in certain tumors, but a lack of fundamental knowledge and
suitable optical equipment prevented further development at the time.(4) The finding that
photons in the NIR range (650-900 nm) travel through tissue much deeper than photons
in the visible light range(5) was essential for the advancement of optical imaging towards
clinical practice, and further development gained momentum over the last decade.(1, 6) In
order to use optical imaging for visualization of cancer, fluorescent agents are injected that
emit light in the NIR range and are tumor-specific using a variety of targeting strategies.
(2) Because the human eye is not sensitive for light in the NIR region, dedicated camera
systems are required to detect the fluorescence emission from these molecules.(2) By
real-time intraoperative fluorescence imaging of tumor margins, the technique promises to
guide the oncologic surgeon towards optimal radical resection and clinical results.

Preclinically, optical imaging has been employed in tumor identification; image-
guided resection; therapy monitoring; and detection of sentinel lymph nodes. Because
tumor-specific agents were not yet approved for clinical use, the first clinical studies were
performed using non-specific fluorescent agents that had long been approved for different
applications and could therefore be used for sentinel lymph node mapping.(6, 7) Clinical
trials of tumor imaging using indocyanine green have been reported in hepatobiliary and
colorectal cancer.(8) Recently, a milestone step was completed when the first in-human trial
was reported using tumor-specific targeting,(9) marking the beginning of a new phase of
optical image-guided surgery.

However, although it is very likely that the technique will deliver an important
contribution to surgical oncology, there are fundamental limitations to this approach that
influence the ability to differentiate the targeted tissue from its surroundings. Now that the
first clinical trial has been reported, the group of oncologic surgeons that gets acquainted
with the flourishing field of optical image-guided surgery is increasing day by day, with
clinical consequences at stake. As we will show, it is essential for the clinician to understand
which phenomena occur when photons travel through tissues and how these phenomena
influence the optical image that is acquired. We therefore believe that it is now, more than
ever, of paramount importance to provide the surgical oncologist a clear overview of the
basic principles of optical image-guided surgery in order to be able to understand how
these limitations influence the sensitivity of this technique. Awareness of these limitations
and focusing research on solving these challenges is of utmost importance for proper
implementation and evaluation of the clinical value of this new technology.
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The basic principle of fluorescence imaging

The geometrical principle of fluorescence imaging is illustrated in Figure 1a. A light source
is required that sends out a bundle of light with a specific wavelength that is able to excite
the fluorophore (i.e., excitation photons). Because the targeted fluorophore is located under
the tissue surface, this excitation light has to enter and travel through tissue to reach the
fluorophore. Light entering the tissue is partly influenced by reflection and refraction at the
tissue surface. The direction of photons that travel through the tissue can be changed due to
scattering. In addition, photons can be absorbed by various components in the tissue. Only
when such a component is a fluorophore, which can be either an intrinsic tissue component
(i.e., autofluorescence) or an injected external fluorescent agent, absorption of a photon
results in a gain in energy of the fluorophore which then enters an excited state (Figure 1b).
The electrons remain in this state for about 10~ seconds depending on the molecule, which
is called the lifetime of the fluorophore. After this phase, the system returns to its ground
state and emits the photon, which could be heading into all directions (Figure 1b). The
change in energy between the absorbed and the emitted photon results in a change in
wavelength. This shift of shorter wavelengths (higher energy) of the absorption spectrum
to longer wavelengths (lower energy) of the emitted fluorophores is called the Stokes shift.
After excitation of the fluorophore, emission photons will also be influenced by scattering

- 'es(er\t emission

Fig. 1. Geometrical and basic principle of fluorescence imaging. (a) Light of the appropriate excitation
wavelength is selected using a filter (Fex), which is located between a light source and the tissue. The
excitation light travels through the tissue and is absorbed by a fluorophore, which subsequently emits
light of a different wavelength. A small portion of this emitted light will exit the tissue and can be
detected with a camera. A filter (Fem) is placed in front of the camera, which allows only the emitted
light to pass into the camera. (b) Absorbed light by the fluorophore instigates an electron (e) in the
ground state towards an electronically excited state. Upon return to the ground state, the fluorophore
emits a photon. The wavelength of this emitted photon is specific for the fluorophore. Fex, excitation
filter; Fem, emission filter; e, electron
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Fig. 2. Light propagation through tissue. Light travelling through tissue is subject to reflection,
scattering and absorption.

and absorption, and the photons that reach the tissue surface will subsequently be influenced
again by reflection and refraction at the surface. Finally, in a clinical geometry, only part of
these photons can eventually be detected by the camera system. Although optical imaging
is based on the detection of photons, Figure 2 illustrates that the path that photons travel
through the imaged tissue is influenced by optical properties of the components in the tissue
(i.e., absorption and scattering). As a result, fluorescence images will display intensities that
are strongly influenced by varying absorption properties of the tissue and the images may
be blurred due to scattering of light. The following paragraphs explain in detail how these
phenomena influence the acquired image.

What happens when light travels through tissue?
Absorption

All tissues contain components that can absorb photons that travel through them. The
composition of these components varies between different tissue types and organs, but also
within these tissues, and may vary in time.(10) In general, the most relevant absorbers of
photons are water, lipids, oxyhemoglobin and deoxyhemoglobin (Figure 3a).(11) Blood is the
main absorber in the visible region, and the absorption of light by blood is the highest in the
blue-green region. This fact can be illustrated by illuminating the human skin with white light.
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Fig. 3. Absorption of light. (a) Absorption of light by various components varies over the wavelength
spectrum, resulting in an optimal window for fluorescence imaging in the NIR light region between
650 and 900 nm. Figure reprinted from Chance, B.* with permission, copyright clearance center
rightslink. (b) Penetration of light range from 0.5 mm to >10 mm contingent to the wavelength.
OxyHb, oxygenated hemoglobin; DeoxyHb, deoxygenated hemoglobin.

Due to absorption of photons with shorter wavelengths, a reddish reflection returns from the
skin. In this way, absorbers influence the color of the light that exits imaged tissues. In the NIR
range, the absorbance per volume of these components is much lower than in other parts of

the spectrum, allowing for deeper penetration of photons into the tissue (Figure 3).

Scattering

Next to absorption of the photon, a change in photon direction can occur, an effect known
as scattering (Figure 4). In most part of the visible and NIR region, scattering events occur
much more frequently than absorption events. Even though a forward direction of scattering
photons is most likely to occur in tissues, the accumulation of multiple consecutive scatter
events will result in a gradual randomization of the propagation direction (i.e., diffuse light,
Figure 4).(12) Randomization of the direction of light reduces the signal strength as well as
the accuracy of determination of the source localization. However, scattering can also have
a positive effect on the fluorescence signal intensity because of its effect on the excitation
light. The photons that excite the fluorophore follow a similar contorted light path as the
emission light. In highly scattering tissue, the contorted light path causes retention of
photons in that specific area. In other words, in a highly scattering medium, the photons
bounce around locally for a longer time, increasing the chance for a fluorescence event.
Consequently, there can be increased fluorescence intensity in tissues with more scattering
compared to tissues with less scattering.(13) The net effect of scattering on fluorescence

imaging depends on the exact optical properties of the tissue at hand.
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Fig. 4. Photons change direction multiple times when traveling through tissue. In the case of forward
scatter, a photon travels more or less in the same direction before and after the scattering event, in the
case of backscatter the photon will end up traveling in the opposite direction after the scattering event.
During fluorescence imaging, the direction of both the excitation light as well as the emitted light is
randomized due to scattering. Only a small portion of the excitation light will reach a fluorophore,
and only the camera will capture a small portion of the emitted light. As a result, it is often difficult to
pinpoint the exact origin of the detected fluorescent signal.

Influence of optical properties on light penetration depth

Scattering and absorption coefficients vary between locations and tissues due to the
different components within the heterogeneous tissue. Importantly, the influence of these
phenomena on the fluorescence signal will be higher when fluorescent light has to emerge
from larger tissue depths and consequently has to pass more absorbers and scattering events.
In the visible light region, absorption by biological chromophores limits the penetration
depth to a few millimeters with a maximum of 10 millimeter. Due to less absorption and
scattering, penetration depth is increased to more than a centimeter in the NIR region,(14,
15) however strongly depending on the type of tissue.(1, 3, 16) The consequences of these
effects are essential for understanding the limitations of optical image-guided surgery: at
the surface, fluorescent agents will appear as a bright and sharply delineated spot. However,
the target will always be surrounded by a halo of fluorescent light that was directed into
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the tissue after emission, scattered around locally, and emitted from the surface at some
distance from the target location. Moreover, due to absorption and scattering, an identical
fluorescent agent that is located deeper within the tissue will have lower signal intensity and
will be imaged as an indistinct blob (Figure 5).

Real-time color-
fluorescence merge

Color NIR Fluorescence

Fig. 5. Effect of optical tissue properties during real-time intraoperative optical imaging of liver
metastases in humans. A liver metastasis is delineated by fluorescence signal (a-c). When a thick layer
of greater omentum covers the area of interest, fluorescence signal is not detected (d-f).

A second liver metastasis is indicated in (g-i) in a different patient. However, when the liver is flipped
around and the opposite side is imaged, high absorption of the liver that is saturated with blood results
in an indistinct fluorescent blob (j-1).
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Reflection and refraction

As imaging during surgery always focuses on a surface, the mismatch between the indices
of refraction of tissue and air is unavoidable, resulting in a change in direction of the
photons. This mismatch in index of refraction causes reflections to occur at the surface. The
excitation light will be partially reflected from the surface, like the sun on a water surface.
When the light is nearly perpendicular to the surface of the tissue, the surface reflection
is not more than a few percent. However, emitted fluorescent light that is generated inside
the tissue is diffuse, and partly reaches the surface under large angles resulting in complete
reflection within the tissue. This internal diffuse reflection coefficient at the surface can be
in the order of 50%. Consequently, the emitted fluorescent light is even more diffuse and
the amount of light that escapes the surface and can be detected by the fluorescence camera
is further decreased.

Fluorescence imaging and autofluorescence

The goal of fluorescence imaging is to detect a target by its specific fluorescence signal.
Detection of the fluorescent signal of the targeted fluorophore is hampered because all
cells contain various endogenous fluorophores that become fluorescent when excited by
ultraviolet, visible, or NIR radiation of suitable wavelength. This intrinsic fluorescence of the
tissue induces a non-specific background signal. The number of endogenous fluorophores
varies strongly between tissue types. Moreover, the autofluorescence can change in time
because of bleaching of the endogenous fluorophores, and because some of the endogenous
fluorophores are related to metabolism (e.g., NADH, NAD, FAD, and FADH).

Because we can see cancerous lesions with our eyes, the optical properties of these
lesions are changed by definition, and a difference in autofluorescence signal compared to
the surroundings can be detected. This effect has been used for autofluorescence-guided
surgery.(17) However, due to the aforementioned effects, “tumor-specific” autofluorescence
signals can vary over time, making it an unreliable target. Furthermore, other benign
visible changes (e.g. scar formation) also result in a change in autofluorescence, limiting
the specificity of this technique.(18) But most importantly, despite positive correlations
that have been reported in a number of studies that use autofluorescence to detect and
remove the tumor,(17) it is not clear which biological aspects are responsible for the
change in autofluorescence signal in the imaged lesions. Studies to assess these aspects are
compromised because of artefacts as a result of color changes in cancer tissue.(18) The
surgeon should therefore approach changes in autofluorescence with the same level of
uncertainty as visible clues of cancerous tissue. If high correlation of autofluorescence and
tumor tissue are consistently reported, they can be used to aid the surgeon in assessing the
tumor margins, but should not be considered as tumor-specific proof of tumor margins.

As a good alternative, a target-specific agent that contains a fluorophore is usually
injected intravenously. Now that we understand how optical properties can influence
the optical path of the photon, we are confronted with a second challenge: how can we
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determine if the photon that we detect has been excited by the targeted fluorophore, and not
by its surrounding autofluorescent components?

For the targeted cancer cells to be detected, the signal of the target-specific fluorescence
agent must be significantly higher than the non-specific autofluorescence. Although
autofluorescence is much lower when NIR light is used, the signal-to-background ratio
(SBR) must be sufficient in order to distinguish the photons of the target-specific fluorescent
agent from the autofluorescence signal.

What are the consequences of these effects for
fluorescence imaging of cancer?

We have now set the stage for optical imaging in tissues and gained a clear picture of
the problems that we face when we aim to detect a minimal amount of tumor-specific
fluorescence agent within this diffuse heterogeneous medium containing absorbers, scatter
events and endogenous fluorophores. Firstly, the fluorescence intensity is not only influenced
by the concentration and fluorescence quantum yield of the fluorescent agent, but also by
the tissue optical properties that are involved. For example, as a result of absorption by
blood, fluorescence signals in organs with high blood volumes such as the liver,(19) highly
vascularized tumors, or in tumor cells that co-opt host vessels(20) may appear lower than
surrounding less-absorbing tissue, even if they contain larger amounts of contrast agent
compared to the surrounding tissue.(21) Similarly, less-absorbing lesions (e.g., cysts, lymph
nodes) may appear brighter in a heterogeneous environment. The variability in absorption
and scattering between different tissues or even tissue components should be taken into
account during the process of image-guided surgery. Secondly, intraoperative camera
systems will not only detect the fluorescence signal of the fluorescent agent, but also the
autofluorescence in the scanned region and therefore a sufficient SBR is required. At present,
various strategies are being evaluated that attempt to improve adequate identification and
quantification of the targeted photons.

Strategies to reduce the influence of absorption and
scattering on the image

With the state of the art technological advancements, it remains impossible to determine
all absorbers and scatter events within a diffuse, inhomogeneous medium. However,
calculation methods have been developed that try to estimate the perturbation caused by
optical tissue properties and improve the image by partly correcting for these properties.
(14) An intraoperative fluorescence imaging system has been developed that implements
such a correction scheme for light intensity variation in tissues.(21) Improved accuracy was
demonstrated within phantoms and tissues postmortem, independently of optical property
variation in tissues. At a five-fold change of absorption variation within the fluorescent
lesions, quantification errors were reduced from 25% in uncorrected images to 8% using
the correction scheme.(21)
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A second new technology that is investigated in this field is fluorescence differential path
length spectroscopy, which determines fluorophore concentration based on the fluorescence
intensity corrected for absorption.(22) This facilitates quantitative concentration
measurements even for strong variations in either background absorption or scattering.
However, this method can currently only be performed using fiberoptic measurement at a
single point. An imaging version and subsequent intraoperative applications have not been
developed yet. Finally, tomographic reconstruction techniques (23) Raman spectroscopy
(24) and photoacoustic imaging (12, 25) may play important future roles, although currently
not suited for real-time imaging in the surgical theatre. Raman spectroscopy is based on
inelastic scattering: the effect on the frequency of excitation photons that changes upon
interaction with tissue, which is independent of optical tissue properties or autofluorescence.
(24, 26) In surface-enhanced Raman spectroscopy (SERS), tumor-specific nanobodies are
injected that are able to increase the intrinsically very low Raman effect, thereby improving
detectability. Promising preclinical results of brain tumor resection guided by SERS have
been reported.(27) In photoacoustic imaging (also referred to as optoacoustic imaging),
thermoelastic expansion of molecules resulting from laser pulse irradiation causes emission
of acoustic waves that can be measured by photoacoustic spectroscopy. The resolution in
photoacoustic imaging is not limited by tissue scattering but by the attenuation of acoustic
frequencies by tissue.(12, 25) This technique improves deep-tissue imaging, but is less

suitable for image-guided surgery.

Strategies to distinguish the target-specific fluorescence
signal from autofluorescence

There are currently two methods under investigation that attempt to separate the target-
specific fluorescence signal from the non-specific autofluorescence (i.e., fluorescence of
normal components of the tissue). The first is based on differences in the fluorescence
spectrum between photons from these two fluorescent sources (i.e., spectral unmixing),
and the second method exploits differences in fluorescence lifetime of the fluorophores
(i.e., lifetime imaging).

The concept of spectral unmixing is based on the “signature” emission intensity that
each fluorophore has at certain wavelengths, providing the fluorophore with its own
specific emission spectrum.(28) Using spectral unmixing, the signal is decomposed into a
collection of predefined spectra that is used to determine the individual contribution of each
fluorophore. Using calculation models combined with the fluorophore specific emission
spectrum as reference (i.e., linear unmixing), the contribution of each fluorophore in a
total fluorescent signal can be extracted.(29) When spectral signatures of the fluorophore
of interest and the autofluorescence are known, unmixing these specific fluorescence
spectra may result in a more accurate SBR. The first in-human trial on intraoperative
tumor-specific fluorescence imaging was performed using a camera system that was based

on spectral unmixing technology.(9, 21) There are however fundamental problems with
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this approach. Linear unmixing is based on the assumption that the measured spectrum
consists of the sum of the fluorescence spectra of all the components in the tissue, i.e.,
linear mixing. As mentioned earlier, inhomogeneous optical properties influence the
path that photons travel through the imaged tissue and therefore not only put their own
signatures on the fluorescence spectrum, but may also do so non-linearly because of the
inhomogeneous nature of tissue. Furthermore, the unmixing procedure is a very complex
process that requires that all components that contribute to the spectrum are known, as
well as all of their specific “signature” spectra, which also need to be sufficiently distinctive
from one another.

The second method, fluorescence lifetime imaging, distinguishes individual fluorophores
by their specific temporal decay after excitation. This fluorescence decay (i.e., lifetime) is
a fluorophore-specific characteristic that is not influenced by the local concentration of
fluorophores, the optical path, the local excitation intensity, or the local fluorescence detection
efficiency. To acquire the characteristic decay curves, a picosecond laser pulse is used for
excitation and fluorescence is measured as a function of time. Based on the specific lifetime
of the fluorophores, the target-specific fluorescence signal can be distinguished from the
non-specific autofluorescence. In addition, the temporal response at which photons emerge
from the tissue can be measured (i.e., time-domain imaging), which is used to estimate
the concentration and depth of the fluorescent source. Lifetime imaging requires specific
conditions in terms of pulsed excitation and data capturing with complex data processing,
which currently makes it a time-consuming technique. Although intraoperative lifetime
based techniques are being developed at a strong pace and hold promising advantages, it will
take some time before they can be used in a real-time intraoperative setting where mobility

of the equipment and speed of data processing and interpretation are of the essence.(30)

What is required for a target-specific fluorescence image?

So far, we have assumed that the fluorescent agent has been able to specifically target the tissue
of interest with subsequent co-localization between the fluorescent signal and tumor cells.
However, in order to gain a complete insight into the different phenomena that can influence
the optical image, it is necessary to understand the challenges of tumor-specific targeting.

Based on the hallmarks of cancer,(31) a growing variety of tumor-specific targets are
available for imaging of cancer.(2) The efliciency of target-specific agents to reach their
intended target is defined by many variables, including affinity of the agent and abundance
of the target receptors or epitopes.(16) In order to achieve target-specific fluorescence
imaging, the contrast agent has to be delivered to the target, requires adequate contact time
with the target for binding to occur, and has to be retained by the target while non-bound
agents are cleared from the circulation.(10) It has been reported that at saturating doses of
the agent, high affinity antibody uptake is dependent on antigen expression levels. However,
at subsaturating doses, the signal is generally limited by delivery of the agent.(32)

For the agent to be effectively delivered to the target, many barriers in the human body

have to be passed. Next to inhibitor proteins present in plasma that can non-specifically
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bind to the agent,(1) walls of blood vessels provide a first barrier for drug delivery to
targeted tumor tissues. In most cases, abnormal neovascularization of the tumor occurs
(i.e., enhanced permeability and retention (EPR) effect) resulting in leaky tumor blood
vessels.(33) As a result, macromolecular drugs can traverse the endothelium of these leaky
blood vessels and passively accumulate in the interstitium of tumor tissues.(33) However,
the EPR effect is largely dependent on the size of the agent; larger agents are less efficient in
crossing the endothelial barrier.(34)

Tumor growth beyond the size of approximately 1 mm is dependent on oxygen and
supply of nutrients, and therefore requires angiogenesis.(35) However, in smaller lesions,
the angiogenic switch may not have occurred and drug delivery could be hampered due
to the lack of adequate vascularization. In other cases, tumor cells may grow alongside
preexistent host vasculature, a process known as vessel co-option.(20) In these cases where
angiogenesis-directed targeting may not yet be possible, indirect indicators of tumor
growth could be useful for tumor detection, even in the earliest stages of carcinogenesis.
For example, NIR fluorescence agents that detect proteases that are involved in migration of
tumor cells and degradation of the extracellular matrix can allow for imaging of the invasive
tumor front(36-38) and preneoplastic lesions in Barrett’s esophagus can be identified by
targeting changed patterns of lectin binding.(39)

Once extravascular, two barriers for adequate binding of the agent remain. First the
agent has to cross extracellular matrix tissue surrounding the target cells.(33) At this point,
diffusion into the tumor is sometimes impeded by high hydrostatic pressure of many solid
tumors, preventing homogeneous infiltration of the agent.(1) Next, binding of the agent to
specific epitopes of the cancer cell has to occur, and internalization of the agent can further
amplify the fluorescence signal.(23, 40, 41) Therefore, the cellular basement membrane is
the third barrier, which can be passed using the transporter system of the cell by receptor-
mediated endocytosis.(33) Finally, clearance of non-bound agent from the circulation is
required to provide sufficient SBRs. This occurs through the liver (i.e., excretion into bile
and feces) and/or the kidney (i.e., excretion into urine). Both the route of clearance and the
clearance rate are important determinants for the blood half-life time and consequently the

background signal and optimal imaging time of contrast agents.(40)

How relevant is all this for the clinical practice of
surgical oncology?

Optical imaging is a complicated process. In order to adequately interpret the intraoperative
fluorescent image of the tumor that is presented, the surgeon should comprehend that the
target-specific fluorescent agent had to get to and stay at the tumor, that part of the signal
was reduced and distorted by absorbers and scatter events, and that the signal had to be
subtracted from its autofluorescent surroundings. Considering all these influences that
could hamper detection of cancer cells that are located under the surface, the additional
value of NIR fluorescence imaging over conventional surgery could be questioned. After
all, after a mere three decades of extensive research, the fundamental principles of optical
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imaging still leave room for error and it currently seems that this approach will never
be unambiguous.

In order to determine the additional value of intraoperative optical imaging, we need
to ask ourselves what the fundamental purpose of this tool should be for surgical oncology.
In essence, the goal of surgery is to remove all cancer cells while minimizing damage to
surrounding healthy tissues. Considering the small size of a single cancer cell or group of
cells, the limited target epitopes available for the fluorescent agent and the optical tissue
properties and autofluorescence, detection of the last cancer cells under a surface will
not always be possible. Nevertheless, it is very likely that the current technique of optical
imaging, with its limitations, will offer improvement of the conventional surgical practice
to successfully treat the patient and could provide a final solution to the conundrum of
irradical resection.

The most obvious reason is that, although there are limitations when considering the
cellular level, optical imaging allows for a more detailed delineation of the tumor margins
than the conventional practice of assessment by palpation and visual aspects of the tumor.
It was repeatedly shown in animal models that tumor margins can be clearly demarcated
by optical imaging.(10, 38, 42) Consequently, the surgeon can resect the tumor based on
these images with the required tumor-free margin outside the fluorescent tissue. Moreover,
in some cases that have thin tumor strands that are invisible to the naked eye, a tumor-
free margin of up to several centimeters is required for local control using conventional
surgical practice. Although effects of scattering could result in a fluorescent halo of up to
several millimeters under certain conditions, detection of these tumor strands using optical
imaging would still largely reduce the need of these large tumor-free margins, resulting in
improved postoperative functionality. Although yet to be proven in large clinical trials, it
is anticipated that this will already lead to a decrease in local recurrence rate and improved
patient survival and functionality.

Secondly, it has been suggested that penetration depth limitations might not be relevant
for surgical practice because the surgeon will, by definition, bring the area of interest closer
to the surface during the surgical procedure.(34, 43) When, after resection of the tumor
mass, an area is found with persisting fluorescence signal indicating irradical margins, this
could be resected subsequently until no more signal is found in a “cut the light-procedure’,
similar to the technique of Mohs surgery. Although a similar procedure, optical imaging
will be much more efficient than Mohs surgery due to real-time acquisition and the fact
that intraoperative pathological evaluation is not required. At the surface, the influence of
optical properties will be minimized, improving the sensitivity even in cases of perineural
or perivascular growth, as long as the photons from the contrast agent can be differentiated
from autofluorescence.

Finally, although it is currently impossible to completely correct for an unknown
variability in optical properties of the tissue, we should not forget that there is a very
advanced system available that is highly capable of identifying distinct tissue components

(e.g. blood vessels) during the surgical process: the surgeon itself. The true additional
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value of this technique will become clear once the surgical expertise to distinguish tissue
components becomes incorporated into the interpretation of the images. For example, the
surgeon would preferable reinvestigate a suspicious region that has no fluorescence signal
if it is covered by a blood vessel as long as the surgeon realizes that vessels can be highly
absorbent. Using the knowledge about the tissues at hand, optical image-guided surgery
will result in a dynamic and flexible process providing the surgeon with valuable additional
information during the entire operation. This will likely require a learning curve that would
follow the encouraging example of pioneer work in resection of malignant gliomas using
5-aminolevulinic acid. Preliminary intraoperative studies in this field provide detailed
reports on these learning processes.(44, 45) These showed that photons are highly absorbed
by blood or cauterized tissue debris after monopolar cautery resection and that suction of
these layers or rinsing the surface with saline is required for unperturbed assessment of
tissue fluorescence. Furthermore, necrotic tumor centers accumulated little fluorescence,
which was not a problem because necrosis could easily be distinguished under white light
and therefore did not impair fluorescence-guided tumor resection. Tissues were not falsely
labeled by fluorescence from blood contaminating the tumor cavity, which might have been
expected if plasma had contained substantial amounts of fluorescent agent. Photobleaching
after overexposure was minimized with improved development of fluorophores. Finally, the
fluorescent source could be located by manipulation of the tissues as illustrated in Figure 5.
The success of this approach has led to a randomized controlled multicenter phase-III trial
demonstrating improved progression-free survival in patients with malignant glioma using

fluorescence-guided surgery.(46)

What level of accuracy is required for the routine of
surgical practice?

Considering the intraoperative flexibility of a trained surgeon and the practice of exploration
of the area of interest during surgery, we believe that optical image-guided surgery has the
potential to largely reduce the tumor-free safety-margin. If a tumor-free margin around
the tumor could be minimized, postoperative functional outcome could be drastically
improved in many cases where the tumor is surrounded by important anatomical structures.
This would require tumor imaging with optimal sensitivity and specificity of the tumor-
specific agent, followed by resection of the fluorescent tissue without any excess margin of
healthy tissue. It is anticipated that sensitivity and specificity of the target-specific agent
will be optimized by simultaneously targeting multiple tumor characteristics at different
wavelengths.(42, 47) In order to adequately assess the fluorescent border, high accuracy of
the imaging technique is demanded. This would require high-resolution images that can
be acquired at higher magnifications than the regular macroscopic field of view. Although
not suitable for intraoperative use, a system that incorporates both macroscopic and
microscopic imaging has been tested in an experimental setting of cancer detection.(23) In

the macroscopic field of view, the smallest lesion detectable with a highly expressed antigen
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(e.g., several million antigens/cell) was approximately 600 pm, a volume that approaches
pixel resolution of the macroscopic images (110 pum/pixel). Higher magnification of this
tumor revealed images down to the single cell level due to higher resolution.(23) An
example of improved resolution using this system is shown in Figure 6.

Fig. 6. Real-time magnification. RFP-GFP-transfected rhabdomyosarcoma cells were injected into
the mammary fat pad of a mouse. Increased real-time magnification from a to c results in improved
resolution.

These results suggest that incorporation of zoom-function into the intraoperative
camera system would improve surgical accuracy by using a combination of macroscopic
imaging (to survey the tissue and guide tumor resection) and microscopic imaging (to
verify clean resection margins).(40) However, scattering generally determines the sharpness
of the in vivo fluorescence image, especially for deeply located fluorescent sources, and not
the imaging equipment. Furthermore, microsurgical or robotic camera systems are only
used in some oncological surgical specialties (e.g. neurosurgery). Therefore, in daily routine
and logistics of surgical practice in most other cases, the tremor of the surgical hand will
limit removal of the tumor with accuracy smaller than 0.5 mm. As a result, the accuracy
of removing the fluorescent tissue will not only be limited by the resolution of optical
imaging, but also by the practical limitations of the surgical hand. As long as microscopic
or robotic surgery is no routine practice, the discussion on the level of resolution will
therefore lie within the margin of technical surgical possibilities. In analogy to highly
accurate stereotactic radiotherapy using Cyberknife® that has a technical error-margin of
0.5-2 mm,(48) it is very likely that this level of accuracy will be sufficient to adequately treat
the patient with minimal unnecessary loss of functionality.

Challenges for clinical translation

Although a rapidly increasing amount of data is supporting the additional value of
optical image-guided surgery for cancer therapy, challenges remain in translation of the
preclinical experimental setup into routinely clinical practice.(2, 6) The technique requires
development of tumor-specific fluorescence agents and dedicated intraoperative camera
systems. Important progress has been made over the last years in both fields, but it is
essential to identify the hurdles that are still impeding successful clinical translation.
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An intrinsic limitation of development of fluorescence tumor-specific agents is
the fact that such drugs are used as diagnostic tools instead of therapeutic drugs that
require administration over a longer period of time. Development of diagnostic drugs
is therefore subject to lower financial incentives for pharmaceutical companies. The first
obvious steps were taken by conjugation of already clinically available tumor-specific
agents (e.g. Cetuximab) to fluorophores.(2, 49) Until the technique will become available
at a large scale, further development of these agents will have to be performed by non-
profit (i.e. academic) organizations. Furthermore, dedicated imaging systems will have
to become easily available for a large group of surgeons to stimulate adoption of the
technique. Currently, the most advanced systems are still only available in the research
setting of clinical trials,(7, 9) while other systems are already commercially available.
(50, 51) These economic and implementation issues are critical for successful adoption of
surgical optical imaging.

Conclusion

Optical imaging has the potential to revolutionize cancer surgery by real-time fluorescence
guidance in discriminating between healthy and diseased tissues and identifying vital
structures. However, absorption, scattering and autofluorescence are fundamental optical
tissue properties that influence the images and limit the ability to differentiate the targeted
tissue from its surroundings. In pursuit of removing all cancer cells by resection of the
total tumor-specific fluorescence signal, the oncologic surgeon should carefully consider
these limitations during the process of image-guided cancer surgery. Although there are
limitations to the intrinsic capacity of the technique, when practical and technical surgical
possibilities are considered, optical imaging can be a very powerful intraoperative tool in
guiding the future oncologic surgeon towards radical resection and optimal clinical results.
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Experimental aspects and limitations

When considering the history of other imaging modalities (e.g. CT, MRI, ultrasound and
PET), one finds that the mean time-interval between first-in-human studies and routine
clinical practice is 23 years.! The field of optical imaging in its current form has emerged
since the start of the new millennium. As professor John V. Frangioni (Beth Israel Deaconess
Medical Center, Boston, MA) has stated repeatedly, we are halfway the developmental
stages of this technique and the next decade will determine if optical image-guided cancer
surgery will establish a definite role in clinical practice.! The prosperity for image-guided
head and neck cancer surgery is largely dependent on the evolution of clinically available
NIR fluorescence agents and intraoperative camera systems that will be developed in other,
larger-scaled, fields of oncologic surgery, including breast cancer and colon cancer. The
absolute additional value of this technique can only be assessed in clinical trials. Therefore,
it is of great importance that Van Dam et al. have recently reported the first in-human
trial, marking the beginning of a new phase of optical image-guided surgery.? The following
section discusses important aspects of the experiments as the were performed in this Thesis,
as well as important issues that should be addressed in order to improve introduction of
optical imaging into clinical trials.

The immunodeficient animal model

Acceptance of biological differences between species is a prerequisite for experimental
animal research. Ethics generally restrict scientists to animal models that are genetically and
physiologically very different from the model for which most of the research is intended:
the human species. However, animal models are not optimal and one should be very careful
not to irrefutably extrapolate results from animal studies into human conditions with
corresponding clinical premises. Therefore, the animal model should be carefully chosen,
and its differences with the conditions for which the applications are intended should be
considered meticulously.

In this thesis, we have chosen to use oral or hypopharyngeal squamous carcinoma cells
that had been isolated from a human tumor. This is mandatory when investigating tumor-
specific markers for detection of the tumor. In order to prevent rejection of the cancer cells
by the immune system after inoculation, immunodeficient animals were used. The main
advantage is that specificity of the targeting agents in this animal model will more likely
be applicable for human tumor cells. However, the major disadvantage is that the tumor is
growing in an immunodeficient environment. The tumor and its surrounding host tissue
have extensive reciprocal effects that can have an important impact on the pathophysiology.
These effects may also have significant influence on the use of NIR fluorescence agents,
especially for the non-targeted group of agents.

An example was shown in Chapter 3, where non-targeted agents were used that are
activated by proteolytic activity of cathepsins or matrix metalloproteinases. As explained
in this chapter, these enzymes are also involved in inflammatory processes, which could
interfere with the interpretation of the tumor margin. In theory, this could also hamper
differentiation between reactive cervical lymph nodes and cervical lymph node metastases.
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Furthermore, the EPR effect as described in Chapter 6 could in some cases be found in
inflammatory tissues,’ although it has been reported that the permeability and especially
retention duration are much lower in infections.* In conclusion, for specific research
regarding the influence of the immune system onto the detection of primary tumors and
lymph node metastases, the effects could best be investigated in an immunocompetent
animal model.

The effect of the immune system on the specificity of non-targeted NIR fluorophores
should be clarified before these agents are used in the clinical setting. In order to test this
in a mouse model, two different strategies could be used. The first strategy uses a syngeneic
oral squamous carcinoma cell line. In this way, oral cancer cells derived from a mouse
could be inoculated into the tongue of an immunocompetent mouse with the same genetic
background resulting in a low risk of rejection, and the effect of the immune system could
be studied carefully. The second setup would involve induction of the tumor in the animal
model using carcinogenic agents. For example, the carcinogenic 4-nitroquinoline-1-oxide
(4NQO) can be applied 3 times a week during 16 weeks resulting in mouse oral tumors
that show strong similarities with human oral tumors.® This strategy has two important
advantages. First, it does not require inoculation of allograft cells, which is always associated
with a risk of rejection. But more importantly, treatment with 4NQO results in development
of all precancerous stadia during the application process (mild dysplasia after 24 weeks,
moderate dysplasia after 28 weeks, severe dysplasia after 28 weeks, and invasive squamous
cell carcinoma after 32 weeks). Such a model could introduce the first steps of screening
experiments using NIR fluorescence imaging for high-risk precancerous lesions.

Assessment of clear surgical margins

In Chapters 3-6, NIR fluorescence agents were identified that are able to specifically target
head and neck squamous cell carcinoma (HNSCC) in vivo. It was shown that these targets
corresponded with histopathology. However, it has yet to be assessed whether a surgical
procedure guided by the image of these agents will indeed result in a complete tumor
resection with clear surgical margins. In other words, the clinical benefit of optical imaging
over current surgical protocols still needs to be determined.

In an experimental setting, optical image-guided surgery could be followed by
bioluminescence imaging to monitor residual disease or tumor recurrence. In a clinical
setting, radicality can be determined by histologic analysis of the removed tissue specimen
and by cryosections of the healthy remaining tissues, although this always includes a risk
of sampling errors.

However, histologic complete surgical resection does not necessarily imply better
treatment. Disease-free and overall survival scores determine the treatment efficacy and
long-term follow-up is therefore required to irrefutably assess the advantages of optical
image-guided surgery. Furthermore, stage III or IV tumors are usually followed by
radiotherapy to irradiate the potentially remaining cancer cells which will make it even
more difficult to determine the beneficial effects.
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The ideal imaging agent

After extensive preclinical research, the obvious question would consider which agent
would be preferred for optical image-guided surgery in a patient with tongue cancer.
However, based on the contemporary data, we are not yet able to answer this question. The
ideal imaging agent would have an optimal TBR, as well as optimal pharmacokinetic and
pharmacodynamic properties. These factors can influence each other significantly: after
clearance of the agent from the circulation, the fluorescence signal from a tumor is often
reduced but the TBR will usually be increased as a result of lower background signal. All
agents that were tested in our studies had sufficient TBRs and could therefore be eligible
for clinical use.

However, as mentioned previously, data from these preclinical studies should be
interpreted with caution. For example, differences in TBRs between various agents could
not only indicate a difference in efficacy of the agent, but could also illustrate differences
in optical properties of the targeted tissue, concentration of the agent, or targeted receptor
expression. Furthermore, the pharmacological properties of these agents in an animal
model could be different in humans, potentially influencing the TBR. Hence, although
the preclinical work demonstrates the feasibility of optical image-guided surgery and
provides direction for further research, the quest for the preferred imaging agent can only

be completed in a clinical setting.

Sentinel lymph node mapping in HNSCC

Currently, the first steps for translation of optical image-guided surgery to the clinic are
being made in sentinel lymph node (SLN) mapping. The SLN is the first lymph node that
receives lymphatic drainage from a tumor, and identification of the SLN and analysis for
tumor involvement may predict the status of the remaining lymph nodes. The use of NIR
fluorescence optical imaging in the field of SLN mapping is recently introduced in clinical
oncology.*? Indocyanine green (ICG) is a dye that has already been used over the last
fifty years for other clinical applications and is therefore approved by the FDA for use in
humans. However not tumor-specific, this dye has now been extensively used off label in
the looming field of NIR fluorescence SLN imaging, demonstrating the potential clinical
advantage over current lymph node mapping protocols.” Currently, lymphatic imaging
is performed using dye-injection, nuclear imaging, CT and MRI, which each have their
specific limitations regarding sensitivity, resolution, exposure to radioactivity, or practical
use. NIR fluorescence imaging allows for high spatial and temporal resolution without
ionizing radiation, making it an easy-to-use and safe technique. With parallel imaging of
visible and near-infrared light, the contrast agents can be traced to the SLN in real-time,
without affecting the visual appearance of the surgical field.”

Despite extensive effort, the SLN procedure has not gained a definite place within
surgical protocols of HNSCC. However, introduction of NIR optical imaging may shine

new light onto this field because more accurate detection can be achieved due to higher
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resolution. A recent study demonstrated the feasibility of sentinel cervical lymph node
detection using optical imaging in an animal model although transcutaneous detection was
not always possible due to limited penetration depth.' The first proof-of-principle clinical
trial of SLN detection in patients with oral cavity carcinoma using optical imaging is has
recently been finished in collaboration with the Leiden University Medical Center." This
study demonstrated feasibility to detect the SLN in head and neck cancer patients. However,
a false-negative node was found, illustrating that the discussion on the role of SLN mapping
in HNSCC is still relevant. Additional research is needed to determine if optical imaging is
able to provide definitive answers to these questions.

Field cancerization

An interesting problem for optical image-guided cancer surgery is introduced with the
concept of field cancerization.'? Head and neck carcinomas develop within preneoplastic
fields of mucosal epithelium made up of genetically altered cells. However, these precursor
changes in the oral mucosa may have a macroscopically normal appearance. Therefore,
preneoplastic lesions can be found in parts of the surrounding mucosal epithelium of
oral and oropharyngeal tumors'? and can extend into the surgical margins when tumors
are excised" causing local recurrences and second primary tumors. The relation between
dysplastic changes surrounding tumors and the rate of local recurrences and multiple
primary tumors in oral cancer has been reviewed extensively.'>'?

The paradigm of field cancerization poses a problem for identification of tumor-free
margins using optical imaging. Considering the surrounding preneoplastic lesions and
their relevance for local recurrence rates, it might not be sufficient to completely remove
all cancer cells by image-guided surgery. The additional advantage of optical imaging
techniques in the operation room would thereby be limited to more accurate assessment
of the tumor margin than can be obtained with conventional surgery. However, in order
to cure the patient without a chance of local recurrence, NIR fluorescence agents that are
able to target the molecular markers that identify precancerous lesions could overcome the
problem of preneoplastic lesions.

An important aspect of the genetic basis of multi-step progression from normal mucosa
to HNSCC is found in the role of p53'*and loss of heterozygosity of specific chromosomes.'>
1315 Although the cancerization process can be clearly identified genetically, no specific
targeting agents have thus far been found for identification of preneoplastic lesions. Very
recently, the first indirect detection of dysplasia in Barrett’s esophagus has been described
using a cathepsin activatable agents similar to the ProSense agent that was used in Chapters
3 and 5. An important reason is that preneoplastic fields have much more biological
similarities with normal mucosa than with tumor, making array and proteomic studies very
difficult. Furthermore, investigation of tissue that appears abnormal or is identified by a
change in autofluorescence (i.e., fluorescence of normal components of the tissue) does
not provide information about the macroscopically normal mucosa.'” However, if these

molecular markers would be found, the field of optical imaging could not only improve
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postoperative survival rates, but could eventually be expanded and play an essential role in

screening of high-risk patient populations and post-treatment follow-up.

Multimodality imaging

Over the last century, evolution of imaging modalities in medicine has resulted in a
wide range of diagnostic options. However, each specific imaging modality has its own
advantages and disadvantages resulting in adjuvant use of various techniques for many
diagnostic indications. The rapid development of molecular imaging in the last decades
has opened new possibilities for incorporation of these different techniques into new
multimodality imaging. As soon as the intraoperative optical imaging has proven a definite
beneficial role for surgical oncology, new promising possibilities emerge to combine
preoperative imaging modalities with intraoperative applications of image-guided surgery.
For example, coupling of a fluorescent dye to tumor-specific radioactive tracers could result
in preoperatively detection by PET or SPECT with subsequent intraoperative identification
using optical imaging.

A second possible application of multimodality imaging could be found in a combination
of navigation surgery and tumor-specific optical imaging. For many surgical applications,
intraoperative navigation systems can be used to help guide the surgeon to localize the
operative target within the anatomical structures. These systems are extensively being
used in neurosurgery'® and for instance in endoscopic sinus surgery."” The essence of this
procedure is found in an accurate model of the patient, which is usually generated using
preoperative CT or MRI imaging with subsequent creation of a three-dimensional data set.
Next, synchronization of the radiologic data set with the position of the patient inside the
operation room is required. During surgery, the surgeon can now be informed on his exact
position using a sensing probe that corresponds with the preoperative image.

Computer-assisted navigation techniques could play an important role in optical image-
guided surgery. For this application, fluorophores could be conjugated to particles that can
be imaged using MRI, such as iron oxide. This strategy is currently used in magnetic iron
oxide nanoparticles that are being developed for various tumor targeting therapies.”” A third
possibility for multimodal application is the use of agents that allow both detection and therapy
of the targeted tumor, a field known as theranostics. An example is described in Chapter
10, by the combination of optical imaging technologies with photodynamic therapy. Finally,
combined use of (wide-field) fluorescence imaging and Raman spectroscopy? could result
in intraoperative histopathological determination of clear surgical margins. In this way, the
tumor could be resected guided by the fluorescence signal, followed by Raman spectroscopic

analysis of (suspect parts) of the ablative wound bed to confirm clear surgical margins.
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Abstract

Cancer patients could benefit from a surgical procedure that helps the surgeon to determine
adequate tumor resection margins. Systemic injection of tumor-specific fluorescence agents
with subsequent intraoperative optical imaging can guide the surgeon in this process.
However, tumor heterogeneity hampers tumor-specific targeting. In addition, determination
of adequate resection margins can be very challenging due to invasive tumor strands that
are difficult to resolve and because of the confounding effect of variations in tissue optical
properties in the surgical margin. We provide an overview of the “classic approach” of
imaging tumor-specific targets or tumor-associated pathophysiological processes, and
explain the limitations of these targeting strategies. It is proposed that problems of tumor
heterogeneity can theoretically be circumvented by shifting focus of tumor targeting
towards the follicle-stimulating hormone receptor (FSHR). Furthermore, we discuss
why objective determination of resection margins is required to improve resection of the
invasive strands, a goal that may be achieved by targeting the FSHR. When invasive strands
would nevertheless extend beyond such a standardized resection margin, we suggest that
adjuvant photodynamic therapy would be a very suitable therapeutic regimen. Finally, we
describe how point optical spectroscopy can be used to scrutinize suspect tissue that is
difficult to differentiate from normal tissue by measuring the local tissue optical properties
to recover a local intrinsic fluorescence measurement.
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Introduction

Despite the technological advancements of preoperative imaging techniques, clinical
outcome of cancer surgery for most cancer types has only gradually improved over the
last three decades. Introduction of real-time optical imaging could revolutionize the
intraoperative approach to cure cancer by providing the surgeon with direct feedback on
histopathologic markers. This intraoperative tissue characterization could improve surgical
outcome, local control, and disease-free survival. In addition, it enables better preservation
of healthy tissue, which is critical to postoperative functionality and quality of life. In
optical imaging, tumor-specific fluorescent agents can be systemically injected to guide the
surgeon in adequately determining resection margins.

Although feasibility of intraoperative tumor-specific near-infrared (NIR) fluorescence
imaging was demonstrated in humans[1], cancer targeting with high sensitivity and
specificity remains challenging. The continuous quest for a universal tumor-specific target
has not yet been successful and the growing insight in cancer invasion is increasingly
pointing toward multifactorial processes[2-3]. There are many general aspects involved
in making a tumor-specific targeting agent suitable for in vivo use, including high
affinity of the agent with low non-specific binding, abundance of the target receptors or
epitopes,[4] biodistribution of the agent to the target, sufficient contact time with the
target for binding to occur, retaining of the agent while non-bound agents are cleared
from the circulation, and toxicity issues.[5] These aspects have been extensively reviewed
elsewhere.[5-8] Although an extensive amount of work is still needed to consider these
issues, we anticipate that the next generations of fluorescent agent design will continue
to improve these aspects. However, we have identified the 3 fundamental challenges that
will remain to contribute to the conundrum of optical image-guided cancer surgery:
dealing with tumor heterogeneity; obtaining adequate resection margins that include
invasive tumor strands; and managing the confounding effects of differences and
variations in optical tissue properties (Fig. 1). This review aims to explain the limitations
of the “classic approach” of (combined) imaging of tumor-specific cell-surface receptors
and tumor-associated pathophysiological processes. Next, we suggest that shifting focus
to the follicle-stimulating hormone receptor (FSHR) could theoretically circumvent
the problems of tumor heterogeneity. Furthermore, we advocate the need for objective
intraoperative determination of resection margins to improve resection of the invasive
strands and explain how this may be achieved by targeting the FSHR. If invasive strands
would extend beyond the resection margin, we propose that photodynamic therapy (PDT)
is the ideal adjuvant therapeutic regimen that is likely to play an increasingly important
role in optical image-guided cancer therapy. Finally, the confounding effects of differences
in tissue optical properties impede the ability to differentiate between areas of healthy and
tumor tissue, particularly in the surgical margin where fluorescent signals can be lower.
We describe how point reflectance and fluorescence spectroscopy using fiber optic probes
can be used to overcome these effects.
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Fig. 1. Schematic illustration of the three fundamental problems in optical image-guided cancer
surgery. A. How to deal with differences in optical properties that influence propagation of light in
tissue (1-3): Absorption by tissue components that influences the optical pathlength (1); scattering by
tissue components that influences the spatial distribution of light (2); and specular reflection at the
tissue surface (3). B. How to obtain adequate resection margins that include invasive tumor strands
that extend beyond the (visible) tumor border. C. How to cope with tumor heterogeneity that results
in variability in expression of surface receptors, hampering target-specific imaging.

Challenges of tumor-specific imaging

Tumor heterogeneity

The first problem that is currently challenging tumor-specific imaging is tumor heterogeneity.
Different populations of tumor cells within a tumor display variable phenotypes such as the
ability to metastasize or to survive chemo- or radiotherapy. This intra-tumor phenotypic
diversity results from genetic and epigenetic heterogeneity, a consequence of genomic
instability combined with high cell turnover, as well as from differences in the tumor
microenvironment[9]. Improved molecular understanding of cancers has resulted in
identification of targets for diagnostic and therapeutic interventions. However, the concept
of tumor heterogeneity explains why tumor-specific imaging based on these targets is
limited in many cases[9-10].
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Invasive tumor strands

The second factor that fluorescence-guided tumor resection has to deal with is the problem
how to include invasive tumor strands into the resection margin. Invasive tumor strands
are crucial for development of regional and distant metastasis. Moreover, invasive strands
are less sensitive to adjuvant therapy due to adaptive responses to different types of therapy-
induced stress inducing tumor cell survival[2]. This reactive resistance to adjuvant therapy
emphasizes the importance of radical surgical resection that includes invasive strands[2-3].
In addition, the pattern of tumor invasion at the invasive front may be indicative for tumor
behavior[11]. However, it remains to be determined whether high-risk tumors require
greater margin distances than low-risk tumors[12].

In conventional surgery, an extra resection margin around the tumor mass is removed in
order to include potential invasive strands and to compensate for inaccurate determination
of the tumor border. Because it is practically infeasible to objectively determine a consistent
margin, for instance of 1 cm by use of a caliper in all dimensions around the tumor,
the resection margin is subjectively assessed by the surgeon, resulting in intersurgeon
variability.[13] This interferes with standardized oncologic care and hampers complete
surgical resection in some cases.

Although optical imaging techniques can provide the surgeon with direct feedback on
histopathological markers, it is impossible to image individual invasive strands under many
circumstances. To detect invasive strands, fluorescent agents would require very high affinity
for these thin layers of cancer cells. However, as will be explained below, the influence of
differences in background optical properties of tissue and their spatial heterogeneity would
regularly prevent detection or detailed imaging. The inability to identify individual invasive
strands dictates a new approach to consistently include an objective resection margin into
the surgical resection.

Optical tissue properties

Finally, tumor-specific imaging and subsequent image-guided surgical resection is strongly
influenced by the background tissue optical properties. The basic geometry of optical imaging
requires excitation light from an external light source that travels through the imaged tissue
and excites the fluorophore inside the tissues[5, 7]. After excitation, the fluorescent light
travels back through the tissues and is detected outside the body by a dedicated camera
system. The path that these photons travel is influenced by the optical properties of the
tissues at the excitation and emission wavelength. Scattering can change the direction of
part of the photons and multiple consecutive scatter events will result in diffuse light; a
gradual randomization of the propagation direction[5, 7, 14-15]. Additionally, photons
can be absorbed by various components in the tissue. Consequently, fluorescence images
will display intensities that are strongly influenced by varying absorption properties of the
tissue and the images may be blurred due to scattering of light. The problem with targeting
invasive tumor strands could be as follows: invasive strands can be very thin, limiting the
amount of tumor-specific fluorescent agent that is bound or activated. This results in a
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relatively low amount of fluorescent photons that are subsequently influenced by scattering
and absorption. Imaging of strands that are invading the surrounding tissues will result in
blurry images with very low intensity.

Various groups have developed imaging systems that incorporate tissue attenuation
correction algorithms that have been validated using phantoms.[16-18] Although improved
margin delineation and quantification is reported, it is unlikely that such estimations or
more sensitive detectors will be able to completely resolve the effects caused by optical
properties and autofluorescence in vivo, because of the heterogeneous composition of the

tissue and differences in autofluorescence intensity in location and over time.[7]

Current strategies of tumor-specific imaging

The “classic approach” targeting of tumor-specific cell surface receptors

The most often approach employed for tumor-specific targeting is to conjugate a fluorophore
to a tumor-specific antibody or peptide targeting a receptor. The limitless replicative
potential of tumor cells, a key feature of carcinogenesis, offers useful targets because it is
facilitated by increased metabolism, high expression of growth-signalling receptors, and
increased tumor angiogenesis to supply sufficient oxygen and nutrients[19]. Many of these
hallmarks of cancer have been a target for antibody-derivatives, peptides or small molecules
conjugated to a fluorophore.[20] For instance, promising results have been reported in
preclinical experiments that target growth-signalling receptors[1, 21-23]. However, these
preclinical models mostly include homogeneous tumors, and antibody-specific targeting
is likely to be limited when tumors become increasingly heterogeneous. Moreover, these
models are often formed using human xenografts that are targeted by human antibody
derivatives, resulting in zero background signal.

Sustained angiogenesis has been imaged by targeting integrins; specific cell-surface
markers of tumor angiogenesis[24-25], which results in imaging of tumor vasculature.
Although this strategy could strongly reduce the problem of tumor heterogeneity,
studies have shown that these agents are taken up by cancer cells in vitro, improving
their tumor-specific fluorescence signal but increasing variability of this signal due to
tumor heterogeneity[25]. Moreover, this targeting strategy does not include an objective
standardized resection margin, which is required because targeting of angiogenesis will not
image strands that are not (yet) supported by new sprouting vessels, such as solid strands
that can be found in basal and squamous cell carcinomas|[3].

Targeting tumor-associated pathophysiological processes

To reduce the problem of tumor heterogeneity and find a more universal tumor-specific
target, the approach changed from targeting cell surface receptors to targeting tumor-
associated pathophysiological processes. The best-known example of such a process is the
degradation of the extracellular matrix, which is required for tumor growth and metastasis.
By targeting enzymes that are involved in these general processes, the tumor border is
imaged, independent from the type of receptors that are expressed by the cancer cells[19,
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21, 26-27]. Targeting of proteolytic enzymes results in imaging of the invasive tumor front
where these enzymes are abundant. Therefore, surgical resection guided by the enzyme-
specific fluorescence signal could be sufficient for radical resection including invasive
tumor strands.

To further improve sensitivity, different tumor-specific characteristics have been
targeted simultaneously. These different targets can be imaged at different wavelengths,
allowing separate analysis of different cancer features[21]. The use of a “cocktail” of
fluorescent agents that target different tumor markers could reduce the effect of tumor
heterogeneity. Although this may seem a feasible approach, it is difficult to assess in
advance what percentage of the tumor would be “covered” by this mixture of tumor
targets. As an alternative, the biologic tumor markers for each individual tumor could
be determined preoperatively, which would require representative samples and complex
biochemical analyses. Both approaches will most likely not be cost-effective compared to
the use of a single universal targeting agent.

Moreover, although targeting of cancer cell surface receptors, either or not in combination
with simultaneous imaging of tumor-specific pathophysiological processes, seem to solve
most of the aforementioned limitations while imaging with high specificity, a closer look into
its basic principles reveal that fundamental limitations remain equally existent.

First, targeting tumor-associated pathophysiological processes goes at the expense
of sensitivity and specificity of the imaging technique. Although imaging of tumor-
associated pathophysiological processes is not affected by phenotypic heterogeneity of
cell surface receptors, there is still heterogeneity in behavioural features of the tumor that
influences the sensitivity. For example, proteolytic activity may be reduced at the invasive
front in less invasive tumors with fewer tendencies towards metastasis, or in cases of
encapsulated tumors, reducing the sensitivity of this target. On the other hand, specificity
of the target is limited due to the regular expression of these enzymes in healthy tissues
and increased expression in inflammatory tissues[26, 28].

Second, a resection margin as indicated by fluorescent agents that target tumor-
associated pathophysiological processes would be inconsistent as a result of the
variability of proteolytic activity due to phenotypic heterogeneity and regular expression
in inflammatory tissues. Although it is expected that proteolytic activity would be
increased in regions where invasive strands are found, this approach does not incorporate
a standardized objective resection margin. Consequently, the resection margin could
be too small in slow-growing tumors or too large in tumors that are surrounded by
inflammatory tissue.

Third, with either of the 2 targeting strategies, it is even more important to consider the
influence of the tissue optical properties (absorption and scattering) in the tumor margin
which are themselves likely to be altered differently by the presence of an invasive front or at
the boundary of an encapsulated tumor. Consequently, smaller lesions and invasive strands
may be very difficult to detect, and a basic understanding of the optical physics is required

for the surgeon to adequately interpret the acquired images.
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Shifting focus in optical image-guided therapy

To establish a definite role for optical image-guided therapy into clinical practice, it is
necessary to be able to identify the tumor with high sensitivity and specificity, and to remove
the complete tumor mass including invasive tumor strands. In the following section, we
propose that a shift in focus is required to deal with the 3 challenges that were identified:
tumor heterogeneity; obtaining adequate resection margins that include invasive tumor
strands; and managing and ultimately correcting for the effects of tissue optical properties

during the surgical resection.

Circumventing the problems of tumor heterogeneity

Recently, a new potential target was identified with the finding of expression of FSHR in
tumor blood vessels of a wide range of different cancer types[29]. Expression was found
from 5 mm within the tumor to 9 mm outside of the tumor and was not located in healthy
tissue more than 10 mm from the tumor (Fig. 2). Although the exact pathogenic mechanism
of expression of FSHR is yet unknown, this finding introduces new opportunities for image-
guided cancer surgery: resection of tumor margin guided by an FSHR-specific signal may
prove to be sufficient to completely remove the tumor.

Because expression of the FSHR was found in a wide range of different cancer types
that have different cell-surface receptors and variable malignant behaviour, sensitivity is
not influenced by tumor phenotypic or behavioural heterogeneity. Moreover, expression of
the FSHR was found in tumor blood vessels and not in cancer cells. The specificity of this
target is very high, as the FSHR is expressed only in the granulosa cells of the ovary and the
Sertoli cells of the testis in adult humans. Hence, targeting of the FSHR would result in very
low non-specific binding.

Although the amount of FSHRs might be lower in smaller tumors, Radu et al. calculated
that the volume that consists of blood vessels that have FSHR-expressing endothelial cells
represents a substantial fraction of the tumor volume (e.g., in a tumor with a 2-cm diameter,
a 3-mm-thick peripheral layer inside the tumor accounts for 66% of its volume).[29] This
example excludes the additional number of FSHR-expressing vessels that co-exist up to
10 mm outside the tumor border. Expression has been described even in early T1 tumors
and in tumor metastases, illustrating the full potential of this target for image-guided
cancer therapy. Development of a fluorescently labeled FSHR target is currently still in
the experimental phase and future studies on pharmacodynamics, pharmacokinetics and
toxicity (including side effects on the reproductive system) are required for FDA approval.

A possible drawback of this target could be that identification of tumors by targeting
the FSHR is only feasible after formation of tumor blood vessels. In the prevascular phase,
tumor volume is limited to 2-3 mm’, a size that is usually clinically undetectable[30].
After the angiogenic switch has occurred, neovascularisation permits tumors to grow and
metastasize, which heralds the onset of symptoms[30-31]. Because surgery is performed only
on clinically detectable lesions that have given symptoms in most cases, neovascularisation

will always be present and expression of the FSHR can be used as an imaging target for
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Fig. 2. FSH-receptor expression according to vessel location. The blood vessels were visualized with
the use of anti-von Willebrand factor antibodies followed by Alexa-488 dye secondary antibodies,
and FSH-receptor-stained vessels were visualized by the FSHR323 antibody followed by Alexa-555
dye-labeled secondary antibodies. The vessels were counted on 148 microscopical digital images of
tumors obtained from five patients. Zero indicates the border of the tumor, the negative numbers
indicate the interior of the tumor, and the positive numbers indicate the exterior of the tumor. The red
circles and dashed line represent the percentage of FSH-receptor—expressing vessels. The blue squares
indicate the total number of vessels per square millimeter; the mean number was higher in the interior
of the tumor than in the exterior (37+2 vs. 25+1 vessels per square millimeter, P<0.001 with the use
of a two-tailed t-test). I bars denote standard errors. (Reproduced with kind permission from Radu et
al,,[29], Copyright Clearance Center Rightslink.)

optical image-guided surgery. In addition, most injectable agents have additional “tumor
binding” through the non-specific effect of enhanced permeability and retention (EPR)
that is present in many tumors.[32-33] Non-specific retention of the agent in the tumor
(periphery) could have a positive effect by increasing the fluorescent signal, but on the
other hand could reduce the exact specificity of margin delineation by the tumor-specific
agent. Preclinical studies have demonstrated clear differences in tumor-specific binding
localization[25] and intensity[17] between non-specific EPR and tumor-specific targeting.

Finally, similar to targeting of growth factor receptors, injection of contrast agents
that target hormone receptors heralds a risk of potentially harmful effects such as tumor
proliferation. In longitudinal animal studies on fluorescent agents targeting the epidermal
growth factor receptor (EGFR) in prostate cancer, no tumor-promoting effects were found.
[34] In contrast to prostate cancer cells that express EGFR, FSHR-expression was only

found in the tumor vasculature and not in cancer cells,[29] but it is currently unknown
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if stimulation of the FSHR has effects on tumor growth. As long as these agents are
used solely for guidance of tumor resection, the agents would be injected preoperatively
and such potentially proliferative effects would be limited to the tumor that is directly
removed, provided that regional or distant metastasis are non-existent. Nevertheless, this
aspect requires attention in the evaluation of the clinical feasibility of an FSHR-specific

fluorescent agent.

Dealing with undetectable invasive tumor strands

The high recurrence rates in many cancer types warrant a new approach to the inability to
identify individual invasive tumor strands. Optical imaging would allow consistent inclusion
of an objective resection margin into the surgical resection by targeting of the FSHR. Because
FSHR expression was found up to 9 mm outside the tumor border, a resection guided by an
FSHR-specific fluorescence signal would include a consistent resection margin and would
theoretically include invasive tumor strands in the vast majority of resectable tumors.

Even with a highly specific targeting agent available, the fundamental problems
associated with detecting weak fluorescence signals in an environment dominated by
heterogeneous optical absorption may sometimes prevent undisputable identification of the
border of the fluorescent resection margin[7-8, 15, 35]. Furthermore, high-risk pathological
characteristics could imply that adjuvant therapy may still be required to completely treat
the cancer[11]. In these selected cases, PDT may be very suitable for adjuvant therapy after
optical image-guided cancer surgery for various important reasons.

In PDT, photosensitizers are used that produce cytotoxic reactive oxygen species
after excitation by light with a specific wavelength. As a result, cancer cells are killed by
apoptosis and/or necrosis, and tumor microvasculature is obliterated[36-37]. Specific
damage of the tissue of interest is obtained by local illumination. Furthermore, the very
short half-life of cytotoxic reactive oxygen species ensures that damage only occurs in
the immediate vicinity of its formation. Although conventional adjuvant treatments (i.e.,
radiotherapy, chemotherapy, or a combination) can induce immunosuppression, PDT-
induced immunogenic cell death induces a local inflammatory reaction and stimulates
the host immune system[37]. In addition, formation of a tumor-specific immune response
(e.g., production of tumor-specific cytotoxic T-cells) offers opportunities to treat distant
metastases[37]. Preclinical studies showed possibilities of boosting the immune response
by the adjuvant use of an oncolytic vaccine virus resulting in effective inhibition of distant
metastatic spread[38]. Compared to other adjuvant therapeutic modalities, PDT has the
potential to induce low toxicity in normal tissue, produce negligible systemic effects, and
reduce acute and long-term morbidity[36]. Furthermore, PDT does not compromise future
treatment options for patients with residual or recurrent disease and can be repeated with
perpetual efficacy. However, due to limited light penetration depth (< 1 cm), PDT is only
applicable for superficial lesions, unless the tumor is accessible for insertion of fibers into
the tumor to deliver the light. In larger tumors that are inaccessible, debulking of the tumor
mass is therefore preferred before adjuvant PDT could be performed[39].
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Wavelength-specific excitation of photosensitizers could technically be performed using
the same imaging systems as those used for optical image-guided surgery, emphasizing
its practical advantages as an adjuvant therapeutic modality in the surgical theatre. In
order to fully exploit the advantages of both modalities, a tumor-specific NIR fluorescent
photosensitizer is required[40-41].

A tumor-specific photosensitizer has the potential to be much more efficient and cause
less damage to surrounding normal tissue than a non-specific photosensitizer[40-41]. The
increasing amount of photosensitizer that is expected to accumulate in the tissue of interest
ensures that less light is required to induce a cytotoxic reaction. Consequently, even light
that penetrates deeper into tissue (>1 cm) will result in specific damage of tumor cells
that are deeper located. Moreover, such an agent could be used for both NIR fluorescence
image-guided surgery and adjuvant PDT (i.e. a “theranostic”). Thereby, a targeting moiety
and photosensitizer conjugate can be chosen that accumulates at a location in the cell that
is favourable for eliciting a specific cellular or host response (e.g. apoptosis or an immune
response)|[36].

Recent studies report of tumor-specific PDT that could potentially be performed using
heptamethine cyanine dyes that have been shown to specifically target cancer cells in vivo
through internalization into the cell by the organic anion transporting polypeptide[42].
Because these agents have shown photosensitizing properties, they are nominated as
promising theranostics for future NIR fluorescence image-guided surgery with adjuvant
PDT[43]. A second approach could be to design a construct that is a combination of a
fluorophore and photosensitizer conjugated with a tumor-specific target. The use of
nanotechnology may circumvent some of the negative physio-chemical properties of
photosensitiser conjugates [44] and a photosensitizer.

Managing and correcting for the effects of optical tissue properties

As we have described above, a current approach to tumor specific imaging results in
fluorescence signals that are strongly influenced by the background tissue optical properties
of the tissue under investigation. Given the nature of the fluorescence signals, we propose
a shift of focus in optical image-guided cancer therapy towards intraoperative quantitative
intrinsic fluorescence measurements. While various groups have developed imaging
systems that incorporate tissue attenuation correction algorithms,[16-18] other approaches
are aimed at performing truly quantitative in vivo fluorescence measurements[45].

To perform truly quantitative intrinsic fluorescence measurements, the research field
of biomedical optics has mainly focused on the use of optical techniques in which the
path-length of light in tissue can be controlled. This generally involves placing a fiber optic
probe on the surface of the tissue, through which light enters the tissue and is subsequently
collected from a known distance inside the tissue. The use of a known distance between
light source and light detection is important for two reasons. First, it determines the
volume over which optical signals are averaged, which is an important consideration for
the interrogation of tumor, tumor margin and the surrounding normal tissue. Second,
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by using a known separation distance between the light source and the light detection,
theoretical models can be built to describe the complex interaction of light with tissue over
this distance. By applying these theoretical models to the light measured by the fiber optic
probe, the tissue optical properties can be quantified.

The use of a fiber optic probe also facilitates the acquisition of spectrally resolved
fluorescence with a high signal to background ratio. Spectral deconvolution allows intrinsic
fluorophore fluorescence to be distinguished from the tissue autofluorescence and residual
excitation light.

Recently, the use of a single fiber optic probe for the delivery and collection of light
has been described; single fiber reflectance spectroscopy (SFR)[46]. Mathematical models
have been developed to describe the underlying interaction of light with tissue[47-48]. The
sampling volume canbe tailored toa specific clinical application or suited to the intraoperative
need by varying the diameter of the optical fiber(s) that are used [range in sampling depth
0.1 - 1 mm]. Using knowledge of the sampling volume, algorithms have been developed
that can be used to perform quantitative reflectance and fluorescence spectroscopy([45, 49].
By utilizing two or more fiber diameters in a single fiber optic probe, SFR spectroscopy
enables a complete determination of tissue optical properties[49-50]. This technique,
termed multi-diameter single fiber reflectance spectroscopy (MDSFR), can then be used to
recover a fully quantitative measure of intrinsic fluorescence[51]. In MDSER spectroscopy,
an overlap exists in delivery and collection of light, which provides information on the
distribution of angles at which the light scatters[52-53]. Preclinical studies have suggested
that measuring these types of scattering properties may have diagnostic value[54]. This
approach yields the quantification of intrinsic fluorescence, given as the product of the
tissue fluorophore absorption coefficient at the excitation wavelength. Recently, the first
promising clinical results were reported in neurosurgical and gastrointestinal applications
using similar approaches[55-56].

The use of a fiber optic probe has some disadvantages; the point measurement technique
needs to be incorporated into the procedure of image-guided surgery and it is not ideal for
covering a large proportion of the tumor margin. In addition, true real-time acquisition is
not possible, because the measurements take a few seconds to produce at each measurement
location. Future developments in the clinical implementation of MDSFR such as the use
of lager coherent fiber bundles[57] could allow this fiber based technique to approach
the resolution and speed of optical imaging. It is also important to consider how point
spectroscopic information and optical imaging might be registered most optimally.

The acquisition of point measurements as an adjuvant intraoperative optical imaging
technique to fluorescence-guided surgery is clearly not limited to the use of reflectance and
fluorescence spectroscopy. Other spectroscopic approaches such as Raman spectroscopy
have significant potential[58] but spectral analysis of a tumor margin during fluorescence-
guided surgery may be hampered by the presence of the exogenous fluorophores. In addition,
although these techniques are rapidly improving, the acquisition-time of a representative
Raman spectrum is currently too long to be used intraoperatively.
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Given the potential of the approaches that we have presented, we advocate the use
of fluorescence-guided surgery for resection of the gross tumor mass, followed by point

spectroscopic fluorescence measurements of suspect tumor margins.

The paradigm of field cancerization

An interesting problem for optical image-guided cancer therapy is introduced with the
concept of field cancerization that suggests that achieving histological adequate margins may
not be sufficient in some cases[59]. Squamous cell carcinomas develop within preneoplastic
fields of mucosal epithelium made up of genetically altered cells. However, these precursor
changes in the mucosa may have a macroscopically normal appearance. Therefore,
preneoplastic lesions can be found in parts of the surrounding mucosal epithelium[59] and
can extend into the surgical margins when tumors are excised[60] causing local recurrences
and second primary tumors. The relation between dysplastic changes surrounding tumors
and the rate of local recurrences and multiple primary tumors in cancer has been reviewed
extensively[59-60].

An important aspect of the genetic basis of multi-step progression from normal mucosa
to squamous cell carcinoma is found in the role of p53[61] and loss of heterozygosity of
specific chromosomes[59-60, 62]. Although the cancerization process can be clearly
identified genetically, no specific targeting agents have thus far been found for identification
of preneoplastic lesions. An important reason is that preneoplastic fields have much more
biological similarities with normal mucosa than with tumor, making array and proteomic
studies very difficult. The paradigm of field cancerization poses a problem for identification
of tumor-free margins using optical imaging. Considering the surrounding preneoplastic
lesions and their relevance for local recurrence rates, it might not be sufficient to completely
remove the tumor at its borders. At present, no literature exists that is able to guide a surgeon
towards adequate margins in the setting of field cancerization[12]. However, the potential
extent of this problem emphasizes the necessity to include a consistent objective resection
margin as would be indicated by targeting of the FSHR.

Conclusion

Although the introduction of optical imaging techniques for intraoperative applications
has great potential to improve assessment of tumor margins during surgery, optimizing
sensitivity and specificity remain challenging because of tumor heterogeneity. In addition,
results of optical image-guided surgery are potentially limited due to difficulty in including
invasive tumor strands in the resection margin, and dealing with the influences that optical
tissue properties have on the image.

We review 3 new concepts that could deal with these challenges. First, expression of
the FSHR provides an ideal target for cancer imaging and could theoretically circumvent
the problems of tumor heterogeneity. Next, the inability to identify individual invasive
strands dictates a new approach to consistently include an objective resection margin into
the surgical resection. The FSHR positive margin would provide such a consistent objective
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resection margin. Extension of invasive strands beyond such a standardized resection
margin could ideally be treated with adjuvant photodynamic therapy. And finally, the
confounding effects of variable background tissue optical properties can be overcome by
combining fluorescence-guided surgery with quantitative optical spectroscopy of the tumor
margin. We anticipate that these promising concepts will play an elementary role in the
next generation of optical image-guided cancer therapy.
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Conclusion

Conclusion

NIR optical imaging is a new technique that can be used to discriminate between healthy
and diseased tissues. Intraoperative application of NIR optical imaging has the potential to
be of major benefit for the practice of surgical oncology. In case of head and neck squamous
cell carcinoma (HNSCC), real-time intraoperative visualization of the primary tumor and
cervical lymph node metastases can assist the surgeon in complete resection of the tumor,
which could drastically improve patient outcome and survival.

This thesis focuses on current modalities and cancer targeting strategies of optical imaging.
We have demonstrated that the tumor can be detected in animal models of HNSCC targeting
various hallmarks of cancer. The invasive tumor front can be imaged using NIR fluorescence
agents that become activated by specific enzymes that are involved in degradation of the
extracellular matrix, a prerequisite for tumor invasion. Furthermore, tumor-specific targeting
of HNSCC was demonstrated using NIR fluorescence agents that target receptors that are
highly upregulated on the tumor cells to promote tumor growth (e.g. EGF receptor and the
GLUT-1 receptor) or involved in cell migration, invasion and extravasation (e.g. integrin
receptor). Non-targeted agents were also used to image the tumor by exploiting of the
enhanced permeability and retention (EPR) effect: a process of leakage of agents out of tumor
vasculature and into tumor interstitial tissue. Due to distorted lymphatic drainage, agents are
retained in these regions. Dual wavelength imaging allows for simultaneous imaging of two
different characteristics of the tumor. Using this principle of imaging at different wavelengths,
both the primary tumor and the invasive tumor front can be imaged.

Opverall, optical imaging using NIR fluorescence light is a new imaging modality that
has recently emerged in the field of cancer imaging. The first steps of translation to the
clinical practice are currently being made in non-invasive detection and classification of
tumors, therapy monitoring, sentinel lymph node procedures, and image-guided cancer
surgery. Although it is very likely that the technique will deliver an important contribution
to surgical oncology, there are fundamental limitations to this approach that should not be
overlooked in the process of implementation into clinical care. Optical imaging is based on
detection of photons, but the path that photons travel through the imaged tissue is influenced
by scattering and part of the photons are absorbed by tissue components. These features of
tissue are called the optical tissue properties. In addition, it can be difficult to distinguish the
photons of the fluorescent agent from photons coming from the tissue components itself,
i.e. autofluorescence. These factors influence the image, and these effects become larger with
increasing depth of the fluorophore within the tissue. Next to the fundamental principles,
optical imaging is dependent on adequate efficacy and biodistribution of the fluorescent
agent and accurate imaging systems. Although there are limitations to the intrinsic capacity
of the technique, when practical and technical surgical issues are considered with care,
optical imaging can be a very powerful intraoperative tool in guiding the future head and
neck surgeon towards radical resection and optimal clinical results.
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English summary

English summary

Although imaging of tumors in the head and neck region has made great progress over
the last decades, translation of these images to the operation field sometimes remains a
challenge for the surgeon. The essence of oncologic surgery is to adequately discriminate
tumor from normal tissue and consequently determine the tumor-free margin, which is
essential for the prognosis of the patient. Currently, the only way to do this during surgery
is by visual appearance and palpation, which might in part explain the suboptimal survival
rates after head and neck surgery.

New intraoperative visualization techniques using near-infrared (NIR) fluorescence
imaging are being developed that could help the surgeon to discriminate between healthy
and cancer tissue. The concept of using NIR light has proven a crucial step towards the
application in intraoperative image-guided surgery. Introduction of real-time imaging
technologies into the operating room has the potential to improve resection of diseased
tissue with optimal preservation of healthy tissue, resulting in image-guided surgery.
Although a very promising technique, optical image-guided surgery has yet no place in
head and neck oncology. The aim of this thesis was to explore the possibilities of image-
guided head and neck cancer surgery within the relatively young revolutionary field of
optical imaging.

In part I: Current modalities of optical image-guided surgery, the current modalities of
optical imaging are introduced and reviewed. Chapter 2 focuses on the various techniques,
contrast agents, and camera systems that are currently used for image-guided cancer
surgery. Furthermore, an overview is provided of the wide range of molecular contrast
agents that each target specific hallmarks of cancer, and the perspectives on its future use in
cancer surgery is described.

In order to investigate the feasibility of these alternative optical imaging strategies for
targeting of head and neck cancers, two different head and neck cancer animal models were
introduced. Using these models, detection of head and neck cancer using optical imaging
was performed in vivo, which is described in Part II: Optical imaging of head and neck
cancer in animal models. The use of various NIR fluorescence agents was explored in this
section.

In the first animal model, human oral cancer cells were inoculated submucosally into the
distal end of the tongue of immunodeficient mice. These cells had been retrovirally infected
with luciferase to allow bioluminescence imaging (BLI). Tumor growth was followed
with BLI and visual inspection of the tongue. Next to orthotopical growth of the primary
tumor, cervical lymph node metastases developed after two weeks, allowing assessment of
detection of these metastases by optical imaging.

In Chapter 3, the use of activatable NIR fluorescence agents is described to detect head
and neck cancer in this animal model. To gain optimal tumor-to-background ratios (TBR),
new agents have been designed that contain a cleavage site specific to tumor specific enzymes.
These agents are injected in a quenched (i.e., non-fluorescent) state, minimizing fluorescence

at the time of administration. After cleavage by the specific enzyme, the agent becomes
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dequenched (i.e., fluorescent) and emits a fluorescent signal of 700 nm. The capability to
degrade the extracellular matrix (ECM) surrounding the tumor in order to access blood
vessels and lymphatic vessels is a prerequisite for tumors to invade and metastasize. In this
process, the same mechanisms that normal cells use for migrating through tissue barriers
are exploited. Proteolytic enzymes, including matrix metalloproteinases (MMPs), and
cathepsins (mostly cathepsin B) are involved in ECM degradation of head and neck cancer.
We demonstrated that oral cancer and cervical lymph node metastases could be detected by
targeting increased proteolytic activity at the tumor borders. To the best of our knowledge,
this was the first study that described the use of activatable NIR fluorescence agents to
detect head and neck cancer in vivo.

In Chapter 2, NIR fluorescence agents were described that target the various hallmarks
of cancer. One of these hallmarks, limitless replicative potential of tumor cells, contains
an essential feature of carcinogenesis and is facilitated in part by increased expression of
growth signaling receptors. In the majority of head and neck cancers, increased expression
of the epidermal growth factor (EGF) receptor is found, providing a useful target for tumor
imaging. A second feature of tumor growth is exploited in positron emission tomography
(PET) technology, by targeting the increased metabolism of cancer cells using the glucose-
mimetic 2-deoxy-2-[18F]fluoro-D-glucose (18FDG). Increased EGF receptor expression
and glucose uptake in tumors was targeted in Chapter 4 to detect oral cancer and cervical
lymph node metastases in the aforementioned animal model. The fluorescence properties
of agents that emit light in the 800 nm region resulted in sufficient TBRs, which is essential
in intraoperative cancer detection.

Head and neck cancer is a collective noun for all cancers originating within the
anatomical boundaries of the head and neck. For example, hypopharyngeal squamous cell
carcinoma will have different molecular characteristics than oral squamous cell carcinoma.
Therefore, a second head and neck cancer model was used to demonstrate the extensive
applicability of the used agents. In this model, human hypopharyngeal cancer cells were
used in immunodeficient mice. Similar to the first model, these cells had been retrovirally
infected with the luciferase gene to allow tumor growth monitoring using BLI. Although
an orthotopical tumor model is preferred in order to maintain optimal conditions of the
natural surroundings of the tumor, the cells could not be inoculated into the hypopharynx
due to a high risk of dyspnea or suffocation during the earliest stages of cancerogenesis.
Therefore, similar to many other animal models, cells were inoculated subcutaneously.

In Chapter 3, NIR fluorescence agents were used that fluoresce at 700 nm. Subsequently,
the use of agents that have emission peaks at 800 nm was described in Chapter 4. However, we
hypothesized that tumor detection could be improved by targeting multiple tumor-specific
characteristics simultaneously with fluorophores that emit light at different wavelengths.
Therefore, in Chapter 5, dual wavelength targeting by NIR fluorescence technologies for in
vivo cancer imaging was explored. In the 700 nm region, ProSense680 and MMPSense680
(PerkinElmer, Waltham, MA) were used that detect increased activity of cathepsins and

MMPs, respectively. The use of these agents was combined with NIR fluorescence agents



English summary

that emit at 800 nm, including 2DG CW800 (LI-COR Biosciences), which detects increased
glucose uptake, and EGF CW800 (LI-COR Biosciences), which is internalized by the EGF
receptor of tumor cells. We demonstrated the feasibility of combined tumor detection
using different targeting strategies simultaneously in an animal model of hypopharyngeal
cancer. Dual wavelength targeting allowed for simultaneous imaging of different tumor
characteristics.

The use of dual wavelength imaging was further exploited in Chapter 6, which focused
on two important aspects of cancer: involvement of avp3 integrins[19] and the enhanced
permeability and retention (EPR) effect. Integrins are transmembrane cell surface receptors
that are involved in cell migration, invasion and extravasation, and specifically integrin
avpP3 is upregulated in activated endothelial cells as well as in head and neck cancer cells.
The EPR effect results from abnormal architecture of newly formed bloof vessels and
defective lymphatic drainage, which leads to leakage of tumor vessels with accumulation
and retention of the agent in tumor interstitial tissues. Simultaneous, dual wavelength
targeting of integrins and the EPR effect resulted in clear demarcation of head and neck
cancer in an orthotopical mouse model.

After extensive preclinical research, the first steps of translation to the clinical practice
are finally being made. In Part III: Current status of optical imaging in diagnosis and
treatment of cancer (Chapter 7), the preclinical and clinical results are discussed of near-
infrared optical imaging for non-invasive detection and classification of tumors, therapy
monitoring, sentinel lymph node procedures, and image-guided cancer surgery. This
chapter provides a clear overview of the future directions of optical imaging in clinical
practice, and the broad field of preclinical studies that have preceded the current essential
steps of translational medicine. Furthermore, it is stated that widespread availability of
imaging systems and optical contrast agents will enable larger studies on their clinical
benefit and can help establish a definitive role in clinical practice.

Although it is very likely that the technique will deliver an important contribution
to surgical oncology, there are fundamental limitations to this approach that introduce
uncertainties that should not be overlooked in the process of implementation into clinical
care. Optical imaging is based on detection of photons, but the path that photons travel
through the imaged tissue is influenced by scattering and part of the photons are absorbed
by tissue components. These features of tissue are called the optical tissue properties. In
addition, it can be difficult to distinguish the photons of the fluorescent agent from photons
coming from the tissue components itself, i.e. autofluorescence. These factors influence the
accuracy of the image, and the effects become larger with increasing depth of the fluorescent
agent within the tissue. It is impossible to know all these factors in the inhomogeneous
tissues of a patient and therefore a small level of uncertainty remains regarding the accuracy
of the image. Next to the fundamental principles, optical imaging is dependent on adequate
efficacy and biodistribution of the fluorescent agent and accurate imaging systems. The
fundamental aspects of optical imaging, its limitations and the challenges that lie ahead are

the focus of Part IV: General Discussion. When optical image-guided surgery is used for
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radical removal of the tumor, it is essential to understand the advantages and limitations of
the technique and to know how the expertise of a trained oncologic surgeon can improve the
accuracy of the images. This is discussed in Chapter 8, where a clear overview is presented
of the possibilities and limitations of optical image-guided cancer surgery. Next, a general
discussion on the results of NIR fluorescence imaging of head and neck cancer in animal
models is provided in Chapter 9. Several important aspects are discussed in this chapter
that warrant future research, including the paradigm of field cancerization, prospects on
the use of immunocompetent animal models and dual wavelength imaging, and future
applications of mutimodal fluorescence agents. In Chapter 10, the future directions are
discussed that are required to define the role of optical imaging as a powerful intraoperative
tool in guiding the future oncologic surgeon towards radical resection with subsequent
optimal clinical results, forming the foundation of tomorrow’s medicine. Limitations of the
“classic approach” of imaging tumor-specific targets or tumor-associated pathophysiological
processes are pointed out and possible solutions are suggested.

In this thesis, we have set the first steps of detection of head and neck cancer within the
relatively young revolutionary field of optical imaging. In the Conclusion, it is stated that
although there are limitations to the intrinsic capacity of the technique, when practical and
technical surgical issues are considered with care, optical imaging will introduce a new era
of oncologic surgery and can be a very powerful intraoperative tool in guiding the future
head and neck surgeon towards radical resection and optimal clinical results. All results are
summarized in the English and Dutch Summary.
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De ontwikkeling van beeldvormende technieken heeft in de laatste decennia een grote vlucht
genomen, met als resultaat een uitgebreid palet aan modaliteiten om een maligniteit in het
hoofd-halsgebied in kaart te brengen. Eenmaal in de operatiekamer ontstaat echter een andere
situatie. Waar vooraf de anatomische locatie van de tumor nauwkeurig kan worden bepaald
met behulp van beeldvorming, is de hoofd-halschirurg tijdens de operatie aangewezen op
zijn handen en ogen om palpatoire en visuele veranderingen van tumoreus veranderd weefsel
te kunnen herkennen. Aangezien radicale resectie (dat wil zeggen: met tumorvrije marges)
een van de belangrijkste prognostische factoren is van overleving, is het onderscheiden van
gezond en maligne weefsel een essentieel aspect van oncologische chirurgie. In de huidige
chirurgische praktijk worden tumoren helaas nog regelmatig irradicaal verwijderd.

Een techniek die beeldvorming direct onder de handen van de chirurg plaatst zou een
zeer waardevolle bijdrage kunnen leveren aan het adequaat bepalen van de tumorvrije marge
tijdens de operatie. Optische beeldvorming met behulp van nabij-infraroodfluorescentie
zou hiervoor een bruikbare techniek kunnen zijn. Om de tumor zichtbaar te maken
worden fluorescerende tumorspecifieke stoffen bij de patiént ingespoten, die vervolgens
met speciaal ontworpen camerasystemen worden gedetecteerd. De combinatie van
geschikte camerasystemen en tumorspecifieke stoffen kan in de toekomst leiden tot
fluorescentiegeleide chirurgie van hoofd-halstumoren. Deze veelbelovende techniek heeft
momenteel nog geen plaats binnen de hoofd-hals chirurgie. In dit proefschrift worden de
mogelijkheden verkend voor het verrichten van fluorescentiegeleide chirurgie binnen het
revolutionaire jonge onderzoeksgebied van optische beeldvorming.

In Deel I: Huidige modaliteiten van optische beeldgeleide chirurgie, worden de
bestaande mogelijkheden van optische beeldvorming beschreven. Hoofdstuk 2 behandelt
de verschillende technieken, fluorescerende stoffen, en camerasystemen die momenteel
worden gebruikt in optische beeldgeleide chirurgie. Samen met goede fluorescente
eigenschappen van de stof is tumorspecificiteit van essentieel belang voor beeldgeleide
chirurgie van tumoren. De laatste jaren zijn hiervoor vele strategieén ontwikkeld die alle
aangrijpen op verschillende kenmerkende eigenschappen van tumorcellen. De toekomstige
toepassing van deze stoffen voor oncologische chirurgie in het algemeen en voor hoofd-
hals chirurgie in het bijzonder wordt besproken in dit hoofdstuk.

Om te kunnen testen of deze stoffen toepasbaar zouden kunnen zijn voor het detecteren
van hoofd-hals tumoren werden twee verschillende proefdiermodellen van hoofd-
hals kanker gebruikt. De resultaten van de studies waarbij de verschillende fluorescente
stoffen werden getest zijn beschreven in Deel II: Optische beeldvorming van hoofd-
hals tumoren in diermodellen. In het eerste proefdiermodel werden humane cellen van
een mondholtetumor geinoculeerd in de tong van immuundeficiénte muizen. De cellen
waren verrijkt met luciferase om bioluminescente beeldvorming (BLI) mogelijk te maken
waarmee de tumorgroei kon worden gevolgd. Na twee weken ontstonden naast groei van
de primaire tumor ook lymfkliermetastasen in de hals waardoor ook beeldvorming van

halskliermetastasering kon worden onderzocht.
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In Hoofdstuk 3 werd gebruikgemaakt van fluorescente stoffen die ‘activeerbaar’ zijn,
hetgeen betekent dat deze pas een fluorescent signaal geven na contact met de specifieke
doeleiwitten. Op deze manier kan de ratio van de stof ten opzichte van onspecifiek
achtergrondsignaal (signaal-ruis-verhouding) worden vergroot. Het vermogen van de
tumor om de omliggende matrix af te breken en zodoende bloed- en lymfbanen te kunnen
bereiken is een voorwaarde om voor invasie en uitzaaiing. Hierbij wordt gebruik gemaakt
van dezelfde processen en enzymen die normale cellen gebruiken om door weefselbarriéres
te migreren. Met behulp van deze “activeerbare” stoffen werd dergelijke verhoogde
enzymatische activiteit aan de (invasieve) rand afgebeeld van zowel de primaire tongtumor
als ook in de halskliermetastasen. Voor zover bekend is dit de eerste studie die het gebruik
van “activeerbare” stoffen beschrijft om een hoofd-hals tumor in vivo te detecteren.

In hoofdstuk 2 werden verschillende strategieén beschreven die aangrijpen op de
verschillende kenmerkende eigenschappen van kanker. Een van deze eigenschappen is
de onbeperkte mogelijkheid van kankercellen om zichzelf te vermenigvuldigen. Dit komt
voor een deel door de verhoogde expressie van groeifactor-receptoren op kankercellen.
In hoofd-hals tumoren is de expressie van epidermale groeifactor (EGF)-receptor sterk
verhoogd. Een tweede eigenschap is het verhoogde metabolisme van kankercellen, hetgeen
wordt gebruikt in de technologie van positron-emissie-tomografie (PET) door middel van
het glucose-mimetic 2-deoxy-2-[18F]fluoro-D-glucose (18FDG). In Hoofdstuk 4 werden
fluorescente stoffen gebruikt die specifiek binden aan de epidermale groeifactor (EGF)-
receptor en die gericht zijn op de verhoogde opname van glucose in de kankercellen. Met deze
stoffen werden de primaire tumor en halsmetastasen opgespoord in het bovenbeschreven
proefdiermodel.

Aangezien tumoren die op verschillende locaties in het hoofd-hals gebied voorkomen
ook moleculair van elkaar (kunnen) verschillen, werden de eerder genoemde stoffen ook
getest in een ander proefdiermodel: dat van een hypofarynxcarcinoom. Ook hier werden
de tumorcellen verrijkt met luciferase om tumorgroei middels BLI te vervolgen. Maar
hoewel een tumor idealiter onderzocht wordt in zijn natuurlijke (orthotopische) omgeving
is het risico te groot dat de proefdieren zouden stikken wanneer de cellen in de hypofarynx
worden geinoculeerd. Daarom werden deze tumoren in de flank geinoculeerd, gelijk aan
vele proefdiermodellen van andere vormen van kanker.

In hoofdstuk 3 werden fluorescente stoffen gebruikt die hun signaal geven op 700 nm
golflengte. De stoffen die vervolgens in hoofdstuk 4 werden gebruikt geven hun signaal
op 800 nm golflengte. Gelijktijdig gebruik van verschillende NIR-fluorescente stoffen
zou de sensitiviteit van de techniek kunnen verhogen, omdat op die manier meer
tumoreigenschappen tegelijk kunnen worden gedetecteerd. Door stoffen te gebruiken
die op verschillende golflengtes fluorescent licht uitstralen, kunnen de signalen van deze
stoffen bovendien apart worden onderscheiden en de tumorkenmerken worden bestudeerd.
In Hoofdstuk 5 werden verschillende combinaties van de eerder genoemde fluorescente
stoffen gebruikt om hypofarynxcarcinoom te detecteren. Hierbij werden gelijktijdig stoffen

in beeld gebracht die fluoresceren door verhoogde activiteit van specifieke enzymen in de
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(invasieve) tumorrand, gecombineerd met detectie van stoffen die specifiek gericht zijn op
de tumorcellen zelf.

Het gecombineerd gebruik van verschillende golflengtes werd verder onderzocht in
Hoofdstuk 6 waarbij toegenomen vaatnieuwvorming in de tumor werd gedetecteerd met
stoffen die binden aan integrines. Integrines zijn stoffen die een essentiéle rol spelen bij de
verbinding van onderlinge cellen en vaatnieuwvorming. De tweede strategie om de tumor
te detecteren was door gebruik te maken van de toegenomen permeabiliteit en retentie van
stoffen in en rond de tumor. Het gelijktijdig in beeld brengen van deze stoffen zorgde voor
een duidelijke demarcatie van tongtumor in een orthotopisch proefdiermodel.

Na uitgebreid preklinisch onderzoek worden de eerste translationele stappen naar in
de kliniek inmiddels gezet. In Deel III: Huidige status van optische beeldvorming voor
diagnose en behandeling van kanker (Hoofdstuk 7) worden de preklinische en klinische
resultaten beschreven van nabij-infrarood optische beeldvorming voor non-invasieve
detectie en classificatie van tumoren, monitoren van therapie, schildwachtklierprocedures,
en beeldgeleide kankerchirurgie.

Gezien de grote vaart waarin de techniek zich momenteel wereldwijd ontwikkelt, lijkt
introductie in de kliniek niet ver meer van ons af te staan. De vele preklinische onderzoeken
geven een goed beeld van de potentiéle verbetering die fluorescentiegeleide chirurgie in
de oncologische chirurgie zou kunnen brengen. Toch zijn er belangrijke beperkingen die
niet mogen worden onderschat in het proces van implementatie in de klinische praktijk.
Optische beeldvorming is gebaseerd op detectie van fotonen, maar het pad dat de fotonen
afleggen door weefsels wordt beinvloed door verstrooiing en een deel van de fotonen wordt
geabsorbeerd door componenten van het weefsel. Deze kenmerken worden de optische
eigenschappen van het weefsel genoemd. Daarnaast kan het lastig zijn om de fotonen
die afkomstig zijn van de fluorescente stoffen te onderscheiden van fotonen die van het
weefsel zelf afkomstig zijn: de autofluorescentie. De invloed die deze factoren hebben op
de afbeelding wordt bovendien groter naarmate de fluorescente stof zich dieper in het
weefsel bevindt. Naast de fundamentele beperkingen van optische beeldvorming is de
techniek ook athankelijk van accurate binding van de stoffen, biodistributie, en adequate
camerasystemen.

De fundamenteleaspecten van optische beeldvorming, de beperkingen, en de uitdagingen
die nog in het verschiet liggen zijn het onderwerp van Deel IV: Algehele discussie. Voor het
gebruik van optische beeldgeleide chirurgie is het belangrijk dat de oncologisch chirurg op
de hoogte is van de beperkingen en mogelijkheden om optimaal voordeel te kunnen behalen
in de operatiekamer. Een helder overzicht van deze mogelijkheden en beperkingen wordt
gepresenteerd in Hoofdstuk 8, gevolgd door een discussie in Hoofdstuk 9 over de resultaten
van de studies die beschreven zijn in dit proefschrift. Enkele aspecten die nader onderzoek
behoeven worden in dit hoofdstuk genoemd, zoals het probleem van “field cancerization”,
het gebruik van immuuncompetente diermodellen, en de toepassingen van beeldvorming
op meerdere golflengtes of zelfs verschillende modaliteiten van beeldvorming tegelijk. Een

toekomstperspectief wordt geschetst in Hoofdstuk 10 waarin aan bod komt wat er voor

193



194

nodigis om een definitieve rol te kunnen spelen als krachtig intraoperatief hulpstuk zodat de
toekomstig oncologisch chirurg kan worden begeleid naar radicale resecties met de daarbij
behorende optimale functionele en oncologische uitkomsten. Mogelijke beperkingen
worden hierin genoemd van de “klassieke” benadering waarbij gebruik wordt gemaakt van
tumor-specifieke antistoffen om de tumor in beeld te brengen, en verschillende suggesties
worden gedaan om deze beperkingen te omzeilen.

In dit proefschrift werden de eerste stappen gezet op weg naar fluorescentiegeleide
chirurgie van hoofd-hals tumoren. In de Conclusie wordt gesteld dat er beperkingen zijn
aan de intrinsieke capaciteit van deze techniek. Wanneer echter rekening wordt gehouden
met de praktische en chirurgisch-technische beperkingen kan optische beeldvorming wel
degelijk een nieuw tijdperk van oncologische chirurgie inluiden. Het zal echter nog enkele
jaren duren voordat kan worden bepaald of deze techniek daadwerkelijk leidt tot radicalere
chirurgie van hoofd-halstumoren met betere overleving als resultaat. Desondanks is
het helder dat de techniek een potentiéle doorbraak kan betekenen voor oncologische
hoofd-halschirurgie waarmee mogelijk een nieuwe basis wordt gelegd voor verbeterde
oncologische zorg voor de volgende generaties patiénten. De inhoud van het proefschrift

wordt samengevat in een Engelse en Nederlandse samenvatting.



List of abbreviations

18FDG
2-DG
4NQO
5-ALA
avp3
BLI
cRGD
CT
ECM
EGF
EGFR
EPR
FDA
FLI
FSH
GLUT
HCC
HE
HNSCC
ICG
MMP
MRI
NIR
NIRF
0OSCC
PBS
PDT
PET
SBR
SD
SLN
SPECT
TBR
TR
UsS
VEGF

2-deoxy-2-[18F]fluoro-D-glucose
2-deoxyglucose
4-nitroquinoline-1-oxide
5-aminolevulinic acid
alpha-v-beta-3

bioluminescence imaging

cyclic arginine-glycine-aspartate
computed tomography
extracellular matrix

epidermal growth factor
epidermal growth factor receptor
enhanced permeability and retention
food and drug administration
fluorescence imaging
follicle-stimulating hormone
glucose transporters
hepatocellular carcinoma
hematoxylin-eosin

head and neck squamous cell carcinoma
indocyanine green

matrix metalloproteinase
magnetic resonance imaging
near-infrared

near-infrared fluorescence

oral squamous cell carcinoma
phosphate buffered saline
photodynamic therapy

positron emission tomography
signal-to-background ratio
standard deviation

sentinel lymph node

List of abbreviations

single-photon-emission computed tomography

tumor-to-background ratio
transferrin receptor
ultrasonography

vascular endothelial growth factor
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Glossary
Absorption

The phenomenon that describes how the electromagnetic energy of a photon is taken up by
matter, typically the electrons of an atom. Absorption decreases intensities.

Agent, Fluorescence

Antibody or ligand conjugated to an optically active reporter that is designed to target a
disease-specific biomarker.

(See also Probe, fluorescence.)

Autofluorescence
Fluorescence of normal endogenous components of the tissue. In intrinsic fluorescence
spectroscopy, the autofluorescence spectrum is measured to determine the biochemical

tissue components.

Bioluminescence

Bioluminescence is the process of light emission in living organisms. In contrast to
fluorescence, bioluminescence does not require excitation by light, but is generated
chemically. In bioluminescence imaging, the DNA of such an organism that encodes the
luminescent protein is incorporated into a laboratory animal either via a viral vector or by
creating a transgenic animal. Bioluminescence imaging is based on the detection of light
produced during enzyme (luciferase)-mediated oxidation of a molecular substrate when
the enzyme is expressed in vivo as a molecular reporter. The technique enables monitoring
throughout the course of disease, allowing localization and serial quantification of biological

processes without killing the laboratory animal.

Differential path length spectroscopy

A form of scattering spectroscopy that uses two optical fibers that are in contact with the
medium that is measured. One of the two fibers (dc) is used to deliver white light to the
medium, both fibers (dc and ¢) collect light from the medium. Subtracting the c-spectrum
from the dc-spectrum forms the differential path length spectrum. Photons traveling deep
into the tissue have an equal chance of getting detected by either fiber and their contribution
to the differential path length spectrum will be subtracted away. Photons that stay close to the
dc fiber have a larger chance of getting detected by the dc-fiber than by the c-fiber. Hence the
differential path length spectrum consists mainly of photons that never left the vicinity of the
dc-fiber and hence have traveled only superficially through the medium. This specialized fiber
geometry makes the photon path length insensitive to variations in tissue optical properties
over a wide range of absorption and scattering coefficients. Thereby, it allows determination
of fluorophore concentration based on the fluorescence intensity corrected for absorption.
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Diffuse optical spectroscopy
Measurement technique based on detection of diffusely scattered light. It is used to estimate
the average optical properties of tissue at multiple wavelengths based on diffusion theory.

Diffuse optical tomography

Imaging technique based on diffuse optical spectroscopy. Diffuse optical tomography
assumes that light propagation is dominated by multiple scattering and is modeled as a
diffusive process where photons behave as stochastic particles. Semi-quantitative tissue
measurements can be obtained by separating light absorption from scattering using
spatially- or temporally-modulated photon migration technologies. Tissue molecular
composition, including the concentration oxy- and deoxy- hemoglobin, water, lipid, and
exogenous probes; and tissue structure can be determined from quantitative absorption
and scattering measurements, respectively.

(See also Diffuse optical spectroscopy.)

Diffuse reflectance spectroscopy

Measurement technique based on detection of diffusely scattered light, specifically in
reflection geometry. When incident light strikes a surface, the light that penetrates is
reflected in all directions, a phenomenon that is called diffuse reflectance. Diffusely reflected
white light enters the tissue and scatters multiple times before it is collected at the tissue
surface and its intensities can be estimated based on diffusion theory.

(See also Diffuse optical spectroscopy.)

Emission light

The light that is emitted by a fluorophore after it has been excited by the excitation signal.
This is the signal that can be detected by the fluorescence camera system. The wavelengths
generated by a fluorescent molecule are molecule specific.

Excitation light

The light that is used to excite a fluorescent component. Once absorbed by the fluorophore
there is a chance that it subsequently emits light with a lower energy and longer wavelength.
The wavelengths suitable to excite a fluorescent molecule are molecule specific.

Fluorescence
Light emitted from materials after absorption of excitation light. The excitation light has

a shorter wavelength. Fluorescence excitation and emission spectra are molecule specific.

Fluorescence tomography

Imaging technology that is capable of spatially resolving the concentration of fluorescent
agents located deep in soft tissue in vivo. Because of the possibility of co-registration with
other imaging modalities such as MRI, PET, SPECT, and CT, it determines the position and

quantity of a fluorescent source in a three-dimensional image.
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Intrinsic fluorescence spectroscopy

See “Autofluorescence”.

Optical imaging
A general term for imaging techniques that uses the behaviour and properties of visible,

ultraviolet, and infrared light, including its interactions with matter to create an image.

Lifetime imaging
Imaging technique that distinguishes individual fluorophores by their specific temporal
decay (i.e. time domain) after excitation.

(See also Stokes shift; Time domain imaging.)

Linear mixing

The concept that is based on the assumption that the measured spectrum consists of the sum
of the fluorescence spectra of all the components in the tissue. This theory is challenged by
the observation that inhomogeneous tissues influence the path that photons travel through
the imaged tissue. Therefore, optical tissue properties may put their own signatures on the

fluorescence spectrum, and may do so in a non-linear way.

Multiplexed imaging
Fluorescence imaging of multiple wavelengths, allowing for simultaneous analysis of
different fluorophores that could have different targets.

Near-infrared spectroscopy

Measurement technique based on detection of light with wavelengths ranging from
700-1100 nm.

Planar fluorescence imaging

General term for the conventional imaging technique that uses illumination of tissues with
a plane wave (i.e. an expanded light beam), with subsequent collection of fluorescence
signals that are emitted toward the camera. This can be applied in epi-illumination (i.e.
photographic or reflectance imaging) or transillumination (collection of data on the
opposite side) mode.

Probe, Fluorescence

Antibody or ligand conjugated to an optically active reporter that is designed to target a
disease-specific biomarker.

(See also Agent, fluorescence.)

Photoacoustic imaging

When a short laser pulse, typically in the nanosecond range, is used to irradiate tissue, it
produces a temperature rise in the tissue in a short time frame. Even if this temperature rise is
small, fast enough thermoelastic expansion causes emission of acoustic waves, referred to as
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photoacoustic (also known as optoacoustic) waves, that can be measured by photoacoustic
spectroscopy. The resolution in photoacoustic imaging is not limited by optical scattering
but by the attenuation of acoustic frequencies by tissue (it is stronger for higher frequencies,
which contribute to high spatial resolution). The resolution therefore also drops with depth,
but at a slower rate compared to purely optical imaging methods. Light scattering, together
with optical absorption, contributes to the overall light attenuation, which dictates the
penetration depth of photoacoustic imaging.

Raman spectroscopy

Imaging technology that is based on inelastic scattering of light. Inelastic scattering means
that the frequency of the photons of the excitation light changes upon interaction with
the medium (e.g. tissue). This frequency can be shifted up or down in comparison with
the original frequency. This phenomenon was named after Sir Chandrasekhara Venkata
Raman, a physicist who first described the effect and received the Nobel Prize of Physics
for it. This shift provides information about vibrational, rotational and other low frequency
transitions in molecules.

(See also Surface-enhanced Raman scattering.)

Real-time imaging
Synchronous data capturing and processing that results in a direct presentation of the
fluorescent images.

Reflection

The change in direction of a light wave at the interface between two different media, so that
the light beam returns into the medium from which it originated.

(See also Refraction.)

Refraction

A change in direction of a wave at the surface between two different media. In optics, this
describes the phenomenon that occurs when waves travel at an oblique angle to a medium
with a different refractive index. At this surface, the wave’s phase velocity is altered, causing a
change in direction. As a result, its wavelength changes but the frequency remains constant.
(See also Reflection; Refractive index mismatch.)

Refractive index mismatch

A mismatch between the indices of refraction (usually of tissue and air), causing a change
in direction of the light wave. The index of refraction is defined as the speed of light in
vacuum divided by the speed of light in the medium. How much the refracted ray bends
can be calculated using Snell’s law.

(See also Refraction.)
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Scattering

In a medium with a constant index of refraction, photons travel in a straight path. However,
when photons contact particles or irregularities in the propagation medium, the path of
photons can be deflected. This effect is called scattering.

Spectral unmixing

The decomposition of the complete spectrum of a fluorescence signal into a collection of
predefined spectra. This technique is used to determine the individual contribution of each
fluorophore, i.e. linear unmixing.

(See also Linear mixing.)

Stokes shift

The difference in wavelength between the absorption and emission spectra of a fluorophore.
When a photon is absorbed by a fluorophore, the fluorophore molecule gains energy and enters
an excited state. The electrons remain in this state for about 10 seconds depending on the
molecule, which is called the lifetime of the fluorophore (See also Lifetime imaging). After this
phase, the system returns to its ground state and emits the photon. The change in energy between
the absorbed and the emitted photon results in a change in wavelength. This shift of shorter
wavelengths (higher energy) of the absorption spectrum to longer wavelengths (lower energy)
of the emitted fluorophores is called the Stokes shift, named after the physicist George G. Stokes.

Surface-enhanced Raman scattering

A technique of Raman spectroscopy that exploits prior injection of tumor-specific nanobodies
thatare able to increase the intrinsically very low Raman effect, thereby improving detectability.
It uses a plasmon resonance effect that is able to increase the Raman effect several orders
of magnitude. This increase is caused by small molecules that are adsorbed onto a nano-
roughened noble metal surface, resulting in an increase in the incident electromagnetic field.
By injecting tumor-specific Raman active gold or silver nanoparticles, they can be used as
molecular imaging contrast agents in conjunction with Raman spectroscopy.

(See also Raman spectroscopy.)

Time-domain imaging
Imaging technique that distinguishes the contribution of individual fluorophores to
the spectrum based on the specific temporal decay (ie time-domain, the lifetime) of a
fluorophore. In time-domain imaging, their temporal response at which photons emerge
from the tissue is measured.

(See also Lifetime imaging.)

Time-domain optical mammography
Mammographic imaging technology based on time-domain optical imaging techniques.

(See also Lifetime imaging, Time-domain imaging.)
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heelkunde trots op mag zijn.
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