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Kurzzusammenfassung

Hintergrund. Eine vollstindige Tumorentfernung ohne Verletzung lebenswichtiger
Gewebe, ist das Hauptziel der onkologischen Neurochirurgie, welches aber oft an der
Erkennung invasiver Tumorzellen scheitert. Die Konfokale- Laserendomikroskopie (CLE
Abk. vom englischen Confocal Laser Endomicrosopy) kénnte dieses Ziel erreichen.
Sie ist eine neue Technik, die in hoher Auflésung in vivo Aufnahmen von zelluldren
Strukturen in Echtzeit ermoglicht. In der Neurochirurgie wird dieses Verfahren jedoch
noch nicht eingesetzt; in erster Linie wegen des Fehlens eines geeigneten Kontrastmittels.
Ziel. Das Hauptziel dieser Arbeit war es, einen fluoreszierenden Farbstoff fiir CLE
zu finden, welches spezifische Tumor-Merkmale hervorhebt, um 1) den Tumor und
dessen Grad zu diagnostizieren und von anderen Krankheiten abzugrenzen, 2) eine
sichere Entfernung von Tumorgewebe zu gewéhrleisten, und 3) Tumorprozesse auf einer
zelluldren Ebene besser zu verstehen.

Materialien/Methoden. Schnell farbende und in der Klinik eingesetzte Kontrast-
mittel (Acriflavin-Hydrochlorid, Acridinorange, Cresylviolett, Indocyaningriin und
Fluorescein-Natrium) wurden an unterschiedlichen Tumoren aus dem zentralen Ner-
vensystem sowie an gesundem Gewebe mit CLE-488 nm und -780 nm (Cellvizio®)
untersucht. Dartiber hinaus wurden weitere Farbstoffe, die fiir den Menschen zugelassen
sind, z.B. zum Einfarben von Lebensmitteln, analysiert und mit den Farbungen der tra-
ditionellen Histologie verglichen. Um CLE fiir die Neurochirurgie zu evaluieren, wurden
des Weiteren im Rattengehirn implantiere C6-Gliome chirurgisch entfernt, mit CLE als
Hilfsmittel zur Visualisierung. Ein Standard Operationsmikroskop (OPMI Pentero®)
mit 5-Aminolavulinsédure als Kontrastmittel wurde als Kontrolle fiir die CLE-Technik
eingesetzt. Abschliefend wurde das Gehirn eines gesunden Schweines mit CLE in vivo
untersucht, um konfokale Merkmale eines groflen gesunden Hirngewebes zu definieren.
Ergebnis. Durch CLE konnte, insbesondere mit Acriflavin-Hydrochlorid und Indo-
cyaningriin als Kontrastmittel, eine hohe Trefferquote (ca. 91%) in der Diagnose von
Tumoren erreicht werden. Dariiber hinaus ermdoglichte in vivo CLE eine klare Abgren-
zung von neoplastischem und gesundem Gewebe sowie der Tumorgrenzen in Echtzeit.
Dies ermoglichte bessere chirurgische Resektionsergebnisse des Tumors als mit dem
Visualisierungs-Standard.

Schlussfolgerung. Diese Arbeit zeigt CLE als cin hervorragendes Hilfsmittel, um
sowohl Biopsien schnell zu diagnostizieren als auch eine radikale Entfernung des Tu-
morgewebes zu gewdahrleisten. In Zukunft konnte CLE durch eine Verbesserung der
intraoperativen Entscheidung auch zu einer sicheren erweiterten Resektion von men-
schlichen Tumoren beitragen. Bevor eine Integration in der Neurochirurgie moglich ist,
miissen jedoch diverse technische, klinische und medizinrechtliche Hiirden genommen

werden.



Abstract

Background. To prevent a loss of brain function, gross total resection of tumors
without causing injury to vital tissues is the major aim for neurosurgeons, but it often
fails due to limited recognition of infiltrative tumor cells. Confocal laser scanning
microscopy (CLSM) is a new promising technology for intraoperative high-resolution,
three-dimensional, and real-time imaging on a cellular level, which could fulfill this aim.
In the field of neurosurgery, experience with CLSM is rare, primarily due to the lack of
a suitable fluorophore to stain human tissue.

Aim. The goal was to identify a suitable fluorophore, which provides satisfactory
contrast of specific tumor features 1) to diagnose biopsies and to differentiate between
different grades, types and other diseases, 2) to facilitate safe tumor resection, and 3)
to aid in understanding tumor processes on a cellular level.

Material/methods. This study investigated the application of CLSM (Cellvizio®)
devices at 488 nm and 780 nm excitation in ez vivo and in vivo imaging of primary
central nervous system (CNS) tumors as well as of healthy tissue. Various rapid-
staining fluorophores (acriflavine, acridine orange, cresyl violet, indocyanine green,
and fluorescein) used in clinical practice were examined for their staining abilities.
Furthermore, other permitted fluorescent agents for human application, in particular
food dyes, were investigated using the CLSM approach and compared to traditional
histology. To evaluate CLSM and the contrast agents for an in vivo neurosurgical
application, high-grade glioma resection was guided using intraoperative CLSM in rats
implanted with C6 glioma cells. Routine surgical wide-field microscopy (OPMI Pentero®)
with b-aminolevulinic acid as contrast agent served as the optical gold standard. Finally,
normal brain cytoarchitecture of a pig was examined in vivo to define confocal features
of a large, healthy brain.

Results. Acriflavine and indocyanine green were identified as suitable for all stated
goals. Highlighted with CLSM, they enabled high accuracy (approximately 91%) in the
diagnosis of CNS tumors, similar to the corresponding traditional histology. Based on
cellular morphological and physiological properties of neoplastic tissue, in vivo CLSM
imaging provided delineation of borders between tumor and healthy tissue, thus allowing
for better surgical resection results than with standard surgical wide-field microscopy.
Conclusion. In conclusion, this study establishes CLSM as a feasible and reliable
tool not only to increase the initial diagnosis yield but also to extend the resection
borders, thus demonstrating its potential future application in improving intraoperative
decisions for a safe extended resection of human tumors. Nonetheless, several technical,
clinical, and medico-legal issues have to be resolved before its role in neurosurgery can

reach its full potential.
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1. Introduction

1.1 Primary central nervous system tumors

This study focuses on primary tumors of the central nervous system (CNS), which are
abnormal cell formations within the brain and spinal cord. They are comparatively
rare, constituting about 2-3% of all human neoplasms, but they account for 7% of
cancer-related mortality before the age of 70 years (Buckner et al., 2007). In children
(age < 15 years), primary CNS tumors are the most common solid tumors and the most

common cause of cancer-related mortality after leukemia (Kaatsch et al., 2001).

In adults, most CNS tumors are metastatic lesions, which are 10 times more common
than primary tumors (Kopczak et al., 2014; Langen et al., 2018). Metastatic lesions or
secondary tumors are always malignant. They develop from other parts of the body and
spread to the CNS through the lymph system and bloodstream (Langen et al., 2018).
In contrast, Primary CNS tumors can be either benign (noncancerous) or malignant
(cancerous). A malignant tumor is typically life-threatening due to its aggressive and
invasive nature, but unlike other types of malignant tumors (e.g., lung, colon, breast),
primary CNS tumors rarely spread (metastasize) to distant body sites (Budczies et
al., 2014). In comparison, a benign tumor typically has a slow growing rate and well-
defined borders, and it remains confined to its original location (Rees, 2011). However,
due to their critical location, both benign and malignant CNS tumors are potentially

life-threatening and can cause significant neurological morbidity (Langen et al., 2018).

Diagnosis of a CNS tumor is frequently delayed because symptoms are usually nonspecific
caused by the pressure of the tumor on the brain or spinal cord, such as headache,
difficulty with balance, vomiting, and altered mental status. The symptoms depend on
the location, size, growth rate, and histology of the tumor (Rees, 2011). In contrast,
specific symptoms (such as hypopituitarism) are directly linked to the location of the
tumor, depending on the function controlled by the specific CNS part (Ackerman, 1992)
(Fig. 1.1 and 1.2).

In order to locate the tumor and identify its size, both magnetic resonance imaging
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(MRI) and computed tomography (CT), with and without administration of contrast
media, are the methods of choice. Compared to CT, MRI is more sensitive, due to its
superior soft tissue resolution, in detecting the presence of a tumor; however, CT is faster
and is therefore regularly used in the clinic for unstable patients (Tsutsumi et al., 2017).
More sophisticated imaging techniques, such as functional MRI, diffusion tensor imaging
(DTT), diffusion weighted imaging (DWI), positron emission tomography (PET), and
single photon emission computed tomography (SPECT), may provide complementary
information about the tumor and its anatomic interrelationships within the eloquent
area of the brain (Zhang et al., 2018).

The goals of CNS tumor surgery are to obtain pathological diagnosis, provide significant
relief from mass effect, and to promote tumor resection. Surgical removal remains the
initial treatment for nearly all patients with primary CNS tumors and can be curative
for most benign tumors (Adamson et al., 2010). Unfortunately, surgical treatment of
CNS tumors is associated with a high risk of collateral damage to the healthy, vital
tissue that is essential for motor functions, speech, sensation, hearing, and memory
(Baron Nelson et al., 2013). On the other hand, incomplete tumor resection is associated
with high recurrence rate of approximately 90% and with decreased survival rate for the
patient (Kowalczuk et al., 1997; Weller et al., 2013). Because radical surgical resection
is associated with increased life expectancy and decreased morbidity, resection of as
much tumor tissue as possible without causing injury to healthy tissues is the major

aim for neurosurgeons (Lacroix et al., 2001; Sanai & Berger, 2008).

Today, the gold standards for surgery are stereotactic needle biopsy and open biopsy
through craniotomy (including complete tumor removal). Stereotactic biopsy is a
minimally invasive procedure, using CT or MRI guidance to obtain tissue with a needle.
This procedure is primarily reserved for small and/or deep (i.e., thalamic) lesions
in which a resection would cause unacceptable neurologic deficits; for lymphomas,
because treatment usually involves radiation therapy and/or chemotherapy; and for
metastatic lesions when the origin organ is unknown (Kelly, 1989, Kelly & Hunt, 1994).
In the case of surgically accessible tumors, open craniotomy allows for biopsy and gross
total resection (excisional open biopsy) simultaneously and is the first-choice method
(Parney & Berger, 2012). An open biopsy without gross total resection of the tumor
(incisional open biopsy) is usually only performed to confirm the diagnosis in the case
that the needle biopsy was not informative (Kelly & Hunt, 1994). After the surgery,
the removed specimen is histopathologically evaluated to confirm the first diagnosis
(made by MRI/CT or needle biopsy), to differentiate tumor from other tissues, and to
determine the type and the grade of the tumor.
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Figure 1.1: CNS locations and their basic functions (modified from pixabay.com).
Schematic illustration showing the functions controlled by the specific CNS part. CNS, central
nervous system.
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1.2 Classification and problematic of primary CNS

tumors

The World Health Organization (WHO) classification, first published by Ziilch and
colleagues in 1979, is the most widely accepted system for classifying CNS tumors
(Ziilch, 1980). The most recent classification, published in 2016, combines traditional
histology criteria with an assessment of molecular biomarkers, and it contains more
than fifty pathological entities, plus many variants within a subtype (Louis et al., 2016).

The most common primary CNS tumor types found are the following:

Gliomas

Gliomas are the most common malignant primary CNS neoplasm (Louis et al., 2016).
They are derived from glial cells, the supportive tissue of the brain (Adamson et al.,
2010), and subdivided, according to the cells’ origin, into ependymomas (ependymal
cells), oligodendrogliomas (oligodendrocytes), astrocytomas (astrocytes), and mixed
gliomas (oligodendrocytes and astrocytes). The degree of malignancy is characterized
by WHO grades -1V, in which WHO grade I is the least malignant and WHO grade
IV is the most malignant glioma (Table 1.1). The grading system is primarily based on
the degree of proliferation (mitotic index), the cell morphology, and the presence or

absence of necrosis (Louis et al., 2016).

Moreover, variant analysis of isocitrate dehydrogenase (IDH; mutations affecting codon
132 of idh1 or codon 172 of idh2) is an important molecular diagnostic marker for the
classification of gliomas. For instance, the majority of primary glioblastomas have no
idh variation compared to WHO grade II-11I gliomas (diffuse astrocytoma, oligoden-
droglioma, oligoastrocytoma, anaplastic astrocytoma, anaplastic oligodendroglioma, and
anaplastic oligoastrocytoma) and to secondary glioblastomas, in which this variation
occurs in approximately 80% of cases (Balss et al., 2008). Patients having a glioma
with an idh variation are associated with a significantly better overall survival prognosis
compared to those having gliomas with wild-type idh (idh1 mutation versus wild idh1;
31 months versus 15 months with therapy in the case of glioblastomas) (Kaminska et
al., 2019).
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Ependymomas

Ependymomas are more common in children (age < 15) and usually do not infiltrate
surrounding tissue, allowing for curative resection after gross total resection (Allen
et al., 1998). This implies that they have not spread along the cerebrospinal fluid;
in which case the demand for gross total resection should be weighed against the
risk of surgery-induced long-term disability (Buckner et al., 2007). Furthermore, the
location of these tumors is an important prognostic factor: on average, posterior fossa
ependymomas have a moderate prognosis, while spinal cord ependymomas have a good
prognosis (Chai et al., 2017).

Oligodendrogliomas

Oligodendrogliomas are usually found in adults of an average age of 35 years (Mesfin
& Al-Dhahir, 2017). These infiltrating tumors typically involve the white matter and
cerebral cortex (Fig. 1.2). The prognosis depends on the pathologic grade, either WHO
grade II or III (Buckner et al., 2007; Wesseling et al., 2015), with WHO grade III having
a shorter median survival rate and higher recurrence rate (Table 1.1).

Oligoastrocytomas

Oligoastrocytomas are diffuse mixed tumors with neoplastic astrocytic and oligoden-
droglial parts (Louis et al., 2016). They arise most frequently in the frontal and
temporal lobes and are divided into oligoastrocytomas (WHO grade IT) and anaplastic
oligoastrocyotmas (WHO grade I1I). Prognosis depends on the WHO grade as well as
on the amount of neoplastic astrocytic cells (Adamson et al., 2010) (Table 1.1).

Astrocytomas

o WHO grade I astrocytomas (predominantly pilocytic astrocytoma, cerebellar
astrocytoma and desmoplastic infantile astrocytoma) arise most commonly in
the cerebellar hemispheres and around the third ventricle (Fig. 1.2). They are
slow-growing, generally well demarcated, and therefore the most benign glioma
(Zilch, 1979; Louis et al., 2016). Pilocytic astrocytomas occur more often in

children (age < 15) and may allow surgical cure by gross total resection (Adamson
et al., 2010) (Table 1.1).

o WHO grade II astrocytomas (diffuse astrocytoma) arise most commonly in the

cerebral hemispheres (Fig. 1.2). They are slow-growing but diffuse infiltrative
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gliomas with continuous growth (Preusser et al., 2011) (Table 1.1). Most commonly,
diffuse astrocytomas occur in young adults, with a peak frequency in the mid-
thirties (Adamson et al., 2010).

As these tumors inevitably progress into higher grade tumors, it is necessary to
monitor the tumor closely to adapt the treatment to its growth rate. The most
important factors increasing survival include younger age at diagnosis, tumor size
of less than 5 cm, and gross total resection of the tumor if possible (Buckner et
al., 2007).

o WHO grade III astrocytomas (anaplastic astrocytoma) are diffusely infiltrating,
malignant gliomas which occur most frequently in adults around 45 years of age
(Grimm & Chamberlain, 2016). They grow at a faster pace and require a more
aggressive treatment than WHO grade I gliomas (Ichimura et al., 2009; Sanai &
Berger, 2012). The standard initial treatment is maximal surgical tumor resection,
without causing or increasing substantial neurologic deficits, followed by radiation
therapy. However, even with therapy, the recurrence rate is high and the prognosis
poor (Grimm & Chamberlain, 2016) (Table 1.1).

o WHO grade IV astrocytomas (glioblastomas) are the most common malignant
primary CNS tumors in adults and children (Kaatsch et al., 2001). Although this
tumor is found in all age groups, it presents more frequently in adults between
45 and 75 years of age (Tofte et al., 2014). Prognosis is complicated due to the
tumor’s diffuse infiltrative nature, including the opposite hemisphere, making
surgical extirpation impossible (Sahm et al., 2012). Tumor recurrence occurs in
up to 90% of cases within the immediate vicinity of the original location and only

in rare cases in remote locations (Roy et al, 2015).

In most patients, glioblastomas arise de novo (90%), without any previous lesion,
and are called primary glioblastomas (Ohgaki et al., 2004). In few cases, however,
these tumors develop from lower-grade astrocytomas and are then called secondary
glioblastomas (10%) (Ohgaki & Kleihues, 2005). Patients with a secondary
glioblastoma have a significantly better overall survival prognosis (Preusser et al.,
2011) (Table 1.1).
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Table 1.1: WHO classification and survival statistics for gliomas.

WHO o Med}an
Description Tumor type survival
grade
[years]
o Least malignant
up to 50
1 e Non-infiltrative; slow growing Pilocytic astrocytoma years; cure
is possible?
e Nuclear atypia present
o Relatively slow growing Diffuse astrocytoma 6-8"
1 e Infiltrative Oligodendroglioma 12"
e Increased hypercellularity Oligoastrocytoma 3-10"
e May recur as higher grade
e Highly infiltrative Anaplastic astrocytoma 3"
111 e Increased mitotic activity Apaplastlc . 34"
oligodendroglioma
e Tend to recur as higher grade Anaplastic ependymoma  3-10"
e Most malignant
e Widely infiltrative Primary glioblastoma 12"
v e Rapid recurrence Secondary glioblastoma ~ 2-2.5"
e With necrosis and/or
micro-vascular proliferation
e High rates of mitosis

WHO, World Health Organizatio;, IDH, Isocitrate dehydrogenase.

!(Louis et al., 2016); %in children and young adults; survival decreases with increasing
age (Johnson et al., 2012); *with therapy in adults (Vigneswaran et al., 2015; Kaminska
et al., 2019; Wu et al., 2016).
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Benign CNS tumors
Choroid plexus tumors

Choroid plexus tumors are rare tumors; approximately 2%-4% of intracranial tumors in
children and 0.5% in adults (Ozdogan et al., 2015; Jaiswal et al., 2013). They arise from
the choroid plexus epithelium, which are characterized by papillary and intraventricular
growth. It is of utmost importance for the patient’s treatment to discriminate between
the benign forms; choroid plexus papilloma (WHO grade I) and atypical choroid plexus
papilloma (WHO grade II) and the very rare malignant form; choroid plexus carcinoma
(WHO grade I1T) (Louis et al., 2016).

The treatment of choice for choroid plexus papilloma is gross total surgical resection.
However, the surgery is challenging, and surgical complications can occur due to a
marked vascularity, the presence of massive hydrocephalus, and/or the high age of the
patient (Gopal et al., 2008).

For choroid plexus carcinomas, which primarily occur in children, surgical treatment is
even more challenging due to the tumors’ infiltrating growth pattern in the contiguous
brain parenchyma (Jeibmann et al., 2007). Furthermore, choroid plexus carcinomas may
also spread metastases along the cerebrospinal fluid pathways, which further complicates

the surgery and promotes a dismal prognosis (Gopal et al., 2008).

Meningiomas

Meningiomas (WHO grade I) arise from arachnoid cap cells and are the most common
benign intracranial tumors (Shibuya, 2015). However, a minority progress to malignant
forms (WHO grades II and III) (Linsler et al., 2014). Furthermore, irrespective of the
grade, some can cause substantial morbidity and can have, depending on their location,
lethal consequences (Adamson et al., 2010). Especially, skull-based meningiomas can be
challenging in surgery due to their critical location close to vital brain regions (Shaikh
et al., 2018).

In the cases of atypical (WHO grade II) and anaplastic (WHO grade III) meningiomas,
a complete resection is almost impossible due to their infiltrating growth pattern, which
promotes a high recurrence rate (Riemenschneider et al., 2006). The tumor grade and
the extent of resection appear to be the two most important prognostic factors regarding

tumor recurrence (Hortobagyi et al., 2016).
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Schwannomas

Schwannomas arise from Schwann cells and are the most common benign primary tumors
of the spine (Seppala et al., 1995). The well-demarcated tumor is mostly diagnosed
in the fourth and fifth decade of life and has a favorable prognosis (Jinnai & Koyama,
2005). Nevertheless, schwannomas can suppress the spinal cord, leading to weakness,
sensory loss, intestinal and bladder problems (Raj & Lofton, 2013). Schwannomas
occurring on the vestibulocochlear nerve near the cerebellum are called vestibular
schwannomas, and their pressure can cause hearing loss, tinnitus, and unsteadiness.
Here, tumor resection relies on avoiding an injury of the cranial nerves (Jameson et al.,
2007). Unfortunately, to avoid postoperative neurological deficits, it is often necessary to
leave a tumor residue at the nerves, which leads to an increased recurrence rate (Bloch
et al., 2004). Nonetheless, early surgical resection can lead to a promising outcome,
with a recurrence rate of only 5% within several years after surgery (Deng et al., 2015;
Fehlings et al., 2016).

Pituitary adenomas

Pituitary adenomas are benign tumors in the pituitary gland of the brain (Louis et al.,
2016). Approximately 50% are microscopic (< 1 ¢cm) and are not growing or causing
problems (Ferlay J, 2018). The remainder are macroadenomas (> 1 cm) and giant
adenomas (> 4 cm), which can cause hypopituitarism or a complete insufficiency of
the pituitary gland (Foppiani et al., 2009). Therefore, pituitary adenomas are further
clinically classified as functional and nonfunctional adenomas, depending on their ability
to produce and secrete excess hormones (most commonly prolactin) (Kopczak et al.,
2014). Surgical removal is recommended for either functional or nonfunctional adenomas
that threaten the visual pathways, for macroadenomas because of mass effect and\or
hypopituitarism, and for prolactinomas when drug treatment was not successful (Ferlay,
2018).
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Figure 1.2: Primary CNS tumor locations (modified from https://pixabay.com).
Schematic illustration of a brain showing the most common locations of a primary CNS tumor.
Blue color marks the benign tumors. Uncolored tumors are malignant primary CNS tumors.
CNS, central nervous system.
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1.3 Challenge in neurosurgery:

Intraoperative tumor assessment

In neurosurgery, the risk of collateral damage to vital healthy tissue is a major concern.
On the other hand, several studies have shown an association between the extension of
surgical tumor removal and prolonged survival (Roth & Elvidge, 1960; Coffey et al.,
1988; Franklin, 1992; Devaux et al., 1993; Iacoangeli et al., 1993; Simpson et al., 1993;
Senft et al., 2011; Markert, 2012; Chaichana et al., 2014). Thus, surgeons need to take
utmost care when removing tumor tissue to prevent a loss of brain function, while at the
same time removing as much of the tumor as possible to increase the survival time and
decrease intracranial pressure (Markert, 2012). To achieve this goal, several modalities
have been developed to provide precise spatial information to neurosurgeons, including
surgical wide-field microscopy with 5-aminolevulinic acid (5-ALA; see subsection 1.6.1),
navigation devices, ultrasonography, intraoperative MRI and CT, and electrocortical
mapping (Fengqgiang et al., 2008).

Of these, neuronavigation is regularly used in the surgical management of brain
tumors, particularly in skull-based surgeries. It helps to accurately localize important
anatomic structures, such as the carotid artery or cranial nerves (Fenggiang et al.,
2008). However, its utility is limited during the operation process because it is an
offline method based on preoperative imaging alone and thereby suffers from brain shift
(Mitsui et al., 2011). This intraoperative brain deformation occurs after cerebrospinal

fluid loss, cyst decompression, and cerebral edema or sag (Orringer et al., 2012).

Ultrasonography overcomes this problem, as it is a semi-online assessment technique
that can be used as often as needed during the surgery process. The 3D (three-
dimensional) scanning of the resection cavity allows for both continuous monitoring of
resection progress and assessment of brain shift (Machi et al., 2004). The addition of
Doppler ultrasonography can be helpful in assessing flow in normal cerebral and spinal
vasculatures (Oglat et al., 2018). Major limitations of this system are low signal-to-noise

ratios and poor contrast resolution (Machi et al., 2004).

In contrast, intraoperative CT and MRI are characterized by high contrast resolution
and are not affected by brain shifts. Especially MRI-guided surgery provides real-time
data on tumor volume and location, with high contrast (Mondal et al., 2014). The
assessment of the tumor in a 3D view allows for a safer trajectory planning for tumor
access (Mislow et al., 2009; Mondal et al., 2014). Unfortunately, although there are

promising reports of improved tumor removal rates through the use of these tools, their
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regular application in neurosurgery is currently inhibited due to their complexity, their

high cost, and a prolonged operative duration (Bayer et al., 2017).

Finally, tumors in critical brain regions can be more radically removed if the surgery is
performed while the patient is awake (awake craniotomy). Intraoperative stimulation
mapping using electrocortical mapping allows the surgeon to map brain cortical
regions and their radiating white matter tracts, which helps minimize neurological
impairment during the operation (Dziedzic & Bernstein, 2014). Cortical stimulation in
language areas of the brain tests the speech ability by talking to the patient during the
surgery, thereby providing a significant preservation of speech function compared to
surgery with general anesthesia (Ibrahim & Bernstein, 2012). However, this procedure
cannot be performed if the patient is claustrophobic or has psychiatric issues such as
anxiety or neurocognitive issues such as dementia or mental retardation (Young et al.,
2015).

Overall, the major limitation of these approaches is that they are only effective for
the localization of the bulk disease and/or preserving eloquent brain regions. The
intraoperative procedures are not able to provide tissue detail on a cellular level to
achieve complete tumor resection by minimizing the amount of residual tumor cells in

tissue with a normal appearance, which often results in tumor recurrence (Fenggiang et

al., 2008).

To date, frozen section analysis is the only method for intraoperative tissue assess-
ment on a cellular level (Jaafar, 2006). Frozen section analysis is rapid and generally
preferred over traditional histology, which is more time-consuming. Unfortunately, in-
traoperative histopathology also suffers from several drawbacks, including the formation
of freezing artifacts, errors in tissue sampling, and a poor resolution of the final slide.
Finally, the lack of real-time interactivity with the pathologist and a waiting time of

about 40 min for diagnostic evaluation disrupt the surgical work flow (Jaafar, 2006).

Hence, new methods for intraoperative evaluation of tissues are required to improve
the diagnostic yield in ongoing surgery. The optimal imaging approach would allow for
microscopic detection of infiltrative neoplastic cells and margins in real time to enhance
surgical decisions without prolonging the operating times. Confocal laser scanning
microscopy (CLSM), initially described in 2004 in gastroenterology, is a promising
diagnostic tool fulfilling these requirements as it can achieve in vivo high-resolution
imaging of histopathological features (Kiesslich et al., 2004). The main advantage of
CLSM is the ability to visualize tissues in real time, unaffected by sampling errors. This
approach has already been utilized in gastroenterology (Polglase et al., 2005; Meining
et al., 2007), pulmonology (Thiberville et al., 2007; Lane et al., 2009), gynecology
(Carlson et al., 2005; Tan et al., 2009), urology (Sonn et al., 2009; Wiesner et al., 2011),
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and dermatology (Schulz et al., 2016). It has enabled real-time examination of several
discases, including Barrett’s esophagus (Trovato et al., 2013), inflammatory bowel
diseases (Malmstrom et al., 2014), celiac disease (Nguyen & Leong, 2008), and various
types of cancer (Buchner & Wallace, 2015). In the field of neurosurgery, experience
with CLSM is rare and mostly limited to animal models, with only few human studies
(Schlosser et al., 2010; Sanai et al., 2011b; Whitson et al., 2011; Foersch et al., 2012;
Wirth et al., 2012; Snuderl et al., 2013; Charalampaki et al., 2015).

1.4 Confocal laser scanning microscopic system

The CLSM system is an extension of a fluorescence microscope. It has integrated
fluorescence optics which allow excitation (Ae;) of a fluorophore molecule by an external
source, such as a laser, and then detection of the fluorophore’s appropriate emission
wavelength (A.,) by a detector (Fig. 1.3). The principle of fluorescence is described
in Section 1.5. In addition, the concept of CLSM is based on the principle of confocal
microscopy, which was invented by Minsky in 1955 (Minsky, 1988). Figure 1.3 illustrates
the light pathway of a confocal system.

Firstly, a diffraction-limited laser spot is directed through a pinhole to a dichroic mirror.
The dichroic mirrow is a key component of a fluorescence microscope as it reflects the
laser light (excitation light, shorter wavelength) to the sample but enables the emitted
light (longer wavelength) to pass through to the detector (Fig. 1.3).

Before the laser light reaches the sample, it is focused through an objective lens in a
specific focal plane of the sample. The fluorescence emitted by the excited sample is
then refocused by the same objective through the dichroic mirror to the detector. Due
to a confocal pinhole at the entrance to the detector, only the in-focus fluorescence
light of the focal plane can pass. An image is then generated by scanning the light
point to point through the area of interest in the sample. In this way, the scanning
system provides a clear, in-focus, 3D image of a thin section within a thick tissue
(Meining, 2009). In contrast, in conventional wide-ficld microscopy, a large region
of the specimen is illuminated, and the image is generated from in-focus light and
out-of-focus background light. The axial resolution and image contrast are decreased,

which precludes an appropriate visualization of thick samples (Wolenski & Julich, 2014).
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Figure 1.3: Schematic illustration of the light pathways in confocal microscopy
(source: own representation). The laser light (excitation light; blue arrow) is directed
through a pinhole to a dichroic mirror, which reflects the light to the focus point of the
objective onto the specimen. The fluorescence emitted by the excited sample (green arrow)
is then collected by the same objective lens and transmitted through the dichroic mirror to
the detector. The confocal pinhole at the entrance to the detector allows only the in-focus
fluorescence light of the certain focal plane to pass. Fluorescence from excited molecules
above and below the focused focal plane (out-of-focus fluorescence; broken green line) are also
collected by the objective but not measured by the detector.
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Currently, two Food and Drug Administration (FDA) approved CLSM systems are
available for clinical practice and research (Meining, 2009): endoscopy-integrated CLSM
(Optiscan®; Notting Hill, Victoria, Australia/Pentax; Tokyo, Japan) and probe-based
CLSM (Cellvizio®; Mauna Kea Technologies, Paris, France). The endoscopy-integrated
CLSM was developed by a collaboration between Pentax (Tokyo, Japan) and Optiscan®
(Notting Hill, Victoria, Australia) as a fluorescent-based CLSM device that incorporate
a miniaturized confocal microscope into the tip of an ordinary endoscope, thus allowing
endoscopy and confocal microscopy to be simultaneously displayed side by side on
separate monitors (Cartana et al., 2012). A further advantage of this system is that the
depth of imaging can be controlled mechanically by using two buttons on the endoscope
(Meining, 2009).

The second CLSM system, Cellvizio®, is a probe-based CLSM system consisting of
a range of flexible probes that can be introduced through the working channel of a
conventional endoscope or used independently (see subsection 2.3.1) (MaunaKeaTech-
nologies, 2016). The various probes differ in their field of view, lateral resolution, depth
of observation, and length suitable for different clinical indications. Advantages of this
system are its greater versatility and the possibility of combining it with other imaging
techniques, such as chromoendoscopy and magnification endoscopy (Kolodziej et al.,
2016).

1.5 Challenge using CLSM in neurosurgery:

contrast agents

Suitable fluorophores to stain human tissue in vivo are a limiting factor for using CLSM
in neurosurgery and other surgery disciplines (Zehri et al., 2014).

Fluorophores are per definition fluorescent compounds which are capable of emitting
light upon excitation (Drummen, 2012). The fluorescence process can be described
in a Jablonski diagram (Fig. 1.4), named after the physicist Aleksander Jablonski
(Jablonski, 1933). When a fluorophore absorbs light of its absorption spectrum, its
electrons are excited from the lowest (ground) electronic state into a higher energy
state corresponding to the amount of energy transferred. The absorbance is a very
fast process of approximately 107!® seconds. The excited electron then very quickly
(107'2 seconds) loses energy as kinetic energy, mainly due to vibrational relaxation, a
nonradiative process. The vibrational relaxation causes a fall of the electron to a lower
vibrational level or from a vibrational level in one electronic state to a vibrational level
in a lower electronic state (internal conversion). Nanoseconds later (about 1078 seconds),

in the usually slowest process, longer-wavelength light (fluorescence) is emitted when
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the electrons return to the ground state. The energy of the fluorescent light (longer
wavelength) is lower than that of the absorbed light (shorter wavelength), as energy is
"lost" in vibrational relaxation and internal conversion (Fig. 1.4) (Jablonski, 1933). The
fluorophore can be excited and detected repeatedly unless it is irreversibly destroyed in

the excited state (photobleaching).
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Figure 1.4: Jablonski diagram of fluorescence (source: own representation). The
diagram shows electronic states as bold horizontal lines. The thin horizontal lines are the
vibrational sublevels. The absorption of light by an electron (indicated by the blue arrow)
causes its excitation from the ground state (lowest energy state; Sp) to an excited state (here
Sy). This is a very fast process of approximately 107'° seconds. The excited electron loses
then very fast (=~ 107'2 seconds) energy through vibrational relaxation (internal conversion)
and falls to the lowest level of the first excited state (S7). Finally, the electron returns to
the ground state (=~ 1078 seconds) by releasing light (fluorescence; green arrow). Due to the
energy loss in internal conversion, the energy of light emitted (Er) has a lower energy than
the light absorbed (E4). S, state; E, energy; sec, seconds.

The difference in wavelength between the maximum of excitation and emission is
described as the Stokes shift, named after the physicist George G. Stokes (Stokes, 1852).
Each fluorophore has a specific absorption and emission spectrum, depending on its
molecular structure (Te Velde et al., 2010). A fluorophore with a large Stokes shift
results in more reliable fluorescence detection than a fluorophore with a small Stokes
shift (Stokes, 1852).
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Furthermore, the optimal fluorescent dye must exhibit low phototoxicity, photobleaching,
scattering and signal attenuation (Zehri et al., 2014). Of these, phototoxicity can result
from different sources and is closely connected to photobleaching (Sugden, 2004). One
main cause of phototoxicity is the production of reactive oxygen species (ROS) during
the excitation of a fluorophore (Zehri et al., 2014). In excess, ROS causes the oxidation
of the fluorophore and several oxidizable components of the tissue under investigation
(Bernas et al., 2004). Thus, inducing photobleaching of the fluorophore as well as damage
to the proteins, nucleic acids, lipids and plasma formations of the tissue (Vrouenraets
et al., 2003). The occurrence of ROS is primarily dependent on the properties of the
fluorescent dye (Sugden, 2004) and the dose of photons absorbed (Bernas et al., 2004).

Scattering of light, signal attenuation, and absorption are limiting factors for the depth
of tissue penetration: with increasing wavelength, scattering and absorption decreases.
The near infrared spectrum (700-900 nm) is therefore suitable for imaging deeper cell
structures (Licha, 2002). Fluorophores with emission wavelengths above 900 nm are
not practicable, as water absorbs very strongly at these wavelengths, reducing the light

transmission (Osterman et al., 2007).

In addition, a suitable fluorophore for in vivo CLSM application should be soluble for
administration and safe for human application, and it should have a fast clearance, an
optimal wavelength corresponding to available CLSM excitation wavelengths (., of
488 nm and 780 nm, respectively), and a high quantum yield. The fluorescence quantum
yield is a measure of the fluorescence process and is defined as the ratio of photon
absorption to emission (Schwartz et al., 2002). Accordingly, the highest quantum yield
(1.0) is achieved when every absorbed photon is emitted (Te Velde et al., 2010).

Finally, for a neurosurgical application, the fluorophore needs to be able to enter the
blood-brain barrier (BBB). The BBB, formed by the cerebral microvascular endothelium,
possesses unique properties to strictly control the diffusion of molecules, ions, and cells,
allowing only specific small and lipid soluble substances with a molecular weight of
< 400 Da to cross between the blood and the brain (Daneman & Prat). This heavily
regulated barrier protects the CNS from toxins, pathogens, and inflammation to provide
health and proper neuronal function. In several diseases, including brain tumors, the
permeability of the BBB is increased, which supports the progression of the disease
(Daneman & Prat, 2015). BBB dysfunction also leads to an increased entry of drugs
and molecules, such as fluorescent dyes, into the brain, facilitating their use for an

enhanced tumor contrast (Banks, 2009).
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1.6 Fluorescence in CNS tumor surgery

1.6.1 5-aminolevulinic acid

5-ALA is a body’s own non-fluorescent precursor in the hemoglobin biosynthetic pathway
formed in the mitochondria (Yang et al., 2015). Its metabolism produces protoporphyrin
IX (PpIX), an endogenous fluorophore, which is the last precursor of heme. The final
step of the heme biosynthesis, the incorporation of iron into PplX, requires the catalytic

activity of the enzyme ferrochelatase (Pogue et al., 2010).

Thus, PpIX is believed to collect in neoplastic cells due to a reduced activity of the
enzyme ferrochelatase in malignant high-grade tumors (Peng et al., 1997; Gibson et
al., 1999). Other factors are the breakdown of the BBB, a higher neovascularity, cell
proliferative activity, and cellular density (Stummer et al., 1998; Stepp et al., 2007).

It is important to note that the natural occurrence of PpIX is not detectable by
fluorescence microscopy; only overloading the natural pathway with exogenous 5-ALA
causes fluorescently visible accumulation of PpIX in tumor tissue at a A., between 375
and 440 nm and a A, between 640 and 710 nm (Zehri et al., 2014, Pogue et al., 2010).

Stummer et al. presented the first human trial of PpIX fluorescence of gliomas after
5-ALA application in 1998. The authors were able to show a high accuracy in predicting
the presence of malignant tissue due to a strong PpIX fluorescence in tumor tissue
and no visible PpIX fluorescence in healthy tissue (Stummer et al., 1998). In a follow-
up study, fluorescence-guided resection of glioblastomas using PpIX fluorescence was
achieved in 33 of 52 patients (63%) (Stummer et al., 2000). Additionally, Stummer and
colleagues conducted a multicenter, randomized phase III trial, which demonstrated
better frequency of gross total resections (65% vs. 36%) and 6-month progression-
free survival (41% vs. 21.1%) with 5-ALA use compared to conventional white-light
surgery (Stummer et al., 2006). Since this trial, 5-ALA has been widely used for the
visualization of high-grade gliomas, foremost glioblastomas, under the trademark of
Gliolan® (Teixidor et al., 2016).

Gliolan®, which contains 30 mg/ml of the active 5-ALA substance, is the only contrast
agent currently approved for the imaging of high-grade gliomas in Furope by the
European Medicines Agency (EMA) (Nguyen & Tsien, 2013). In Australia, Canada,
and Asia, Gliolan® is also allowed for neurosurgical purposes, while in the US, it is still

awaiting approval by the FDA (Martirosyan et al., 2011).

Unfortunately, apart from high-grade gliomas, malignant meningiomas and metastases,
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the other types of CNS tumors have shown almost no PpIX fluorescence (Gibbs et al.,
2006; Valdes et al., 2011). Likewise, Gliolan® cannot be used during pregnancy or in
children due to studies suggesting an embryotoxic activity of 5-ALA and to missing
studies evaluating the safety of 5-ALA in children and adolescents aged 0 to 18 years,
respectively (Teixidor et al., 2016). In adults, however, it has shown a high safety profile,
with only minor systemic side effects, such as anemia, nausea, vomiting, hypotension,
and an increased sensitivity to sunlight, up to 48 hours after application (Colditz et al.,
2012; Stummer & Suero, 2017).

1.6.2 Fluorescein

Fluorescein is a strong yellow contrast agent having a peak A.,. at 490 nm and a .,
between 500 and 550 nm. It is an FDA- and EMA-approved contrast agent for diagnostic
angiography of the retina (Nguyen & Tsien, 2013). In ophthalmology, fluorescein has
been used since 1960 and has shown a high safety profile with only few reports of severe

side effects, such as nausea and vomiting (Behbahaninia et al., 2013).

In neurosurgery, fluorescein is one of the original fluorophores used in surgical treatments
for arteriovenous malformations (Feindel et al., 1971), cerebral artery anastomoses
(Feindel et al., 1971), aneurysm clipping (Wrobel et al., 1994), and brain tumor contrast
(Moore et al., 1948). Following intravenous administration, fluorescein binds to serum
albumin in the blood stream and penetrates the disrupted BBB. Thus, fluorescein
is not a specific tumor dye, but it often concentrates at the tumor site in regions of
compromised neurovasculature, especially in high-grade tumors such as glioblastomas
(Stummer, 2015).

In the clinical study carried out by Moore et al., fluorescein contrast facilitated differ-
entiation between tumor and healthy tissue in 95.7% of patients (Moore et al., 1948).
Another study, carried out by Shinoda et al., reported an increased gross total resection
(84.4%) of glioblastomas with fluorescein contrast obtained by a surgical wide-field
microscope; in control patients, the gross total resection of glioblastomas without use
of fluorescein was 30.1% (Shinoda et al., 2003). Moreover, Chen et al. achieved an
80% gross total resection rate of glioblastomas and additionally an increased 6-month
progression-free survival in patients with low-grade gliomas (Chen et al., 2012). Finally,
fluorescein contrast has been used to facilitate tumor resection of different skull base
tumors, such as meningiomas, schwannomas, and pituitary adenomas (da Silva et al.,
2010). However, fluorescein is not FDA /EMA-approved for brain tumor surgery and is
therefore restricted to clinical studies (Nguyen & Tsien, 2013).
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1.6.3 Indocyanine green

Indocyanine green (ICG) belongs to the cyanine dyes, which are small cationic molecules
with two terminal nitrogen-containing heterocycles connected through a polymethine
bridge (Yi et al., 2014). It is a near-infrared fluorophore with an A, peak at 760-775 nm
and an A, peak at around 835 nm. Its anionic and amphiphilic properties allow a
high affinity to proteins, such as albumin, which increases its hydrodynamic diameter
(Behbahaninia et al., 2013). It remains in the vasculature with a plasma half-life of
4 min, after which it is metabolized in the liver (Hanel et al., 2010). For clinical use,
ICG is typically administered as an intravenous bolus at the recommended dose of

0.2-0.5 mg/kg with a maximum dose of 5 mg/kg per day (Baek et al., 2015).

The FDA approved ICG in 1975 for use in ophthalmic angiography due to its low
negative-reaction profile (Polom et al., 2011). Furthermore, ICG has proven to be a
clinically useful fluorophore and is widely used. For example, ICG has been used to
map sentinel lymph nodes and to detect various cancers such as breast, anal, liver and
gastrointestinal cancers (Ohnishi et al., 2005; Tagaya et al., 2008; Hirche et al., 2010;
Kelder et al., 2010). In neurosurgery, intravenously applied ICG has been mainly used
for brain video angiography to aid in treating cerebral aneurysms or to define abnormal
vascular flow patterns in arteriovenous malformations and dural arteriovenous fistulas
(abnormal connections between arteries and dural veins or venous sinuses in the dura)
(Youssef et al., 2014). Though 3D intraoperative digital subtraction angiography is still
the gold standard in vascular neurosurgery, intraoperative ICG is faster and requires
less equipment (Marbacher et al., 2018). Additionally, ICG video angiography has been
used during surgery of hemangioblastomas, which are primary CNS tumors with an
irregular vascular network (Shinya et al., 2018). Here, ICG has provided a safe tumor

resection due to identification of hidden arterial feeders and vessels (Hojo et al., 2014).

Uptake of ICG is increased at the site of the tumor, mainly due to the breakdown of the
normal BBB. Thus, like fluorescein, ICG is not a tumor-specific agent, as it provides
only nonspecific contrast in regions of compromised neurovasculature (Petrovsky et al.,
2003). This phenomenon was first demonstrated in 1993 by Hansen et al. who showed
the ability of ICG to macroscopically demarcate gliomas in rats using a wide-field
microscope (Hansen et al., 1993). Thereafter, enhanced optical imaging with ICG was
also achieved in human gliomas. In nine patients, ICG imaging allowed differentiation
between healthy and tumor tissue as well as better assessment of tumor margins in real
time (Haglund et al., 1996).
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1.7 Aim

The aim of this study was to identify a contrast agent compatible with the CLSM
device to conduct a CNS tumor study on a cellular level. Therefore, the fluorescent
agents acriflavine (AF), acridine orange (AO), cresyl violet (CV), fluorescein, and ICG
were investigated in terms of their staining ability of healthy and neoplastic CNS tissue.
The goal was to identify a suitable fluorophore which provides satisfactory contrast of
specific tumor features to 1) diagnose biopsies, 2) differentiate between different tumor
grades/types and other diseases, and 3) study the tumor on a cellular level. This set
of contrast agents was chosen because they are currently used in clinical practice and
have been shown to stain the tissue immediately, which would avoid the diagnostic
delay between intraoperative tissue examination and histopathological data acquisition.
Moreover, other permitted fluorescent agents for human use, such as 5-ALA and food

dyes, were investigated in terms of their ability to stain cellular CNS features.

To diagnose CNS lesions correctly, physicians need to be familiar with the CLSM
features of neoplastic and healthy tissues. Therefore, CLSM features of 317 different
CNS lesions were analyzed, using histology from the same region of interest (ROI) for
comparison. Representative images were used for a blinded statistical evaluation by

neuropathologists.

Further, the staining ability of the contrast agents in the CLSM approach was inves-
tigated in the in vivo imaging and guiding of glioma resection in a rat brain tumor
model. Therefore, two novel CLSM systems from Cellvizio® (A, of 488 nm and 780 nm
respectively) with fluorescein, AF, 5-ALA, and ICG were compared with an OPMI
Pentero® (A, of 400 nm) routine surgical wide-field microscope and 5-ALA as the sur-
gical standard in their resection outcome. The key focus was on the cellular distinction
between healthy and neoplastic tissues and on the identification of the transition zone.
Traditional histology served as the gold standard for the histopathological evaluation of
the resected tissues and of the removed rat brain to examine whether a complete and
safe resection of the tumor were achieved. The operating environment, instruments,
and operating technique were kept as similar as possible to those used in human surgery.
Additionally, normal brain cytoarchitecture of a pig was examined in vivo to evaluate
a potential use of CLSM for neurosurgical application in general and to define CLSM

features of a large brain model.

In particular, the application of CLSM, at A, of 488 nm and 780 nm, was investigated
for ex vivo and in vivo imaging of primary CNS tumors and healthy tissues, following

fluorescent staining. The goal was to bring surgical cancer therapy to the cellular
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level and the implementation of CLSM to the neurosurgical operative field. Table 1.2

presents an outlook on all experimental approaches.

Table 1.2: Outlook on the experimental approaches.

Aim Experimental approach

Overview of all
I examined tumor | e Descriptive statistics of all examined tumor tissue
tissue

e The CystoFlex™ UHD, UroFlex™ and the Gas-
troFlex™ probes of the CLSM-488 nm device
(Cellvizio®) were compared in their suitability to ex-
amine human CNS tumors.

e Optimization of incubation times of AF, AO and CV
for tumor staining.

e Staining ability analysis of other permitted fluores-
Establishing cent agents on fibroblast cells and human CNS samples
CLSM for an | using the CLSM-488 nm device.

1 er wvivo CNS
application e Analysis of 317 different tumor lesions and healthy
tissue of the CNS to establish CLSM features.
e Establishing CLSM in tumor grading.
e CNS tumor examination using a CLSM-780 nm de-
vice (Cellvizio®) and ICG.
— Traditional histology with H&E served as the gold
standard for ez vivo tumor imaging.
e High-grade glioma resection using intraoperative
CLSM devices at 488 and 780 nm excitation for tumor
imaging in rats.
Establishing e Investigation of AF, fluorescein, 5-ALA and ICG for
CLSM for an | vivo imaging.
11

in  vivo CNS

e CLSM analysis of healthy brain structures in rats
application

and a pig.

— Routine surgical wide-field microscopy (OPMI
Pentero®) with 5-ALA as contrast agent served as
the optical gold standard.

CLSM, confocal laser scanning microscopy; CNS, central nervous system; AF, acri-
flavine; AQO, acridine orange; CV, cresyl violet; ICG, indocyanine green; HESE, hema-
tozylin and eosin; WHQO, World Health Organization; 5-ALA, 5-aminolevulinic acid.



2. Material and methods

2.1 Chemicals and Reagents

Basic chemicals and reagents were purchased from Sigma-Aldrich and Roth. All other
suppliers are listed in Table 2.1. To prepare buffers and solutions (Table 2.2), only
analytically pure chemicals were used. The main devices used in this study are listed in
Table 2.3.

Table 2.1: Chemicals and reagents.

Compound

Supplier

5-aminolevulinic acid
Acriflavine hydrochloride
Acridine orange
Allura Red

Bone wax
Chlorhexidine

Cresyl violet acetate
Erythrosine B
Ethanol

Fetal calf serum
Fluorescein
Formaldehyde
Hydrogen chloride
Indocyanine green

Phosphate buffered saline

Gliolan, Medac GmbH, Wedel, Germany
Sigma Aldrich, Melbourne, Australia
Sigma Aldrich, Melbourne, Australia
Sigma Aldrich, Melbourne, Australia
Ehicon, Norderstedt, Germany
Sigma Aldrich, Melbourne, Australia
Sigma Aldrich, Melbourne, Australia
Sigma Aldrich, Melbourne, Australia
Sigma Aldrich, Melbourne, Australia
Lonza, Basel, Switzerland

Alcon Pharma, Freiburg, Germany
Roth, Karlsruhe, Germany

Sigma Aldrich, Melbourne, Australia
Sigma Aldrich, Melbourne, Australia

Roth, Karlsruhe, Germany

23
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Compound

Supplier

Penicillin

Piritramid (Dipidolor®)

Roti® Histokit 11

Saline

Streptomycin
Thiopental-sodium (Trapanal)
Trypan blue

Trypsin-EDTA

Xylene

Gibco, Life Technologies, Darmstadt, Germany
Janssen-Cilag, Neuss, Germany

Roth, Karlsruhe, Germany

Gibco, Life Technologies, Darmstadt, Germany
Gibco, Life Technologies, Darmstadt, Germany
Altana AG, Wesel, Germany

Sigma Aldrich, Melbourne, Australia

Gibco, Life Technologies, Darmstadt, Germany

Roth, Karlsruhe, Germany

Table 2.3: Laboratory equipment and instruments.

Device

Supplier

Bench-top microscope

Catheter

Centrifuge

Confocal laser endomicroscopic device

Ear bars
Electric razor

Endotracheal tube

Fluorescence bench-top microscope
Hand driller

Heating pad

Incubator

Kopf small-animal stereotaxic instrument

Carl Zeiss Microscopy, GmbH,
Oberkochen, Germany

Dispomed, Gelnhausen, Germany

Heraeus Megafuge 16 R,
Thermo Fisher Scientific, MA, USA

Cellvizio®; Mauna Kea Technologies,

Paris, France
David Kopf Instruments, LA, USA
WPI, Sarasota, USA

Super-Safety-Clear, Teleflex,

Ruesch, Germany
I1X70, Olympus, Hamburg, Germany
WPI, Sarasota, USA

Homeothermic Blanket System; Harvard
Apparatus, South Natick, MA, USA

B5050E, Heraeus, MA, USA

David Kopf Instruments, LA, USA
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Device

Supplier

Medical monitor

Microscope slide

Microtome

MiniprobesTM

Neubauer Counting Chamber
Pipettes

Scalpels

Set of surgical forceps
Syringe

TABOTAMP®

Tissue culture plates (6, 12, 24 and 96 well)
Tube 5ml, 75x12mm, PS
Ventilator

Vortex

Water bath

Wide-field surgical microscope

Capnomag Ultima; Datex Engstrom
Division, UK

SARSTEDT, Nuembrecht, Germany
Leitz, Wetzlar, Germany

Mauna Kea Technologies, Paris, France
OptikLabor, Germany

Pipetman, Gilson, Germany

Fine Science Tools, Heidelberg, Germany
Fine Science Tools, Heidelberg, Germany
Hamilton, Babuzen, Switzerland

Ehicon, Norderstedt, Germany

Costar, Corning, New York, USA
Sarstedt, Nuembrecht, Germany
Siemens-Elema AB, Erlangen, Germany

Vortex genie, Scientific industries INC,

Germany
GFL, Burgwedel, Germany

OPMI Pentero® Carl Zeiss Microscopy,
GmbH, Oberkochen, Germany
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Table 2.2: Media and Solutions.

Media or solution Ingredients

e 1 mL concentrated hydrogen chlorate (HCI)
e 400 mL 70% EtOH in HyO

Acid-Ethanol

e To 500 mL
e 440.5 mL DMEM
e 50 mL FCS (10%)
DMEM medium e 5 mL 10 x penicillin/streptomycin (1x)
e 2.5 mL 12-O-tetradecanoyl phorbol acetate (TPA)
from 40 pM stock solution (200 nM)

e 2.0 mL cholera toxin from 25 pg/mL stock solution (0.1 pg/mL)

e 10 g Eosin Y
Eosin Y solution e 200 mL ddH-»0O
e 800 mL 95% EtOH in H,O

e 50 g potassium

e 1 g hematoxylin
Hematoxylin

solution e 0.2 g sodium iodate

e 1 g citric acid

e Add to 1000 mL ddH>O
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2.2 Ethical considerations

Samples of CNS and CNS-associated lesions were collected from patients who had
undergone surgery at the Department of Neurosurgery of Merheim Hospital, Cologne,
Germany. Use of human biopsy tissues was in compliance with the requirements of the
local ethics committee ("Ethikkomission an der Medizinischen Fakultat der HHU"; study
number: 5530) and in agreement with the Declaration of Helsinki. Each sample was
used with permission of the patient (including written informed consent) if that material
was not required for other purposes. All studies involving animals were conducted in
accordance with national and international guidelines and were approved by the Gov-
ernmental Animal Care and Use Committee ("Ethikkomission Koblenz 23-177-070/G
10-1-0500").

2.3 Technical considerations

2.3.1 Confocal laser endomicroscopic system

Two probe-based CLSM systems from Cellvizio® (Mauna Kea Technologies, Paris,
France) were used in this study. The Cellvizio® system is composed of a Laser Scanning
Unit A, of 488 nm and 780 nm, respectively; the Confocal Miniprobe™ which is the
link between the scanning device and the sample; and a Confocal Processor™ with the

software unit (Fig. 2.1).

Two scanning mirrors, X and Y, mounted onto a galvanometer, enable raster scanning
of the laser beam on the object (Fig. 2.2). The frame rate of 12 frames/s makes the
acquisition of movie sequences possible. The Cellvizio® system is designed for in vivo
imaging due to the length and diameter of the Miniprobes™, which are compatible
with invasive surgical procedures. The Miniprobes™ are composed of 30,000 optical
fibers which transport the scanned laser beam to the site of observation and capture
the fluorescent light emitted back from the tissue (Fig. 2.2). Each fiber of the bundle
provides only one sampling point on the examined tissue. The confocal principle of
the system (Fig. 2.2) results from the size of each fiber core (diameter approximately

2 pm), which serves as a pinhole and allows optical sectioning of the object.

Various Miniprobes™ (GastroFlex™, GastroFlex™ UHD, ColoFlex™, ColoFlex™

UHD, CholangioFlex™ UroFlex™, CystoFlex™, CystoFlex™ UHD, AQ-Flex™;
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Mauna Kea Technologies, Paris, France) are available. The Miniprobes™ differ in their
their bundle properties, distal optics as well as in their length, sensitivity, and lateral

resolution.

In this study, the Gastroflex™, CystoFlex™ UHD, and UroFlex™ probes were used
for the examination, as no specific Miniprobes™ for CNS application are available.
The GastroFlex™ is 3 m long and has a maximum field of view of () 240 pm with a
lateral resolution of 1 pm and an imaging plane depth of 55-65 pm. The CystoFlex™
UHD has a length of 2 m, an optical field of view of @ 240 pm, an imaging plane depth
of 55-65 um, and a lateral resolution of 1 pm. The UroFlex™ has a length of 3 m, a
maximum field of view of ) 325 pm, a depth of observation of 40-70 pm, and a lateral
resolution of 3.5 nm. Table 2.4 presents the major technical information of the three
confocal Miniprobes™ used in this study. The probes can be disinfected and reused

approximately 20 times.

The software unit regulates the system and manages the image data. The Cellvizio®

software also allows inversion of the image colors (white to black or to another color,
such as green, orange, blue, or red) during CLSM imaging or later after saving. This is
especially useful for the examination of small structures.

A foot pedal allows starting and pausing videos, which can then be recorded, commented,

and exported with the Cellvizio® software.



Material and methods 29

Screen

Trackball

Confocal Miniprobe™

Laser Scanning Unit

Confocal Processor™

Footswitch

®

Figure 2.1: Cellvizio® system (source: own representation). The main opto-
electronic components are the Laser Scanning Unit, the Confocal Miniprobe™ and the
Confocal Processor™ with the Cellvizio® software.
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Laser injection
connector 9 = module

Scanning
mirror X

Scanning
mirror Y

—» Laser light

—» Fluorescence luorescence filters

Detector

Figure 2.2: Schematic diagram of the laser scanning unit (modified from
www.maunakeatech.com). The laser beam (blue arrow) and the emitted fluorescent
light (green arrow) are illustrated. The scanning mirrors X and Y are mounted onto a
galvanometer, allowing raster scanning of the laser beam on the object. The fluorescence
light is collected by a fiber bundle and follows the same pathway back through the scanning
mirrors that was used for excitation, resulting in a "de-scanned" emission. Prior to detection,
the emitted light passes through fluorescence filters, which eliminate laser backscatter. The
diagram is used with permission from Mauna Kea Technologies.
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Table 2.4: Technical information of used confocal Miniprobes™.

Miniprobes™ GastroFlex™ CystoFlex™ UroFlex™
UHD

Length 3 m 2 m 3m

Maximum field of @ 240 pm @ 240 pm @ 325 ym

view

Depth of observation | 55-65 pum 55—65 pm 40-60 pm

Lateral resolution 1 pm 1 pm 3,5 pm

Reprocessing Cleaning & Steril- | Cleaning & Steril- | Cleaning & Steril-
ization ization ization

Maximum pressure <1lkg <1lkg <1kg

on fiber

Water tightness IP 67 IP 67 1P 67

of the distal tip

Storage/Operating/ | - 10 °C to + 60 °C | -10 °C to + 60 °C / | -10 °C to + 60 °C /

Temperature range |/ + 10 °C to + 35 | 4+ 10 °C to + 35 °C | 4+ 10 °C to + 35 °C
°C

(MaunaKeaTechnologies, 2016)

2.3.2 Intraoperative wide-field microscopy

A standard surgical wide-field microscope (OPMI Pentero®; Carl Zeiss Microscopy,
GmbH, Oberkochen, Germany) with a A., of 400 nm was used to reveal PplX-
fluorescence. The PplIX-fluorescence was imaged with a video camera attached to

the microscope.

2.4 FEx vivo human studies

2.4.1 Statistical analyses of primary CNS tumor distribution

Analyses of primary CNS tumor distribution were based on data from January 2014 —
February 2016. All patients underwent biopsy or resection as part of their diagnostic or
therapeutic evaluation in the Merheim hospital, Cologne, Germany. Only histopatholog-
ically confirmed tumors were included in the statistical analyses (SPSS software). Age,
sex, date of diagnosis, and tumor histology were recorded for all patients. The date at
the first surgical treatment (to obtain the age at diagnosis) is the date on which the

pathological diagnosis was obtained. Pilocytic astrocytomas were considered benign.
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2.4.2 Collection and confocal imaging of human tissues

The samples of CNS lesions (Table 2.5) were collected from patients who had undergone
surgery (Fig. 2.3) at the Department of Neurosurgery of the Merheim Hospital, Cologne,
Germany. Biopsies were examined mostly using CLSM either straight after surgery
or after being fixed in 4% formaldehyde (Fig. 2.4), as preliminary tests showed that
neither the fixation process nor the preoperative administration of 5>-ALA have an effect
on CLSM analysis (data not shown). For tissue examination, the confocal Miniprobe™
was placed in gentle contact with the surface of the sample. Biopsy sections were always
analyzed (3-5 min) with and without the application of the fluorophore (see subsection
2.4.3).

Confocal images of each patient were stored anonymized in a specific folder. ROI that
was examined using CLSM was marked with tissue ink (India ink; Rotring, Germany)
so that the exact location could be validated with traditional histology as gold standard.
To this end, the samples were placed in 10% formalin and processed for histopathological

examination (see subsection 2.4.4).

Figure 2.3: Pre-CLSM imaging (source: own representation). Preoperative MRI
images (A—C) show the location of the tumor (glioblastoma) in the brain. Resection cavity
(D) and tumor resection process (E). MRI images and images of the brain/tumor are used
with permission of the patient. CLSM, confocal laser scanning microscopy; MRI, magnetic
resonance 1maging.
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Table 2.5: Origin and number of human tumor samples examined by CLSM.

Pathological diagnosis

Number of samples

I. Tumors of neuroepithelial tissue
WHO grade I astrocytoma
WHO grade II astrocytoma
WHO grade III astrocytoma
WHO grade VI astrocytoma (glioblastoma)
Choroid plexus papilloma
WHO grade IT ependymoma
WHO grade III ependymoma
WHO grade II oligoastrocytoma
WHO grade II oligodendroglioma
WHO grade III oligodendroglioma
II. Tumors of cranial and paraspinal nerves
Neurofibroma
Schwannoma
ITI. Tumors of the meninges
Cavernoma (hemangioma)
Hemangioblastoma
WHO grade I meningioma
WHO grade II meningioma
IV. Tumors of the hematopoetic system
Plasmacytoma
V. Tumors of the sella region
Pituitary adenoma
VI. Metastatic tumors
Non-small cell lung adenocarcinoma
VII. Cysts and tumor-like lesions

Epidermoid tumor

122

134

101

= RN NN
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Figure 2.4: FEx vivo CLSM imaging (source: own representation). The unfixed
removed tumor (A, B) was immediately examined by CLSM (C-E). Traditional histology of
the same ROI was performed from each specimen for correlation. Bars = 20 pm. CLSM,
confocal laser scanning microscopy; ROI, region of interest.
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2.4.3 Fluorescent agents used ex vivo on human tissue

Biopsy samples were investigated ez vivo after topical application of one drop of either
0.01 mg/mL AF (Sigma Aldrich, Melbourne, Australia), 0.01 mg/mL AO (Sigma Aldrich,
Melbourne, Australia), 0.02 mg/mL CV (Sigma Aldrich, Melbourne, Australia), or
0.5 mg/mL ICG (Sigma Aldrich, Melbourne, Australia) dissolved in phosphate-buffered

saline.

AF (Aez 505 nm/A.,, 585 nm), which is mixture of 3.6-diaminoacridine (proflavine)
and 3.6-diamino-10-methylacridinium chloride (trypaflavin), marks the DNA and cell
membrane. AQ interacts with the DNA and RNA by intercalation or electrostatic
attraction. When bound to the DNA, AO reaches a \., at 502 nm and a A, at 525 nm.
CV localizes predominantly to the cytoplasm and exhibits a A\, at 540 nm with a A,
at approximately 614 nm. Near-infrared ICG (., 760-775 nm/\.,, 835 nm) stains the
cytoplasm and blood vessels. Properties of the fluorophores and routes of administration

are summarized in Table 2.6.

Health hazard statements of the Globally Harmonized System of Classification and
Labeling of Chemicals (GHS) for all fluorescent agents used are presented in Ta-
ble 2.7. Hazard statements (H statements), which have replaced the Risk statements (R
statements), provide standardized formulations to indicate the hazards of a chemical,
including the degree of hazard. The codes have the form Hnxx, where the health
hazards start with the letter H (hazard), followed by the number 3 (health hazards),

and two more digits (xx) following a sequential numbering scheme.

Imaging using CLSM was performed either without any fluorescent agent, or after
different incubation times (0-30 min) of AF, AO and CV. ICG was applied 1 min prior
imaging on the sample. For each fluorophore, a part of the same tumor was cut and

stained.

Furthermore, the food dyes, erythrosine (Erythrosine B; Sigma Aldrich, Melbourne,
Australia), Allura red AC (Sigma Aldrich, Melbourne, Australia), Canthaxanthen (Sigma
Aldrich, Melbourne, Australia), Rubixanthin (Sigma Aldrich, Melbourne, Australia),
Ponceaux SX (Sigma Aldrich, Melbourne, Australia) were tested in their staining ability
on human samples. To this end, different concentrations (0.5, 1.0, and 2.0 mg/mL)

with various incubation times (1, 5, and 10 min) were investigated.

Only erythrosine (A, 525 nm/ ., 549 nm), also called Eosin B, is known to accumulate

in lysosomes and mitochondria (Table 2.6).

The excess dye of the fluorophores was washed off with saline. According to the

producer’s advice, the contrast agents were stored at 4 °C and kept in a dark place.
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Table 2.7: Health hazard statements.

5-aminolevulinic acid

"H315 (100%): Causes skin irritation

[Warning Skin corrosion/irritation].

H319 (100%): Causes serious eye irritation [Warning
Serious eye damage/eye irritation).

H335 (96.15%): May cause respiratory irritation
[Warning Specific target organ toxicity, single exposure;
Respiratory tract irritation)."

Acridine orange

"H340 (98.31%): May cause genetic defects

[Danger Germ cell mutagenicity]."

Acriflavine

"H302 (100%): Harmful if swallowed [Warning Acute
toxicity, oral].

H315 (100%): Causes skin irritation [Warning Skin cor-
rosion/irritation].

H319 (100%): Causes serious eye irritation

[Warning Serious eye damage/cye irritation].

H335 (98.39%): May cause respiratory irritation
[Warning Specific target organ toxicity, single exposure;
Respiratory tract irritation)."

Cresyl violet

"H302 (100%): Harmful if swallowed [Warning Acute
toxicity, oral].

H332 (100%): Harmful if inhaled.

H315 (85.29%): Causes skin irritation [Warning Skin
corrosion/irritation]."

Erythrosine B

"H302 (98.19%): Harmful if swallowed

[Warning Acute toxicity, oral]."

Fluorescein

"H315 (82.35%): Causes skin irritation [Warning Skin
corrosion /irritation].

H319 (85.29%): Causes serious eye irritation [Warn-
ing Serious eye damage/eye irritation]."

Indocyanine green

"H315 (100%): Causes skin irritation [Warning Skin cor-
rosion/irritation].

H319 (100%): Causes serious eye irritation

[Warning Serious eye damage/eye irritation].

H335 (96%): May cause respiratory irritation

[Warning Specific target organ toxicity, single exposure;
Respiratory tract irritation)."

(Kim et al., 2016)
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2.4.4 Histopathology

e Paraffin processing of tissue:

Human specimens were sectioned into 3 mm slices and drop-fixed in a 10% formalin
solution (2 mL of formalin per 100 mg of tissue) to preserve tissue structures and
protect them against subsequent processing steps. After 48 hours (h) of fixation, the
fixed tissues were each transferred to a labeled cassette to segregate them from other
specimens. Next, the fixed tissues were dehydrated (wet-fixed tissues cannot be directly
penetrated with paraffin) through a series of graded ethanol (EtOH) baths and then
infiltrated with wax as described below in Table 2.8.

Table 2.8: Paraffin tissue processing.

Process Solution Time
1. Dehydration 70% EtOH in HyO 1h
2. Dehydration 95% EtOH and 5% methanol in HoO 1h
3. Dehydration 100% EtOH 1h
4. Dchydration 100% EtOH 1% h
5. Dehydration 100% EtOH 1% h
6. Dehydration 100% EtOH 2h
7. Clearing Xylene 1h
8. Clearing Xylene 1h
9. Infiltration First wax (Paraplast X-tra) at 58 °C 1h
10. Infiltration Second wax (Paraplast X-tra) at 58 °C 1h

After the final infiltration, the specimens were removed from the cassette and carefully
orientated within a suitably sized metal mold. Next, the mold was filled up with paraffin,
covered with a cassette, topped up with more wax to form a block, and finally allowed
to cool to 20 °C on a cold plate. Thereafter, the completed blocks were removed from

the mold and prepared for tissue sectioning.
e Tissue sectioning

The paraffin-embedded tissue blocks were sectioned using a microtome (Leitz, Wetzlar,
Germany). First, the blocks were placed face down on an ice block for 10 min and then
inserted into the microtome parallel to the cutting blade. After they had been cut at a
thickness of 4-5 pm, they were placed onto the surface of a deionized water bath at
40-45 °C. Using a microscope slide (5 pm slice thickness), the sections were picked out

of the water bath and stored upright in a slide rack, overnight at 37 °C.
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e Hematoxylin and eosin staining

For histopathological analysis of the samples, the paraffin sections were stained with
hematoxylin and eosin (H&E). Hematoxylin has a deep blue-purple color and stains
acidic components (such as nucleic acids), whereas eosin Y is pink and stains basic

components (such as proteins) nonspecifically in the cell.

First, the sections were kept for 30 min at 68 °C to deparaffinize the sections. After two
times 5 min clearing in xylene (Carl Roth, Karlsruhe, Germany), the paraffin slides were
hydrated by being passed through decreasing concentrations of EtOH (100%, 95%, 80%
EtOH in H,O) for 2 min each. Subsequently, the slides were stained in hematoxylin
(Table 2.2) for 3 min and washed with running tap water for 5 min to remove excess dye.
Then the slides were differentiated with 0.3% acid EtOH (dipped 8-12 times). After the
slides were rinsed again for 1 min in running tap water, they were stained with eosin Y
(Table 2.2) for 3 to 5 min. Afterwards, the slides were dehydrated through a series of
graded EtOH of 30%, 50%, 70%, 85%, 95%, and 100% (3 x 5 min each) and cleared
in xylene (3 x 15 min). Following this, glass slides were mounted with Roti® Histokit
IT (Carl Roth, Karlsruhe, Germany) and allowed to dry prior to observation under a

bench-top light microscope (Carl Zeiss Microscopy, GmbH, Oberkochen, Germany).

2.4.5 Statistical analysis of CLSM images

A statistical analysis of the interpretation of CLSM images was performed to establish
accuracy and interobserver agreement. For this purpose, CLSM images obtained after
AF and ICG staining of different CNS specimens were presented to neuropathologists
(n =4). The neuropathologists were blinded to the traditional histopathological findings
and inexperienced with the CLSM approach. Each participant received an online survey
created from "Google Docs" containing one CLSM image and five answer possibilities for
each CNS tumor as demonstrated in Figure 2.5 (no traditional histology was available

for the neuropathologists) .
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Welcher ZNS Tumor ist als konfokales Bild dargestellt?
Oligodendrogliom
Epidermoid Tumor
Meningeom
Glioblastom

Antwort nicht vorhanden

Figure 2.5: Example of one entity on the online form (source: own representa-
tion).

Translation: Which CNS tumor is presented as a CLSM image?

() Oligodendroglioma

() Epidermoid tumor

() Meningioma

() Glioblastoma

() None of the possible answers

CNS, central nervous system; CLSM, confocal laser scanning microscopy.

2.5 Cell culture

2.5.1 Cell culture work

All experiments were carried out on C6 glioma cells (primary rat glioma cell line)
or fibroblasts obtained from the Institute of Neurosurgical Pathophysiology (Medical

Center, Johannes Gutenberg University, Mainz, Germany).

Cell work was performed under a sterile hood in sterile conditions. Solutions, glass
and plastic ware were autoclaved or sterile filtrated (0.22 pm pore size). The cells
were cultivated in Dulbecco’s Modified Eagle Medium (DMEM, Gibco Invitrogen™,
Karlsruhe, Germany) supplemented with inactivated 10% fetal calf serum (FCS; Lonza,
Basel, Switzerland) at 37 °C and in a humid 5% CO, atmosphere.
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DMEM contains salts, amino acids, vitamins, and phenol red (pH indicator). The
supplemented FCS contains hormones and other nutrients for cell growth as well as
1% penicillin/streptomycin (Gibco-BRL®, Germany) to prevent contaminations by

bacteria.

The medium was stored at 4 °C and heated up to 37 °C before use. Medium was
changed every 2-3 days and the cell culture was split every 5-6 days. For cell splitting,
the cells were detached from the plastic flask, by tapping on the flask, and half of the
detached cells were transferred to a new plastic culture flask. Cells were harvested
using trypsin-EDTA (0.05%, 0.02% respectively, Gibco Invitrogen™, Germany) and
suspended in DMEM without a supplement for implantation. After centrifugation of
the cell suspension in a Heraeus Megafuge 16 R (Thermo Fisher Scientific, MA, USA)
at 2000 revolutions per min (rpm) for 5 min, the medium was removed, and the cells

were re-suspended in DMEM.

Cell viability of implanted C6 tumor cells was never below 94%, as assessed by trypan
blue staining (see subsection 2.5.2). The final cell concentration for C6 tumor cell
implantation was determined using a cell counting chamber (see subsection 2.5.3). After
counting, the cells were centrifuged again and re-suspended in DMEM (without FCS

and antibiotics) to a final concentration of 10° cells/mL".

2.5.2 Trypan blue viability test

The trypan blue cell viability test was performed to differentiate between viable and
non-viable cells in the cell suspension. This test is based on the principle that living
cells have an intact cell membrane (negatively charged) that excludes the diazo dye

trypan blue.

For the viability test, the cell samples were diluted 1:1 in 0.4% trypan blue solution
(Sigma Aldrich, Melbourne, Australia), which was followed by incubation for 1-2 min at
room temperature. Non-viable cells (blue cytoplasm) and viable cells (clear cytoplasm)
were then counted using a cell counting chamber (see subsection 2.5.3). The incubation
period never exceeded 30 min, as cell viability decreases from this point due to trypan

toxicity.

2.5.3 Counting of cells

Cell counting was achieved by using a Neubauer chamber (Laboroptik, Lancing, UK), a

thick crystal slide (30 x 70 mm and 4 mm thickness) with a double chamber providing
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two counting areas that can be loaded separately. The counting grid is 3 mm?

in size,
divided into 9 large squares each of 1 mm in width. The central square is again divided
into 25 squares of 0.2 mm in width, with double or triple lines. Each of the 25 central
squares is further divided into 16 small squares with single lines, such that each of the

16 small square has an area of 1/400 mm?,

The Neubauer chamber was cleaned with 70% EtOH in HyO before placing the glass
cover (a squared glass of width 22 mm) over the central area, allowing 0.1 mm room for
the cell suspension. With a pipette, 10 nL of the cell dilution was carefully expelled
until the counting chamber was full. The cells were counted beginning from the first
counting grid square under a light microscope with 20-fold magnification (Carl Zeiss
Microscopy, GmbH, Oberkochen, Germany). Cells touching the upper and left limits
of the grid were counted, whereas cells touching the lower and right sides were not
considered in the calculation. When the cell density was higher than 200 cells/square,
the cell suspension was adjusted to an appropriate dilution factor. A second sample

was counted to ensure accuracy.

2.5.4 Fluorescent agent used in cell culture

Erythrosine B (Sigma Aldrich, Melbourne, Australia) was dissolved in dimethyl sulphox-
ide (DMSO) at 50 mg/mL~!. The uptake of erythrosine in living cells was investigated
in fibroblast cells. The uptake was visualized by a bench-top fluorescence microscope
(IX70, Olympus, Hamburg, Germany) with blue laser illumination (A, 450 nm) after
an incubation time of 0, 1, 5, 10, 30, 60, and 300 min and overnight. Properties of

erythrosine and routes of administration are summarized in Table 2.6.

2.6 Animal in vivo studies

2.6.1 Rats

Laboratory rats (Rattus norvegicus) are a traditional animal model, used by scientists for
over a hundred years. In this study, rats were preferred to mice because their physiology
and circulatory systems are more akin to those of humans. Sprague-Dawley®rats are an
outbreed of albino rats used in medical and nutritional research. The main advantage

of choosing these rats was easy handling and their calm temperament.

In total, 30 adult male Sprague-Dawley® rats (250 g, approximately 10 weeks of age)
were purchased from Charles River (Wiga, Sulzheim, Germany). The rats were bred
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and kept in environmentally controlled animal facilities (room temperature of max.

25 °C; 12-h light /dark cycle). Food and water were always available.

All animal studies were performed at the Institute for Neurosurgical Pathophysiology

(Medical Center, Johannes Gutenberg University, Mainz, Germany).

2.6.2 Fluorescent agents used in vivo

AF (Sigma Aldrich, Melbourne, Australia), ICG (Sigma Aldrich, Melbourne, Australia),
fluorescein (Alcon Pharma, Freiburg, Germany), and 5-ALA (Gliolan®, Medac GmbH,
Wedel, Germany) were used as fluorophores to enhance in vivo tissue contrast. 5-ALA
(0.5 mL) was intravenously administered via catheter at 200 mg/kg bw dissolved in
phosphate-buffered saline 3-5 h before surgery (n = 7). Fluorescein (20 mg/kg) was
intravenously injected immediately before surgery (n = 5). One drop of ICG (0.5 mg/mL
in NaCl) and of AF (0.1 mL of 0.01% in phosphate-buffered saline) were topically
applied to the tissue during surgery (n = 5). Both ICG and AF were washed off with
saline after an incubation time of 1 min. A 0.4 mg/kg injection of ICG was also applied

intravenously to enhance tissue contrast in a pig.

AF was used alone as well as concomitantly with fluorescein sodium for morphological
enhancement, since the fact is well established that a combination of dyes (for example
H&E) provides superior contrast between tissue features. ICG is usually administrated
intravenously in many clinical areas, such as for ophthalmic angiography. In the rat
trial, ICG was applied topically to the tissue because preliminary studies showed
higher cellular resolution compared to an intravenous application. Properties of the

fluorophores and routes of administration are summarized in Table 2.6.

2.6.3 C6 glioma cell implantation

30 adult male Sprague-Dawley® rats (Charles River Wiga, Sulzfeld, Germany) underwent
stereotaxic surgery. Prior to surgery, all instruments and materials were sterilized by

autoclaving. The working area and the stereotaxic apparatus were disinfected with a
70% EtOH in H,O solution.

First, the rats were anesthetized by inhalation of isoflurane gas in a small, ventilated
chamber; this was followed by an intra-peritoneal (i.p.) injection of chloral hydrate
(36 mg/kg body weight [bw]) and ketamine (0.7 mL/kg bw). For analgesia, tramadol
(50 mg/kg bw) was given i.p. After the rat had lost consciousness, it was placed on a

heating pad to maintain body temperature at 37 + 0.5 °C. Next, the incision site was
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shaved with an electric razor and eye cream applied to avoid dehydration.

To stabilize the animal’s head, the rat was placed in a stereotaxic apparatus (David
Kopf Instruments, LA, USA), which positions the skull in a precise orientation so that
the stereotaxic atlas remain consistent from animal to animal. For this reason, the
instrument’s ear bars were fixed into the ear canals of the animal, allowing the head
to be moved up and down but not side to side. In order to restrict the up and down
movement, the teeth of the rat were placed on a bite bar and the nose held in a nose
brace. Then, the incision site was disinfected (e.g., chlorhexidine 0.5%) and an anterior-
posterior incision of about 2.5 cm on the midline of the scalp was made. Connective
tissue was removed with a spatula and the area cleaned to expose the skull surface.
The 3D coordinates in the x, y, and z axes were measured by a micromanipulator on
the stereotaxic instrument. It was necessary to adjust the incisor bar until the height
of lambda and bregma skull points were equal. When this had been assured, a burr
hole (trephination 2 mm ()) was made with a hand driller and 7 pL of the C6 glioma
cell suspension (2-6 x 10° cells) was implanted with a syringe into the rat’s left parietal

cortex (Hamilton, Babuzen, Switzerland; needle diameter 0.47 mm).

After surgery, the craniectomy was closed with bone wax (Ethicon, Norderstedt, Ger-
many) and the skin incision sealed with sterile 4-0 suture (Ethicon, Norderstedt,
Germany). The rats were removed from the stereotaxic apparatus and placed in a
recovery cage at 28 °C for at least 1 h before being returned to their home cages.

Tumors were allowed to grow for 7 days.

2.6.4 Post-surgical care

After surgery (C6 glioma cell injection), the recovery of the rat was monitored by
daily weight recordings and other observations on the condition of the animal (such
as of the surgical wound, eyes, mouth, and ears). Rats that showed obvious signs of
pain, wound infection, weight loss, or other signs of discomfort received an additional
dose of analgesics. During the study, a total of 3 rats died as a result of the glioma

implantation.

2.6.5 Craniotomy

In total, 27 adult male Sprague-Dawley® rats with C6 gliomas underwent microsurgical
resection (Fig. 2.6). The rats were anesthetized and sedated as described before
(see subsection 2.6.3). A portal venous catheter was placed for the application of

fluorescein and 5-ALA. Craniotomy was performed in a stereotaxic frame (David
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Kopf Instruments, LA, USA) to remove the skull and gain access to the allograft
tumor under a conventional white-light bench-top microscope (Carl Zeiss Microscopy,
GmbH, Oberkochen, Germany). After removing the dura, the arachnoid membrane
was incised using micro forceps. Brain tumors were identified in the left hemisphere of
all rats (Fig. 2.6). Hemostasis was achieved using TABOTAMP® (Ehicon, Norderstedst,

Germany).

Figure 2.6: Rat surgery (source: own representation). Craniotomy was performed
in a stereotaxic frame to remove the skull (A) and gain access to the rat brain (B, C). Brain
tumors were localized in the left hemisphere of all rats (B); the right hemisphere comprised
mostly healthy brain tissue (C).

2.6.6 In vivo fluorescence imaging and tumor resection

Three systems of intraoperative fluorescence microscopy were compared for assessment
of in vivo high-grade glioma resection: two miniaturized CLSM systems (A, of 488 nm
and 780 nm) from Cellvizio® (Mauna Kea Technologies, Paris, France) and one OPMI

Pentero® (Ae, of 400 nm) routine surgical wide-field microscope (Carl Zeiss Microscopy,
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GmbH, Oberkochen, Germany).

Brain tissue was stained either with the topical application of ICG (n = 5) or AF
(n = 5) alone, with intravenously applied fluorescein alone (n = 5), or with intravenously
applied fluorescein and topically applied AF simultaneously (n = 5). Furthermore,
intravenous applied 5-ALA was administered to enhance tissue contrast either with
CLSM (n = 2), or functioning as control group (n = 5) with wide-field microscopy
(OPMI Pentero®-400 nm).

To provide nearly the same conditions, always 4 rats (one for each fluorescent agent; AF,
AF + fluorescein, ICG, and 5-ALA as control) received the glioma cell implantation
on the same day. Also, these rats were surgically treated (guided by CLSM or OPMI

Pentero®) on the same day, to minimize performance differences.

For in vivo imaging, the GastroFlex™ probe was placed gently over the target tissue
(Fig. 2.7), and video sequences were recorded using the image-capture foot pedal. The
entire brain tissue was scanned, and the identified neoplastic tissue was removed using
routine surgical instruments (scalpel, applicator, curettes, and dissectors). The surface

of the brain was washed with sterile saline to remove erythrocytes.

The resection cavity was then searched again for tumor cells, using one of the fluorescence
microscopes to confirm a complete tumor resection (Fig. 2.7). The total imaging time
was approximately 10 min/rat. The removed brain and the resected biopsies were fixed

in 4% buffered formaldehyde for histopathological evaluation (see subsection 2.6.7).

2.6.7 Histopathology

The tumor specimens removed during surgery were immediately fixed in 4% buffered
formaldehyde until histopathological procedure. The rat brains were also prepared for
traditional histology. For this purpose, the rats were first anesthetized with chloral
hydrate and then transcardially perfusion-fixed using heparinized saline (10 IU/mL) and
4% paraformaldehyde (pH 7.4). Afterwards, the brains were removed and post-fixed in
4% paraformaldehyde for 24 h. Thereafter, the rat brains and the removed specimens
were formalin-fixed, PFA-embedded, and processed for H&E staining, as described

previously (see subsection 2.4.4).

Four-pm-thick serial sections were prepared at 250 pm intervals and examined un-
der a conventional white-light bench-top microscope (Carl Zeiss Microscopy, GmbH,
Oberkochen, Germany). For every slide, a picture was made with a camera (OptixCam,
North Carolina, US) attached to the microscope, using 2.5x, 5x, and 40x magnification,

respectively.
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2.6.8 Histopathological analysis

In total, data pertaining to 25 rats was included in the analysis. Both, the residual
tumor tissue in the resection zone and the resection zone volume were determined using
the Optima®6.51 analysis program for image analysis. Therefore, the 4-pm-thick serial
sections (250 pm intervals) were examined individually. As the maximal observing
depth of the GastroFlex™ is 55-65 pm (Table 2.4), only tumor cells located within this
range were included in the measurements. In order to calculate the resection volume,
the resection areas were summated and multiplied by 250 pm (Fig. 2.8). The "tumor
left ratio" was calculated according to the following formula: [(summated rest tumor *

250 pm)/summated perimeter].

Furthermore, regression analyses were carried out to better compare the resection
outcomes assisted by CLSM or by wide-field microscopy. First, the correlation was
estimated between the amount of healthy tissue in the biopsies and the remaining tumor
in the resection zone for each rat. This correlation was examined to estimate if a safe
resection combined with an extensive resection is possible using one of the approaches.
Second, the correlation between the amount of remaining tumor in the resection cavity
and the resection volume was examined. This regression analysis was carried out to

analyze whether more residual tumor tissue was left when the tumor was large.
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Figure 2.7: Setup tumor surgery (source: own representation). CLSM

Cellvizio®(488 and 780 nm, respectively) with fluorescein, AF, or ICG (A) were compared with
an OPMI Pentero®(400 nm excitation) routine surgical fluorescence microscope with 5-ALA
as the surgical standard (B) in the guiding of glioma resection. The specific fluorescence of
PpIX is shown (B). CLSM, confocal laser scanning microscopy; ICG, indocyanine green; AF,

acriflavine hydrochloride; 5-ALA, 5-aminolevulinic acid; PpIX, protoporphyrin IX.
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Figure 2.8: Calculation of the resection volume and the residual tumor ratio
(source: own representation). The resection volume (A) and residual tumor in the
resection zone (B) were determined using the Optima®6.51 analysis program for image
analysis. Fach 4-npm-thick serial section (0.25-mm intervals) was examined individually for
calculation. In order to calculate the resection volume (cavity), the resection areas were
summated and multiplied by 0.25 mm. The "tumor left ratio" was calculated according to the
following formula: [(summated rest tumor * 0.25 mm)/summated perimeter]. Only tumor
tissue within the maximum depth of the CLSM GastroFlex™ (55-65 nm) was considered.
A: Bar = 500 pm, B: Bar = 50 pm. CLSM, confocal laser scanning microscopy.
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2.6.9 Studies on pig

One male pig (German breed) weighing 29 kg at the age of 4 months was used to
investigate the use of CLSM for in vivo imaging of healthy, larger brain features. The
pig as a model was used because of the similarities of its brain in terms of anatomy,
histology, and vascularization with that of humans. The major advantage of the pig
for neurosurgical research is the large size of its brain, allowing conventional surgery
and imaging in a living model. The experiments were performed at the Institute for
Neurosurgical Pathophysiology (Medical Center, Johannes Gutenberg University, Mainz,

Germany).

2.6.10 Pig surgery and CLSM imaging

Anesthesia was induced via intramuscular injection of ketamine (15 mg/kg) and aza-
perone (3 mg/kg) followed by intravenous application of 10 mL thiopental-sodium
(25 mg/mL; Trapanal®, Nycomed). Continuous intravenous application of thiopental
(10-15 mg/kg bw/h) and piritramide (0.2-0.3 mg/kg bw/h) at a rate of 0.2-0.3 mg/kg

bw /h-maintained sedation.

Body temperature was kept at homeostasis throughout the procedure with a heating
pad (Homeothermic Blanket System; Harvard Apparatus, South Natick, MA, USA).
The pig was intubated (Super-Safety-Clear, i.d./o.d. 6.0/5.5 mm, Teleflex, Ruesch,
Germany) and mechanically ventilated (900 B; Siemens-Elema, Erlangen, Germany),
while inspired oxygen (FiOy) and end-tidal carbon dioxide (etCOz) were continuously

monitored (Capnomag Ultima; Datex Engstrom Division, UK).

The head was fixed in a stereotaxic frame, and craniotomy was performed to expose
the brain surface by a veterinarian (Fig. 2.9). Healthy brain structures were imaged

™ probe against the brain tissue. Both a topical

by gently pressing the GastroFlex
application of one drop of ICG (0.5 mg/mL in NaCl) and an injection of 0.4 mg/kg
ICG dissolved in NaCl were used to enhance tissue contrast. After CLSM imaging, the
anesthetized pig was killed by lethal injection of potassium chloride for other laboratory

purposes in accordance with national and international guidelines.
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Figure 2.9: Setup pig surgery (source: own representation). One male pig weighing
29 kg at the age of 4 months (A) was used to investigate CLSM for in vivo imaging of healthy
brain tissue. Craniotomy was performed in a stereotaxic frame (A) to remove the skull and
gain access to the brain (B). Craniotomy was performed under a conventional light microscope

(C). CLSM, confocal laser scanning microscopy.



3. Results

3.1 Distribution of primary CNS tumors

This section gives a descriptive overview of all examined tumor samples with the CLSM
device. In addition, important prognostic factors are presented, such as the behavior of
the tumor (benign or malignant), and the gender and age of the patient at the initial

diagnosis.

3.1.1 Distribution by subtype, behavior, and gender

The distribution of all surgically treated and examined primary CNS tumors during the
period January 2014-February 2016 at the Department of Neurosurgery of the Merheim,
Hospital, Cologne, Germany, are illustrated in Figures 3.1 and 3.2. During the 2-year
period, 317 primary CNS tumors were collected; metastases and other entities, such as

abscesses, were excluded.

The rates of collected tumor samples were significantly higher (p < = 0.01) in men
(n = 162) than in women (n = 155). Benign primary CNS tumors had a higher rate in
females (56%) than in males (44%) due to a higher rate of benign meningiomas (31%).
Pituitary adenomas were more common in males (74%) than in females (26%). Also,

more males (62%) were treated for a glioblastoma (Fig. 3.1).

In total 170 benign primary CNS tumors were collected (Fig. 3.3). Meningiomas had
the highest rate, with 125 cases. Thus, meningiomas were both the most common
resected primary CNS tumors and the most common benign CNS tumors in the tumor
sample collection. Only 8% of the resected meningiomas were malignant. Schwannomas
were the second most common benign tumors (12%), followed by pituitary adenomas
(11%). Rare primary benign CNS tumors (< 2%) included mixed choroid plexus
papillomas, pilocytic astrocytomas, other nerve sheath tumors, epidermoid tumors, and

hemangioblastomas (Fig. 3.3).

52
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Figure 3.1: Absolute frequency of all examined primary CNS tumors (n = 317)
by histopathological subtypes, behavior (malignant, benign), and gender, 2014-2016. CNS,
central nervous system.

In total, 145 tumor samples were malignant primary CNS tumors. Of these, glioblas-
tomas had the highest rate, with 80 cases (25%). The second most common malignant

tumor was malignant meningiomas (17%), followed by oligodendrogliomas (6%), WHO
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grade III astrocytomas (5%), ependymomas (5%), and plasmacytomas (5%). Rare pri-

mary malignant CNS tumors (< 2%) included diffuse astrocytomas and mixed gliomas

(Fig. 3.4).

Gliomas represented approximately 35% of all resected primary CNS tumors. The

distribution of gliomas by histology is illustrated in Figure 3.5. Glioblastomas made

up over 71% of all gliomas, while mixed gliomas represented a minority of 2%. WHO

grade I astrocytomas, the only benign gliomas, accounted for about 4% of all gliomas.
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*a. Includes gliosarcomas and other high-grade gliomas. *b. Includes anaplastic oligoastrocytomas, astrocytomas grade
I, astrocytomas grade lll, ependymomas, and oligodendrogliomas *c. Includes neurofibromas and benign nerve sheath
tumors *d. Includes cavernomas and gangliogliomas.

Figure 3.2:

Relative frequency of all investigated primary CNS tumors by
histopathological subtypes, 2014-2016. CNS, central nervous system.
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Figure 3.3: Relative frequency of all benign primary CNS tumors (n = 170) by
histopathological subtypes, 2014-2016. CNS, central nervous system.
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Figure 3.4: Relative frequency of all investigated malignant primary CNS tumors
(n = 145) by histopathological subtypes, 2014-2017. CNS, central nervous system.
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Figure 3.5: Relative frequency of all investigated gliomas (n = 111) subdivided
by histopathological subtypes, 2014-2016.

3.1.2 Distribution by age and behavior

The overall median age at the first surgical treatment of a primary CNS tumor was
52 years. The histology-specific median ages ranged from 19 years (WHO grade I
astrocytomas; Fig. 3.7) to 74 years (high-grade gliomas; Fig. 3.6). Overall, gliomas,
except for glioblastomas and oligodendrogliomas, were surgical treated at younger
median ages (WHO grade II astrocytomas, 29 years; WHO grade III astrocytomas,
38.8 years; ependymomas, 38 years; Fig. 3.6 and 3.7). Oligodendrogliomas and
glioblastomas were on average first treated at older median ages (oligodendrogliomas,
53 years; glioblastomas, 68 years; Fig. 3.6). Patients with a malignant meningioma
were on average younger at their surgical treatment (median age of 57 years; Fig. 3.6)
than patients with a benign meningioma (median age of 63 years; Fig. 3.7).

The ages at the first surgical treatment of a glioblastoma were highly variable: the
youngest patient was 28 years old, while the oldest patient was 88 years old. Similarly,
the ages at the first treatment of a malignant meningioma were variable: the youngest
patient was 27 years old, while the oldest patient was 73 years old (Fig. 3.6). The same
applies to benign meningioma: the youngest patient was 27 years old, and the oldest

patient was 90 years old at their first surgical treatment (Fig. 3.7).

The overall frequency of primary CNS tumors by age group and behavior is illustrated
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in Figure 3.8. The frequency rate for all primary CNS tumors was highest in the
< 5564 > year age group and lowest in the < 5-14 > year age group at the Merheim,
Hospital. Among children, aged < 0-15 > years, the frequency of a CNS tumor was
much lower than in adults (no pediatric department at the Merheim, Hospital). The
number of malignant primary CNS tumors increased steadily with higher age until
its peak in the < 65-74 > year age group, after which the number decreased. The
frequency of benign primary CNS tumors was highest between 55 and 64 years and

lowest between 85 and 94 years.

The relative frequency of the most common primary CNS tumors by age group and
histology are presented in Figures 3.9 and 3.10. Frequency of glioblastomas and
malignant meningiomas increased with higher age until peaking in the < 75-84 > year
age group and < 65-74 > year age group, respectively. Ependymoma occurrence peaked
at ages between 35 and 44 years. The number of oligodendrogliomas increased until

ages 45-54 years and then steadily decreased until ages 75-84 years (Fig. 3.9).

Benign meningiomas peaked, like glioblastomas, in the < 75-84 > year age group. The
number of benign pituitary adenomas and schwannomas also increased with higher ages,
with a peak between the ages of 55 and 64 (Fig. 3.10).
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Figure 3.6: Boxplots regarding ages at diagnosis of a malignant primary CNS
tumor. The distribution of patient ages at the first surgical treatment of a malignant primary
CNS tumor during 2014-2016 at the Merheim, Hospital is presented. The boxplots indicate
the median age, the 25% and 75% quantiles, and the maximum (greatest value, excluding
outliers) and minimum (lowest value, excluding outliers) age in years for each tumor. The
outliers are indicated as circles. CNS, central nervous system.
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Figure 3.7: Boxplots regarding ages at first surgical treatment of a benign CNS
tumor. The distribution of patient ages at diagnosis of a benign primary CNS tumor during
2014-2016 at the Merheim, Hospital is presented. The boxplots indicate the median age, the
25% and 75% quantiles, and the maximum (greatest value, excluding outliers) and minimum
(lowest value, excluding outliers) age in years for each tumor. CNS, central nervous system.
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Figure 3.8: Relative frequency of primary CNS tumors by age and behavior
(malignant, benign), 2014-2016. CNS, central nervous system.
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Figure 3.9: Age-adjusted frequency of the most common malignant primary
CNS tumors by histology subtypes and age groups (age 5-94 years), 2014-2016. CNS,
central nervous system.
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Figure 3.10: Age-adjusted frequency of the most common benign primary CNS
tumors by histology subtypes and age groups (age 5-94 years), 2014-2016. CNS, central
nervous system.
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3.2 FEx vivo studies using the CLSM device at 488 nm

excitation

3.2.1 Investigation of different CLSM Miniprobes™

Fresh oligodendroglioma specimens (randomly chosen; resected on the day of received
Miniprobes™) were examined with the CystoFlex™ UHD, UroFlex™ and the Gas-
troFlex™ probes to determine which would be more suitable for a neurosurgical
application. Ez vivo imaging was performed with the CLSM system as described in
Subsection 2.4.2. In all cases, AF was applied to enhance tissue contrast. Histopatho-
logical examination with H&E from the same specimen and ROI was performed as the
gold standard.

All three probes visualized the typical round and uniform nuclei of oligodendrogliomas
with high contrast, resembling the findings in traditional histology (Fig. 3.11). Since
the UroFlex™ probe has a lower depth of observation range than the other probes, and
the CystoFlex™ UHD probe is shorter in length (Table 2.4), the GastroFlex™ probe

was chosen for all following studies.

3.2.2 Investigation of incubation times for tumor staining

The optimal concentrations of AF, AO, and CV for tissue staining are well established,
but the incubation time protocols are variable in the literature. To find the optimal
incubation time, a WHO grade I meningioma specimen was examined 1, 5, 10, and
30 min after topical application of AF, AO, and CV.

After topical application of AF and AQO, tissues were stained immediately, and fluo-
rescence was observed with CLSM. The best image was obtained after an incubation
time of 1 min (Fig. 3.12 and 3.13). Both fluorophores stained the cell nuclei, providing
contrast among the nuclei and cytoplasm and demonstrating different features, such
as pleomorphism and an increased nuclear-to-cytoplasmic ratio. Psammoma bodies,
round anuclear structures, were best seen after an incubation time of 1-5 min with
AF and AO. After an incubation time of 10 min with one of the fluorophores, the
fluorescence intensity was too bright to allow demarcation of tissue features (Fig. 3.12
and 3.13). Topical application of CV resulted in fluorescence of the cytoplasm with an
optimal incubation time of 5-10 min. Longer or shorter incubation times resulted in a

fluorescence intensity that was too low or high (Fig. 3.14).
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Figure 3.11: Investigation of CLSM Miniprobes™. Oligodendroglioma was examined
using three different CLSM Miniprobes™. AF was applied as contrast agent. CystoFlex™
UHD probe (A), GastroFlex™ probe (B), and UroFlex™ probe (C) revealed the typical round
and uniform nuclei (—) of the oligodendroglioma specimen, accordingly to the H&E stained
section (D). Bars = 20 pnm. CLSM, confocal laser scanning microscopy; AF, acriflavine
hydrochloride; HEE, hematoxylin and eosin.
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Figure 3.12: Incubation times of AF for tumor staining. CLSM imaging of WHO
grade I meningioma allowed best cell nuclei detection after 1 min incubation with AF (A
1—). Psammoma bodies were best visible after an incubation of 1-5 min with AF (A, B
2—); at 10 min they appeared as indistinct structures (C, D 2—). After a 10 min incubation,
the background noise was too high to detect cellular features (C, D). Bars = 20 pm. AF,
acriflavine hydrochloride; CLSM, confocal laser scanning microscopy; WHQO, World Health
Organisation.
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Figure 3.13: Incubation times of AO for tumor staining. A WHO grade I meningioma
was examined 1, 5, 10, and 30 min after application of AO with CLSM. Pathological features
such as pleomorphism (accentuation) and increased nuclear-to-cytoplasmic ratio were best
detected after an incubation time between 1 and 5 min (A, B 1—). Psammoma bodies (2—)
were clearly identified after an incubation time of 1, 5, and 10 min (A, B, C). Calcium deposits
could also be seen in the psammoma bodies (B, C). After a 10 min incubation with AO, the
background noise was too bright to detect cellular features (D). Bars = 20 nm. AO, acridine
orange; WHO, World Health Organization; CLSM, confocal laser scanning microscopy.
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Figure 3.14: Incubation times of CV for tumor staining. A WHO grade I meningioma
was examined 1, 5, 10, and 30 min after application of CV with CLSM. CV stained the
cytoplasm with the cell nuclei visible as dark spots (A, C, D 1—). After an incubation of
1 min with CV, no clear cell structures could be detected due to a low fluorescence intensity
(A). The best image was obtained after an incubation time of 10 min (C 1—). Psammoma
bodies (2—) were clearly observed after an incubation time of 5 min with the dye (B). Overall,
the resolution of all images was low (A-D). Bars = 20 nm. CV, cresyl violet; WHO, World
Health Organization; CLSM, confocal laser scanning microscopy.
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3.2.3 Investigations of contrast agents for tumor staining

Fresh biopsies of the CNS were collected from various patients of both genders and
different ages. The different samples were analyzed before (native) and after staining
with AF, AO, and CV. From the same ROI, traditional histology with H&E was
performed for each sample as the gold standard. The average image quality was overall
equal for all examined samples. However, the first images taken with CLSM were of

inferior quality. Only representative images are presented below.

Natively

Imaging using CLSM without any contrast agent showed a slight autofluorescence of
the biopsies. The autofluorescence was especially visible when the elastin and collagen
fiber content was high, as seen in samples with high amounts of blood vessels, such as in
hemangioblastomas (Fig. 3.15). In non-small cell lung adenocarcinomas (this chapter
includes metastases, as only fresh specimens were examined, and these tumors were the
most frequently resected ones), some autofluorescence could be detected in the cells
(Fig. 3.17). Nonetheless, natively no exact diagnoses of the biopsies could be made

except for epidermoid tumors (Fig. 3.18) and choroid plexus papillomas (Fig. 3.20).

Acriflavine hydrochloride and acridine orange

AF and AO rapidly stained the nuclei of the tumor cells. AF further stained the cell
membrane and the extracellular matrix to a lesser extent, which sharply contrasted the
cytoplasm. This allowed for a precise analysis of the cell volume, shift of nuclear-to-

cytoplasmic ratio, and tissue architectures with CLSM.

AO, which stained only the cell nuclei, was more effective at demonstrating subcellular
components, well visualized in the brain metastasis of a non-small cell lung adenocarci-

noma, in which the big nucleus and its nucleoli were strongly visible (Fig. 3.17).

Endothelial cells on blood vessels were also stained by AF and AO, which, for example,
allowed identification of hemangioblastomas. In addition to a prominent vasculature,

hemangioblastomas were characterized by large stromal cells (Fig. 3.15).

Tumor features such as high cell density, pleomorphism, and necrosis were also identifi-
able after staining with AF and AO, as shown in the glioblastoma samples. Analysis of
glioblastoma with AO also revealed perivascular growth of tumor cells on the blood
vessels (Fig. 3.16).
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Both dyes allowed a unique visualization of the crystal-like structure of the anuclear
stratum corneum ("cell ghosts") of epidermoid tumors, which were detached from the
epithelium in the H&E stained section (Fig. 3.18). Psammoma bodies in WHO grade
I meningiomas were visualized, using CLSM, as globular, anuclear structures with
excellent correlation to the staining with H&E (Fig. 3.19). CLSM images of choroid
plexus papilloma stained either with AF or AO showed villous structures with an
ordered flat layer of ependymal cells surrounding the fibrovascular cores, corresponding
with the H&E findings (Fig. 3.20). In most cases, both dyes provided tissue features
similar to those obtained through traditional histology (Fig. 3.20).

Cresyl violet

CV predominately stained the cytoplasm, causing the cell nuclei to appear as dark
spots. This allowed assessment of the cell density, altered nuclear-to-cytoplasmic ratio,
and information about the cell shape using CLSM. These highlights were especially
informative in the diagnoses of glioblastomas (Fig. 3.16) and brain metastases of
non-small cell lung adenocarcinomas (Fig. 3.17). Stained blood vessels were visible as
big dark spots or as elongated structures, which could be precisely distinguished from
the bright cytoplasm, as seen in the hemangioblastoma sample (Fig. 3.15). Analyses
of epidermoid tumors with CV revealed the anuclear crystal-like structure of the "cell
ghosts" almost identical to the results obtained with AF and AO (Fig. 3.18). Psammoma
bodies in the WHO grade I meningioma sample were visualized as round and anuclear
structures, but cellular features were hard to identify (Fig. 3.19). In the choroid plexus
papilloma specimen, the abnormal villous structures were precisely defined, comparable
to those revealed by the corresponding histology (Fig. 3.20). Compared to AF and AO,
the fluorescence intensity of CV obtained by CLSM was weak.

Simultaneous use of the contrast agents

Furthermore, AF, AO, and CV were used, alone and simultaneously, to enhance tissue
contrast in a pilocytic astrocytoma (WHO grade I) and compared to traditional histology.
CV alone did not show any tumor features, due to low signal-to-noise ratio (not shown).
Rosenthal fibers, a specific feature of pilocytic astrocytomas, were observed after all
staining combinations and with AF and AO alone, corresponding with the H&E findings
of the same ROI. The simultaneous use of AF or AO with CV also revealed that not
all cell nuclei were stained by AF or AO, as only the cytoplasm was stained by CV in
some cells (Fig. 3.21). Overall, the simultaneous use of the contrast agents did not aid

in obtaining tumor information and was, therefore, not further tested.
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Figure 3.15: Analysis of hemangioblastoma. CLSM imaging showed a slight autofluo-
rescence of the hemangioblastoma biopsy, especially around the blood vessels (A1—). Staining
with AF (B) and AO (C) revealed a good visualization of the prominent vascular structures
(1—) and of the stromal cells (2—), strongly mimicking the histopathological findings (E). CV
staining showed blood vessels in both transverse and longitudinal orientation (D1—). Stromal
cells were difficult to identify (D). Bars = 20 pm. CLSM, confocal laser scanning microscopy;
AF, acriflavine hydrochloride; AQO, acridine orange; CV, cresyl violet.
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Figure 3.16: Analysis of glioblastoma. The CLSM images were obtained prior to
staining (A) and after staining with AF (B), AO (C), and CV (D). Natively, neither cells nor
necrosis could be identified, but a feature similar to microvascular proliferation was obtained
(1—) with CLSM (A). AF and AO staining enabled a strong staining of the cell nuclei (B, C
2—), whereas CV stained the cytoplasm, with the cell nuclei showing as dark spots (D 2—).
Analysis of glioblastoma with AO also revealed perivascular growth of tumor cells (C 2—)
on the blood vessels (C 3—). AF and AO tissue staining resulted in CLSM images which
were highly comparable to the histopathological gold standard with H&E (E). Bars = 20 pm.
AF, acriflavine hydrochloride; AO, acridine orange; CV, cresyl violet; CLSM, confocal laser
scanning microscopy.
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Figure 3.17: Analysis of a brain metastasis of a non-small cell lung adenocarci-
noma. Representative images of a brain metastasis of a non-small cell lung adenocarcinoma
obtained prior to staining (A) and after staining with AF (B), AO (C), CV (D), and H&E
(E). Natively (A), some autofluorescence could be seen, but no clear structures were identified.
Cell nuclei were partly visible (—). Staining with AF (B) and with AO (C) allowed a good
estimation of the cell size, cell density, and atypia, revealing a high cell density with a
round-to-fusiform shape and big nucleus (B, C —). The cell nuclei were also well visualized
after staining with CV (D), where the unstained large nuclei were well demarcated from the
bright cytoplasm (D —). High resemblance between CLSM images and H&E stained section
(E) was found. Bars = 20 nm. AF, acriflavine hydrochloride; AO, acridine orange; CV, cresyl
violet; HEE, hematoxylin and eosin; CLSM, confocal laser scanning microscopy.



Results 71

Figure 3.18: Analysis of epidermoid tumor. Representative CLSM images prior to
staining (A) and after staining the tissue with AF (B), AO (C), and CV (D) revealed the
anuclear crystal-like structure of the "cell ghosts" (—). The stratum corneum layer was
detached from the epithelium in the corresponding H&E stained section (E—). Bars = 20 um.
CLSM, confocal laser scanning microscopy; AF, acriflavine hydrochloride; AO, acridine orange;
CV, cresyl violet; HESE, hematoxylin and eosin.
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Figure 3.19: Analysis of WHO grade I meningioma. CLSM imaging demonstrated
the characteristic psammoma bodies as round, anuclear structures (1—) natively (A) and after
staining with AF (B), AO (C), and CV (D). Small to medium-sized cells with nuclei mostly
of equal size and shape (2—) were observed after AF (B) and AO (C) staining. Focal whorls
were visualized after AO (C 3—) and H&E staining (E 3—). High resemblance between
CLSM images and traditional histology was especially found after AF staining (B, E). CV
staining did not allow detection, using CLSM, of any cellular features (D). Bars = 20 pm.
WHO, World Health Organization; CLSM, confocal laser scanning microscopy; AF, acriflavine
hydrochloride; AQ, acridine orange; CV, cresyl violet; HEE, hematoxylin and eosin.



Results 73

Figure 3.20: Analysis of choroid plexus papilloma. CLSM imaging showed natively
(A) and after staining with AF (B), AO (C), and CV (D) a flatly arranged layer of neoplastic
cells (1—) surrounding the fibrovascular cores (2—). An excellent correlation to the image
obtained using H&E staining was found (E). Bars = 20 ynm. CLSM, confocal laser scanning
microscopy; AF, acriflavine hydrochloride; AO, acridine orange; CV, cresyl violet; HEE,
hematoxylin and eosin.
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Figure 3.21: Analyses of pilocytic astrocytoma with different fluorophore com-
binations. The tumor was stained alone with AF (A) and AO (B), with AO and AF
simultaneously (C), with AF and CV simultaneously (D), with AO and CV simultaneously
(E), and with H&E (F). Cell nuclei were observed as bright spots in all CLSM images (A-E
1—). However, not all cell nuclei were stained by AO or by AF, as shown in the images D and
E, in which only the cytoplasm was stained by CV in some cells (3—). Rosenthal fibers (2—),
a specific feature of pilocytic astrocytomas, were observed after all staining combinations, cor-
responding with the H&E stained findings (F). Bars = 20 pym. AF, acriflavine hydrochloride;
AO, acridine orange; CV, cresyl violet; CLSM, confocal laser scanning microscopy;, HEE,
hematoxylin and eosin.
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3.2.4 Investigation of the food dyes

The food additives allura red AC, erythrosine, canthaxanthen, ponceau SX, and ru-
bixanthin were investigated to examine tumor samples of the CNS, using CLSM. Of
these, allura red AC, canthaxanthen, ponceau SX, and rubixanthin showed either no
fluorescence or not enough to identify tissue features (data not shown). Erythrosine

was the only tested food dye allowing tissue enhancement with CLSM.
e Investigation on fibroblast cells

First, the uptake of erythrosine in living fibroblast cells was demonstrated by a bench-
top fluorescence microscope with blue laser illumination (Fig. 3.22). The uptake
was analyzed after an incubation time of 0, 1, 5, 10, 30, 60, and 300 min as well as
overnight. The results shown in Figure 3.22 illustrate the accumulation of erythrosine
after 1 min, 300 min, and overnight, as there were no relevant differences between these
incubation times. Topical administration of erythrosine readily stained the cytoplasm.

The fluorescence intensity decreased after an incubation overnight (Fig. 3.22).

Figure 3.22: Erythrosine accumulation in fibroblast cells. Fibroblast cells were
visualized by light microscopy (A) and by bench-top fluorescence microscopy with blue laser
illumination (B-D). The accumulation of erythrosine after 1 min (B), 300 min (C), and
overnight (O/N; D) are presented. Bars = 100 pm.

e Investigation on WHO grade I meningioma

Second, the most suitable concentration and incubation time of the food dye for the
observations with the CLSM system were determined (Fig. 3.23). Therefore, different
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concentrations (0.5, 1.0, and 2.0 mg/mL) of erythrosine with different incubation times
(1, 5, and 10 min) were investigated on a fresh WHO grade I meningioma sample. The
used concentrations and resulting fluorescence intensity compared to the other contrast

agents are presented in Table 3.1.

Psammoma bodies were clearly observed as round and anuclear structures, but other
tumor features were hard to detect. Best resolution of the tumor tissue was acquired at
a concentration of 1.0 mg/mL and an incubation time between 1 and 5 min, although
there were no big differences to the other concentrations at the same incubation time
(Fig. 3.23).

e Investigation on further primary CNS tumors

Third, the best parameters (1 min incubation with 1.0 mg/mL erythrosine) were then
used to investigate erythrosine in staining further primary CNS tumors. In total,
20 samples of the CNS (5 glioblastomas, 5 oligodendrogliomas, 5 epidermoid tumors,
and 5 schwannomas) were examined ez vivo after topical application of erythrosine
under CLSM-488 nm. Representative images of each of the examined entities are

presented in Figure 3.24.

CLSM imaging of erythrosine revealed immediately cytoplasm staining, showing the
cell nuclei as small black dots as demonstrated in the glioblastoma sample. Here,
erythrosine also showed staining of the abnormal blood vessel lumen (Fig. 3.24), but no
clear tumor diagnosis could be made. CLSM real-time imaging of erythrosine-labeled
oligodendrogliomas allowed visualization of the typical round and uniform nuclei,
but more blurred than in the H&E stained section (Fig. 3.24). CLSM of epidermoid
tumors revealed the anuclear crystal-like structures of the "cell ghosts", which were
detached on the H&E stained section (Fig. 3.24). In the examination of schwannomas,
areas with compact Schwann cells ("Antoni A" areas) and areas with looser stroma and
fewer cells ("Antoni B areas') were hard to identify by CLSM, which again did not allow
a clear diagnosis (Fig. 3.24). Altogether, erythrosine did not provide clear images, and

important tumor features, such as mitoses and pleomorphism, could not be identified.
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1 min

5 min

10 min

Figure 3.23: Investigation of erythrosine in tumor staining. WHO grade I menin-
gioma specimens were stained with 0.5 mg/mL, 1.0 mg/mL, and 2.0 mg/mL erythrosine for
1, 5, and 10 min, respectively. Topical application of erythrosine enabled the visualization
of psammoma bodies (—) at all concentrations, whereas cellular features were not clearly
visible using CLSM. Best resolution of the tumor tissue was acquired at a concentration of
1.0 mg/mL and an incubation time between 1 and 5 min (D, E), although there were no big
differences to the other concentrations at the same incubation time (A, B, G, H). After an
incubation time of 10 min the background fluorescence was too bright (C, F, I) to distinguish
any tissue features, especially at the highest concentration (I). Bars = 20 pm. WHO, World
Health Organization; CLSM, confocal laser scanning microscopy.
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oligodendroglioma schwannoma glioblastoma

idermoid tumor

Figure 3.24: Investigation of erythrosine in CNS tumor staining compared to
H&E. CLSM imaging of a glioblastoma sample showed nuclei of different size mimicking the
histopathological findings (A, B 1—). Erythrosine also stained the lumen of the blood vessels
(A 2—). Examination of schwannoma revealed medium-sized cells (E, F 1—), but "Antoni A"
and "Antoni B" arcas were hard to define. CLSM analysis of oligodendroglioma revealed round
and uniform nuclei (E 1—), resembling the findings in histology (F 1—). CLSM imaging
of an epidermoid tumor demonstrated the anuclear crystal-like structure of "cell ghosts" (G
3—), which were detached in the H&E stained section (H 3—). Bars = 20 pm. CNS; central
nervous system; HEE, hematoxylin and eosin; CLSM, confocal laser scanning microscopy.
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Table 3.1: Fluorophores and their fluorescence intensity.

Fluorophore Concentration See;ineabili ty fl‘lltuec;fseii;ence
5-aminolevulinic acid | 200 mg/kg yes -
Acridine orange 0.01 mg/mL yes 444+
Acriflavine 0.01 mg/mL yes +++
Allura red AC 0.01-5 mg/mL yes -
Canthaxanthen 0.01-5 mg/mL not visible -
Cresyl violet 0.02 mg/mL yes +
Erythrosine 0.5 mg/mL yes +
Erythrosine 1.0 mg/mL yes +
Erythrosine 2.0 mg/mL yes ++++
Fluorescein 0.01 mg/mL no ++
Indocyanine green 0.5 mg/ml yes +++
Rubixanthin 0.01-5 mg/mL not visible -
Ponceau SX 0.01-5 mg/mL not visible -

*+ = poor; ++ = good; +++ = excellent; ++++ = too high; - = no signal
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3.2.5 Investigation of CLSM in the diagnosis of primary CNS

tumors
e This section is based on the published paper:

Daali, S., Javed, M., Altekoester, A.-K., Alhadi, 1., Linzweiler, M., Bostelmann, R.,
Schlegel, J. & Charalampaki, P. (2016) Analysis of 258 Different Lesions of the Central
Nervous System for Real Time Histological Diagnosis Using Confocal Laser Endomi-
croscopy. J Mult Scler (Foster City).

e Only selected and independently made parts of the published paper are

presented.

The WHO grading scheme (Ziilch, 1979; Louis et al., 2007; Louis et al., 2016) was
used to interpret CLSM images of various CNS samples (n = 258). AF was applied
to enhance tissue contrast because it had yielded the most detailed histopathological
information in the previous work (see subsection 3.2.3). Only representative images are

shown below. Tissue features obtained with CLSM are summarized and compared to
the H&E stained findings in Table 3.2.

Non-neoplastic tissue

Non-neoplastic human tissues (n = 4) adjacent to tumor samples were also examined
with CLSM and compared to traditional histology. Similarly to the H&E stained
findings, cells with large nuclei, depicting neurons; cells with a small round shape,
representing oligodendroglia cells; and cells with a round-to-oval nucleus with open

chromatin and peripheral nucleoli, representing astrocytes, were identified (Fig. 3.25).

Neuroepithelial tumors

Glioblastoma: In total, 79 glioblastomas were examined using CLSM. Areas with
high cell density and presence of necrosis were found in almost all samples via CLSM
and H&E staining (Fig. 3.26 A, B). Necrosis was detected both with and without
pseudopalisading, demonstrated as an accumulations of neoplastic cells around the
central area of necrosis. Vascular proliferation was increased, but it was difficult to

differentiate between glomeruloid and endothelial proliferation with CLSM. Additionally,
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anaplasia, pleomorphism, anisokaryosis were found in most samples. All examined
glioblastomas showed an increased nuclear-to-cytoplasmic ratio. The cells were mainly

spindle-shaped and the nuclei oval or elongated. In several nuclei, multiple nucleoli
were visible (Fig. 3.26 A, B).

Oligodendroglioma: In total, 8 oligodendrogliomas were examined by CLSM and
traditional histology. Characteristic features of WHO grade II oligodendrogliomas
observable in all the samples were the round, monomorphic nuclei, corresponding to
their traditional histology (Fig. 3.26 C, D). The cell density was very low. Microcysts

were prominent in some of the examined oligodendrogliomas.

Three WHO grade III oligodendrogliomas were examined. In contrast to WHO grade
IT oligodendrogliomas, this tumor type had a higher cellular density and atypia, but
also with a monomorphic cell distribution and round nuclei. Vascular proliferation was
visible in all three samples, using CLSM. Mitoses were hard to detect with CLSM.

Ependymoma: In total, 7 ependymomas (WHO grade II) were examined using CLSM
and traditional histology. In the CLSM images, perivascular pseudorosettes were
identified in transversal and in longitudinal orientation, whereas in traditional histology,
only the transversal orientation was visible (Fig. 3.26 E, F). Furthermore, a moderate
cell density and small oval nuclei were found in the most samples. Microvascular
proliferation and necrosis were detected on some CLSM images, also corresponding

with the findings in histology.

Choroid plexus papilloma: Three choroid plexus papillomas were examined with
CLSM and compared to traditional histology. CLSM images and H&E stained sections
showed villous structures with an ordered flat layer of atypical ependymal cells sur-
rounding the fibrovascular cores (Fig. 3.26 G, H). The epithelium and the irregular
papillae of the tumor were immediately observed after AF staining with CLSM.

Cranial and paraspinal nerve tumors

Schwannoma: In total, 20 schwannomas were analyzed. CLSM imaging illustrated
exclusively spindle-shaped Schwann cells corresponding with their traditional histology
(Fig. 3.27 A, B). Furthermore, "Antoni A" areas with ordered, compact Schwann cells
and Verocay bodies (anuclear zones between nuclear palisades), and "Antoni B" areas
with a looser stroma and fewer cells were detected in some of the samples using CLSM.
Only in the H&E stained sections were whorls found (Fig. 3.27 B).

Neurofibroma: Two neurofibromas were examined with CLSM and traditional histol-

ogy. In both modalities, the tumor showed a medium cell density. The Schwann cells
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were characterized by elongated, curved nuclei without prominent nucleoli (Fig. 3.27 C,
D).

Tumors of the sella region

Pituitary adenoma: In total, 19 pituitary adenomas were examined by CLSM and
traditional histology. Typical characteristics of all samples were a monomorphic cell
pattern and dense, round-to-ovoid nuclei (Fig. 3.28). Furthermore, a high cell density
was observed in all samples. In one sample, cells arranged in clumps surrounded by a

cell-free layer were found, which is unusual for this tumor type (Fig. 3.28).

Tumors of the meninges
WHO grade I meningioma

In total, 125 meningiomas of which 101 were WHO grade I, were analyzed using CLSM.
The examination revealed histopathological features confirming the results on H&E
stained sections. With CLSM, it was also possible to differentiate between the following

different meningioma subtypes:

Psammomatous: Prominent psammoma bodies of different sizes were detected in all
14 psammomatous meningiomas (Fig. 3.29 A, B). In CLSM, psammoma bodies were
observed as round, anuclear structures. Calcium deposits could be observed in only a
few psammoma bodies, whereas in histology, calcifications could be found in almost all
psammoma bodies (Fig. 3.29 A, B).

Meningothelial: In total, 62 meningothelial meningiomas were examined by CLSM and
traditional histology. It was the most common subtype, characterized by whorls and
syncytia of neoplastic cells. Psammoma bodies were occasionally detected. The cell

nuclei were round or oval and had some nuclear pseudoinclusions (Fig. 3.29 C, D).

Transitional: In total, 6 transitional meningiomas were examined by CLSM and tradi-
tional histology. This subtype was characterized by prominent whorls and syncytial
neoplastic cells. Psammoma bodies were also found in all examined samples on both
image modalities (Fig. 3.29 E, F).

Angiomatous: In total, 7 angiomatous meningiomas were examined. This subtype
was characterized by high vascularity which exceeded 50% of the total tumor area.
Especially large vessels were found with CLSM and H&E staining on the samples. High

cell density without mitotic activity was also a common feature found in this subtype
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(Fig. 3.30 A, B).

Fibrous: In total, 12 fibrous meningiomas were examined by CLSM and traditional
histology. This subtype was characterized by linear stromal calcifications and collagen
content. The neoplastic cells were spindle-shaped with indistinct cell boundaries, as
shown in CLSM and traditional histology (Fig. 3.30 C, D).

WHO grade IT meningioma

Compared to WHO grade I meningiomas, WHO grade II meningiomas showed a high
cellular density and increased nuclear-to-cytoplasmic ratio. No psammoma bodies were
found (Fig. 3.31).

Atypical: In total, 16 atypical meningiomas were examined by CLSM and traditional
histology. This subtype was characterized by a high cell density and some prominent

nucleoli. The nuclear-to-cytoplasmic ratio was increased (Fig. 3.31 A, B).

Chordoid: In total, 8 chordoid meningiomas were examined by CLSM and traditional
histology. Both approaches revealed meningothelial cells of medium size arranged in

cords with a myxoid background. Some mitoses were detected in traditional histology
but not in CLSM (Fig. 3.31 C, D).

Cavernoma

Five cavernomas were examined using CLSM and traditional histology. Medium cell
density and pleomorphism around a malformed blood vessel were identified in CLSM
(Fig. 3.32). The blood vessels were tightly juxtaposed. On the H&E stained section,
abnormal blood vessels that had been hyalinized were visible. Due to a bruise of the
H&E section, the blood vessels were blurred (Fig. 3.32).

Cysts and tumor-like lesions

Epidermoid tumor: In total, four epidermoid tumors were examined by CLSM
and traditional histology. Histopathological analyses of epidermoid tumor specimens
revealed mature epidermal cells with distinct granular layer. The epidermoid cyst’s
stratum corneum is excellently shown in both image modalities (Fig. 3.33). CLSM
imaging showed a very bright granular layer of the epithelium due to the high content of
stained nuclei by AF. H&E staining also allowed visualization of dystrophic calcification.

The anuclear cell ghosts are visualized as crystal-like structures on the CLSM images,
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while they are detached on the H&E stained section (Fig. 3.33).

Tumors of the hematopoetic system

Plasmacytoma: In total, seven plasmacytomas were examined by CLSM and tra-
ditional histology. CLSM imaging revealed in four of the specimens, large round
indefinable structures. In contrast, H&E staining revealed only normal sized atypical

plasma cells with a high cell density (Fig. 3.34).

Statistical analysis

"Representative endomicroscopic images from n = 258 different human tissues were
evaluated by four different participants (two surgeons and two neuropathologists) and
accuracy was calculated. Astrocytic tumors WHO grades I-III (75%), glioblastomas
(100%), ependymomas (75%), epidermoid tumors (50%), schwannomas (100%), menin-
giomas (100%), brain metastases from lung carcinoma (100%), brain metastases from
rectum carcinoma (100%), choroid plexus papillomas (100%), pituitary adenomas (75%),
neurofibromas (100%) were diagnosed with high accuracy. Overall correct detection
rate was 88.64%." (Daali et al., 2016).

By c' 20Tm

Figure 3.25: CLSM and histopathological examination of healthy cortex tissue.
CLSM imaging of healthy human brain tissue with AF revealed neurons (1—), oligodendroglia
cells (2—), and astrocytes (3—), mimicking the corresponding histopathological findings (B).
Bars = 20 pnm. CLSM, confocal laser scanning microscopy; AF, acriflavine hydrochloride.
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Figure 3.26: CLSM and histopathological examination of neuroepithelial tumors
[modified from (Daali et al., 2016)]. Glioblastoma (A, B): Analysis revealed high cell density of
neoplastic tumor cells (1—) and necrosis (2—) surrounded by pseudopalisading (3—). WHO
grade II oligodendroglioma (C, D): Round uniform nuclei (1—) were typical characteristics of
this tumor. The cell density was low. Vascular proliferation was also observed (4—). WHO
grade II ependymoma (E, F): CLSM (E) and traditional histology (F') revealed small oval
nuclei (1—) and perivascular pseudorosettes (5—). Choroid plexus papilloma (G, H): CLSM
(G) obtained villous structures with an ordered flat layer of neoplastic cells (6—) surrounding
the fibrovascular cores (7—), mimicking the histopathological findings (H). Bars = 20 pm.
CLSM, confocal laser scanning microscopy; WHO, world health organisation.
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Figure 3.27: CLSM and histopathological examination of cranial and paraspinal
nerve tumors [modified from (Daali et al., 2016)]. Schwannoma (A, B): "Antoni A" areas
were characterized by a dense accumulation of spindle Schwann cells (1—) after staining with
AF (A) and H&E (B). Whorls were found in the H&E stained section (B 2—). Neurofibroma
(C, D): Examination of neurofibroma showed elongated, curved nuclei (1—) without promi-
nent nucleoli. Bars = 20 nm. CLSM, confocal laser scanning microscopy; AF, acriflavine
hydrochloride; HEE, hematoxylin and eosin.
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Figure 3.28: CLSM and histopathological examination of pituitary adenomas
[modified from (Daali et al., 2016)]. The pituitary adenoma specimen showed high cell density
with a monomorphic cellular appearance on both image modalities (A, B, D, D) but with a
lower quality on the CLSM image (C). The nuclei were round to ovoid (1—). Cells arranged
in clumps surrounded by a cell-free layer were also observed in one sample (C 2—). The
macronodular pattern of the adenoma is unusual. Bars = 20 pm. CLSM, confocal laser
scanning microscopy.
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Figure 3.29: CLSM and histopathological examination of WHO grade I menin-
gioma subtypes [modified from (Daali et al., 2016)]. Psammomatous (A, B): Both CLSM
(A) and histology (B) showed prominent psammoma bodies of different sizes (1—). On the
CLSM image, psammoma bodies were visible as round, anuclear structures (A 1—), whereas
in histology, calcium deposits (B 3—) were found in almost all psammoma bodies (1—).
Meningothelial (C, D): Whorls (4—) and syncytia of neoplastic cells (5—) were visible in
CLSM (C) and histology (D). The uniform cell nuclei (2—) were round or oval. Transitional
(E, F): Prominent whorls (4—) and high cell density (2—) without mitotic activity were
detected in both image modalities. Psammoma bodies were also frequently detected (1—).
Bars = 20 pm. CLSM, confocal laser scanning microscopy; WHQO, World Health Organization.
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Figure 3.30: CLSM and histopathological examination of WHO grade I menin-
gioma subtypes. Angiomatous (A, B): High cell density (1—) and large blood vessels
(2—) were detected in both image modalities. Fibrous (C, D): CLSM (C) and histology (D)
revealed high cell density aligned in streams. The cells were spindle-shaped (1—) and several
linear stromal calcifications were visible (3—). Bars = 20 pm CLSM, confocal laser scanning
microscopy; WHO, World Health Organization.
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Figure 3.31: CLSM and histopathological examination of WHO grade IT menin-
gioma subtypes. Atypical (A, B): CLSM (A) and histology (B), showing high cell density
(1—). In histology, some hemorrhages (B 2—) were stained. Chordoid (C, D): CLSM (C)
and histology (D) revealed meningothelial cells of medium size (1—) arranged in cords with a
myxoid background (4—). Some mitoses were detected in histology (D 3—). Bars = 20 pm.
CLSM, confocal laser scanning microscopy; WHO, World Health Organization.

Figure 3.32: CLSM and histopathological examination of a cavernoma. CLSM
imaging revealed a medium cell density as well as pleomorphism around a malformed blood
vessel after AF staining (A). On histology, blurred convolute blood vessels are visible (B).
Bars = 20 pm. CLSM, confocal laser scanning microscopy; AF, acriflavine hydrochloride.
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Figure 3.33: CLSM and histopathological examination of an epidermoid tumor
[modified from (Daali et al., 2016)]. The stratum corneum was obtained by CLSM (A) and
histology (B). The granular layer of the epithelium was very bright due to the high content of
stained nuclei by AF (A 1—). In histology, dystrophic calcification is visible (B 3—). On the
CLSM image, the crystal-like structure of anuclear squamous cells is shown (C 2—), while
in the H&E stained section the "cell ghosts" were detached from the epithelium (B, D 2—).
Bars = 20 nm. CLSM, confocal laser scanning microscopy; AF, acriflavine hydrochloride;
HEE, hematoxylin and eosin.
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Figure 3.34: CLSM and histopathological examination of a plasmacytoma. After
AF staining, large round structures were visible in CLSM (1—). On the H&E stained section
(B), only the atypical plasma cells (2—) with a high cell density were observed. Bars = 20 pum.
CLSM, confocal laser scanning microscopy; AF, acriflavine hydrochloride; HEE, hematoxylin
and eosin.
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Table 3.2: Comparison of cell features stained with AF and H&E (CLSM and
traditional histology).

CNS lesion Corresponding features Only visible Only visible
in CLSM in histology

Non-neoplastic Clear cellular arrangement; - -
tissue nuclei of neurons, oligoden-

drocytes, and astrocytes
Pilocytic Bipolar cells with elon- - -
astrocytoma gated, hairlike processes

arranged in bundles; Rosen-

thal fibers; cysts
Diffuse Chiefly round, elongated - -
astrocytoma cells; uneven cell distribu-

tion; vascular proliferation
Anaplastic astro- | Increased cell density; dif- - -
cytoma fusely distributed atypi-

cal cells; nuclear pleomor-

phism; mitoses; nuclei in-

tercalations between axons;

infiltration zones
Glioblastoma High cell density; multinu- - Mitoses

cleated cells; pleomorphic

cells; increased nuclear-to-

cytoplasm ratio; microvas-

cular proliferation; necrosis;

pseudopalisading
Choroid plexus | Villous structures; flat - -
papilloma layer of increased ependy-

mal cells
Ependymoma Papillary tumor with peri- | Pseudorosettes | Calcification

vascular pseudorosettes;

low to medium cell density

in transversal
and longitudi-

nal orientation




(WHO grade I)

syncytium
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CNS lesion Corresponding features Only visible Only visible
in CLSM in histology
Oligoastro- High cell density; - -
cytoma oval, uniformly shaped cells;
(WHO grade III) | nuclear pleomorphism
Oligodendro- Low to medium cell density; - -
glioma round uniform nuclei
(WHO grade 1I)
Oligodendro- Higher cell density than - Mitoses
glioma in WHO grade II oligoden-
(WHO grade I1I) droglioma; round uniform
nuclei
Neurofibroma Low to medium cell density; - Fibroblast
spindle cells cells; stromal
mucin; colla-
gen bundles;
mast cells
Schwannoma Compact Schwann cells; - Small necrosis;
indistinct cytoplasm; thick-walled
"Antoni A": ordered blood vessels
cellular components; in "Antoni B'
"Antoni B": looser stroma area
and fewer cells
Cavernoma High cell density; pleomor- - -
phism; high vascular
malformations and spaces
Hemangio- Prominent pathological vas- - -
blastoma culature; nuclear pleomor-
phism; prominent nucleoli
Meningioma psammoma bodies; whorls; - calcification

in psammoma

bodies
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CNS lesion Corresponding features Only visible Only visible
in CLSM in histology
Meningioma Increased cellular density - Fibrotic blood
(WHO and nuclear-to-cytoplasm vessels; mitoses
grade 1I) ratio; no psammoma
bodies
Meningioma - Mitoses,
(WHO grade III) anaplasia
Plasmacytoma Atypical plasma cells; high | Large round -
cell density structures
Pituitary Monomorphic epithelial Cells arranged -
adenoma cells; dense, round-to-ovoid | inclumps sur-
nuclei rounded by a
cell-free layer
Epidermoid Mature keratinized - -
tumor squamous epithelium

CLSM, confocal laser scamning microscopy; AF, acriflavine hydrochloride; CNS, central
nervous system; WHO, World Health Organisation.
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3.2.6 Astrocytoma grading using CLSM and AF

Altogether, 29 astrocytic tumors were examined with CLSM after staining with AF,
including 4 pilocytic astrocytomas (WHO grade 1), 4 diffuse astrocytomas (WHO
grade II), 9 anaplastic astrocytomas (WHO grade III), 2 anaplastic oligoastrocytomas
(WHO grade IIT), and 10 glioblastomas (WHO grade IV). In the same ROI, traditional
histology was performed as the gold standard. Representative images for each of the

examined astrocytic tumors are presented in Figure 3.35.

In the CLSM images of pilocytic astrocytomas, bipolar cells with elongated, hair-like
processes were visible, resembling the findings in traditional histology (Fig. 3.35 A, B).
Moreover, thick, elongated bundles consistent with Rosenthal fibers were observed in
both image modalities. A biphasic appearance with regions of loose cystic components
and regions with compact cellular areas were also present. The nuclei were round and
elongated. No mitotic figures or necrosis were found. Overall, a strong conformity to
the H&E stained section was present (Fig. 3.35 A, B).

Diffuse astrocytomas showed an increased cellular density with moderate nuclear
pleomorphism; nuclei were mostly elongated and irregular with distorted contours, as
shown in both image modalities (Fig. 3.35 C, D). Additionally, perivascular aggregation
was observed. Neither mitotic activity nor calcification were detected in CLSM and

traditional histology.

CLSM imaging of anaplastic astrocytomas stained with AF revealed hypercellular
collections of neoplastic astrocytes with excellent correlation to the findings in traditional
histology (Fig. 3.35 E, F). Nuclei intercalating among axons were a common feature
in diffuse astrocytomas and anaplastic astrocytomas. CLSM negative imaging (see

subsection 2.4.2) also revealed occasional mitotic activity (Fig. 3.36).

CLSM examination of anaplastic oligoastrocytomas showed high cell density with
oval, uniformly shaped cells and nuclear pleomorphism. Mitotic activity and foci of

necrosis were increased (Fig. 3.36).

Glioblastomas CLSM examination showed high cell density, increased nuclear-to-
cytoplasmic ratio, and necrosis as well as polymorphism, anaplasia, and anisokaryosis,
resembling findings in traditional histology. Mainly spindle-shaped cells with either
oval or elongated nuclei were observed by both ex vivo CLSM and traditional histology
(Fig. 3.35 G, H). Moreover, several multiple distinct nucleoli were visible in the nuclei.
Pseudopalisading and microvascular proliferations were only identified on the CLSM
image (Fig. 3.35 G). Mitotic activity was increased (Fig. 3.36).



Results 96

. T g -
§ % e N
!rli l._?‘ .-_- - g » ‘-_1.

‘..-.*u.-;hk w O

Figure 3.35: CLSM and histology of WHO grades I-IV astrocytomas. AF provided
contrast of the nuclei (1—). WHO grade I (A, B): Thick, elongated bundles consistent with
Rosenthal fibers were observed in CLSM and histology (2—). WHO grade II (C, D): Chiefly
round, clongated cells (1—) displaying an uneven cell distribution and vascular proliferation
were found in both image modalities (3—). WHO grade III (E, F): A higher cell density, and
a greater cytological atypia (5—) were present compared to the lower-grade astrocytomas
(A-E). Furthermore, mitoses were detected (F, accentuation). Nuclei intercalations between
axons (4—) were only seen through CLSM (E). WHO grade IV (G, H): Necrosis (6—) and
pseudopalisading (G 7—) were only observed in glioblastomas. Microvascular proliferation
(3—) and mitoses (accentuation) were also found. Bars = 20 pm. CLSM, confocal laser
scanning microscopy; WHQO, World Health Organization; AF, acriflavine hydrochloride.
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Figure 3.36: CLSM negative imaging of high-grade astrocytomas. CLSM negative
imaging after AF staining of an anaplastic astrocytoma (A), an anaplastic oligoastrocytoma
(B), and glioblastomas (C, D) revealed mitotic figures [box]| showing the high WHO grades
of these tumors. Bars = 20 pm. CLSM, confocal laser scanning microscopy;, WHO, World
Health Organization; AF, acriflavine hydrochloride.

Statistical analysis

In a blinded study, CLSM images (n = 27; 4 pilocytic astrocytomas, 4 diffuse as-
trocytomas, 9 anaplastic astrocytomas and 10 glioblastomas) obtained after CLSM
examination with AF were evaluated by board-certified neuropathologists (n = 4).
The accuracy was calculated using traditional histopathological diagnosis as the gold
standard (see subsection ??). Images of pilocytic astrocytoma (100%), diffuse astrocy-
toma (93.75%), and anaplastic astrocytoma (90%) were diagnosed with high accuracy.
Glioblastoma images were recognized correctly in 75% of the cases. The percentage
outcome was calculated from the multiple-choice result of all four pathologists. One
neuropathologist was able to diagnose all entities correctly. Overall correct detection
rate was 89.69%.
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3.3 Examination of CNS tissue with ICG using the
CLSM device at 780 nm excitation

A total of 20 biopsy samples of primary CNS tumors as well as healthy cerebral
tissue attached to a tumor were collected from various patients of both genders and
different ages. The samples (n = 20; 5 healthy tissues, 5 glioblastomas, 5 meningiomas,
and 5 epidermoid tumors) were examined ez vivo after staining with ICG under
CLSM-780 nm. Altogether, high-resolution images were obtained, showing detailed
histopathological features comparable with traditional histology. Representative images
for each of the examined entities are presented in Figure 3.37. The concentration
used and the resulting fluorescence intensity compared to the other contrast agents are

presented in Table 3.1.

Topical application of ICG readily stained the cytoplasm and allowed clear delineation of
cellular and subcellular features, such as the nuclei, nucleoli, and atypia. CLSM images
showed typical characteristics of healthy brain tissues, including clearly arranged
astrocytes, resembling the findings in traditional histology of the same ROI (Fig. 3.37
A, B). In the glioblastoma samples, areas of hypercellularity, pleomorphism, and
necrosis were found. Increased angiogenesis with perivascular clustering of tumor cells
was observed by both ex vivo CLSM and histology. The nuclear-to-cytoplasmic ratio
was increased. Furthermore, multinucleated cells and enlarged nuclei were a common
feature in CLSM and traditional histology (Fig. 3.37 C, D). CLSM of WHO grade 1
meningiomas revealed psammoma bodies, which were visualized as globular, anuclear
structures (Fig. 3.37 E, F). CLSM real-time imaging of ICG-labeled epidermoid
tumors allowed visualization of the crystal-like structure of the cell ghosts, accordingly
to the H&E stained section (Fig. 3.37 G, H).

Statistical analysis

In a blinded study, CLSM images (n = 20; 5 healthy tissues, 5 glioblastomas; 5
meningiomas, and 5 epidermoid tumors) obtained after CLSM examination with ICG
were evaluated by neuropathologists (n = 4). The accuracy was then calculated using
traditional histopathological diagnosis as the gold standard, as previously described in
Subsection ??. Glioblastomas (100%) and epidermoid tumors (100%) were all diagnosed
correctly. Images of healthy cortex tissue (93.34%) and meningioma (93.34%) were also

diagnosed with high accuracy. Overall correct detection rate was 96.67%.
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Figure 3.37: Ezx vivo examination with ICG and H&E. Healthy tissue (A, B): CLSM
(A) and histology (B) revealed clear cell structures of astrocytes (1—). Glioblastoma (C,
D): CLSM (C) showed perivascular growth of tumor cells (2—), a high cell density, and the
presence of multinucleated cells (3—), accordingly to the histology (D). Meningioma (E, F):
Both CLSM (E) and histology (F) revealed a large psammoma body (4—). Epidermoid
tumor (G, H): Anuclear crystal-like structures of the "cell ghosts" (5—) were observed by both
approaches (G, H). Bars = 20 pm. ICG, indocyanine green; HEE, hematozrylin and eosin;
CLSM, confocal laser scanning microscopy.
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3.4 In vivo examination of brain tissue

3.4.1 Brain tumor resection assisted by intraoperative CLSM

at 488 nm and 780 nm excitation

In order to evaluate CLSM and the contrast agents for an in wvivo neurosurgical
application, high-grade glioma resection was guided using intraoperative CLSM in
rats implanted with C6 glioma cells. Routine surgical wide-field microscopy (OPMI
Pentero®) with 5-ALA served as the optical gold standard. All animal studies were
performed at the Institute for Neurosurgical Pathophysiology (Medical Center, Johannes

Gutenberg University, Mainz, Germany).

CLSM discrimination between neoplastic and healthy rat brain tissues was primarily
accomplished due to delineation of typical neoplastic features, such as hypercellularity
and pleomorphism in the tumor tissue. Blood artifacts monitored with the CLSM
device at 488 nm excitation were well differentiated from normal cells and were washed

off using sodium chloride solution in order to avoid interference with resection.

AF': Brain tissue surface was readily stained with AF (n = 5). Nuclei appeared as
bright spots, and staining of the cell membrane allowed a good impression of the cell
volume. As the penetration of AF was limited to the surface of the brain (0-100 pm), a

reapplication of AF was required during surgery.

Healthy tissue showed a clear cell distribution with a regular shape and size of the cells.
Tumor tissue was characterized by high cell density and low cytoplasm (Fig. 3.38 A,
B). Overall, staining with AF allowed a good differentiation between neoplastic and
non-neoplastic tissues in vivo, resulting in a clear transition zone similar to that in the
corresponding H&E stained section (Fig. 3.40 A, B).

Fluorescein sodium: In total, five rats exhibiting an allograft tumor were examined,
using CLSM, after intravenous application of fluorescein. Almost immediately (a few
seconds), blood vessels and capillaries could be seen (Fig. 3.38 C, D); after a few
minutes (approximately 2 min), fluorescein could be detected inside the tumor tissue.
The effect of the dye lasted up to 30 min.

Cells stood out as dark spots against the bright extracellular background. In healthy
tissue, fluorescence was first seen only in the blood vessels (Fig. 3.38 C, D), but after
20 min some extravasation was observed. Tumor boundaries were clearly recognizable

because of a greater cell concentration in the tumor area (Fig. 3.40 C, D). Tumor
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characteristics such as pleomorphism and mitotic activity were hard to identify. The
red blood cells were not stained by fluorescein and appeared as moving black silhouettes

in the lumen of the vessels.

Fluorescein sodium and AF: Concomitant use of fluorescein and AF (n = 5) did
not aid in tissue information, as fluorescein fluorescence was very bright and masked
the AF fluorescence in the tumor area (Fig. 3.39 A). In healthy tissues, AF fluorescence
was clearly observed in the cell nuclei, whereas fluorescein was first only visible in the
blood vessels (Fig. 3.39 B), allowing demarcation of healthy tissue from tumor tissue
(Fig. 340 E, F).

ICG: Near-infrared CLSM with ICG fluorescence (n = 5) exhibited, due to cytoplasm
staining, nuclear atypia, cellular pleomorphism, altered nuclear-to-cytoplasmic ratio,
and high cell density in tumor tissue (Fig. 3.39 C). Healthy brain tissue clearly showed
astrocytes and a clear cell arrangement with a low cell density (Fig. 3.39 D), which
allowed for a clear differentiation to neoplastic tissue. Tumor margins were not clear

lines due to an infiltrating growing pattern of the C6 glioma cell line (Fig. 3.40).

5-ALA: The fluorescence of PpIX could not be sufficiently detected by CLSM-488 nm
(data not shown); therefore, the surgery was limited to two rats and no statistics were

carried out.
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Figure 3.38: In vivo CLSM imaging of AF and of fluorescein. AF (A, B): AF
nuclei staining (1—) allowed for the visualization of high cell density with an increased
nuclear-to-cytoplasmic ratio (A) and a clear cell distribution in healthy brain tissue with
CLSM (B). Blood vessels were not stained by topically applied AF (2—). Nuclei appeared
to have an irregular size and shape (A 1—) with some prominent nucleoli (A 3—). Necrosis
was also found in the tumor area (A 4—). Fluorescein (C, D): In tumor tissue, fluorescein
revealed cells as dark, irregularly shaped spots (C 5—), due to an extracellular matrix staining
after extravasation from the blood vessels (C 2—). In healthy tissue, capillaries contrasted
sharply against the normal brain tissue (D 2—). The tissue was characterized by clear cell
structures with a regular shape and size (B, D). Bars = 20 pm. CLSM, confocal laser scanning
microscopy; AF; acriflavine hydrochloride.
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fluorescein + AF

ICG

Figure 3.39: In vivo CLSM imaging of AF + fluorescein and ICG. Fluorescein
+ AF simultaneously (A, B): Fluorescein fluorescence was very bright and masked the
AF fluorescence in the tumor area (A). Erythrocytes appeared as multiple non fluorescent
silhouettes within the bright fluorescence of fluorescein (E 3—). In healthy tissues, cell nuclei
were visible after staining with AF (B 1—), while fluorescein was retained in the blood vessels
(B 2—). ICG (C, D): Topically applied ICG allowed the visualization of cytoplasm, against
which the atypical nuclei stood out as dark spots (C 1—), showing a high cell density in
tumor tissue (C) and well-defined cells in healthy tissue (D 1—). Overall, healthy tissue was
characterized by clear cell structures with a regular shape and size (B, D). Bars = 20 pm.

CLSM, confocal laser scanning microscopy; AF; acriflavine hydrochloride; ICG, indocyanine
green.
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Figure 3.40: Examination of the tumor margins. Tumor margins (yellow dashed line)
between non-neoplastic (asterisk) and neoplastic tissue (cross) could be observed based on
higher cell density and cellular pleomorphism in tumor tissue, after staining with AF (A),
fluorescein (C), fluorescein + AF (E), and ICG (G). AF (A) as well as ICG (G) staining
allowed for visualization of neoplastic cells (1—) and healthy cells (2—), whereas fluorescein
was not detected in healthy tissue (C, E). Overall, CLSM in vivo imaging revealed tumor
margins comparable to those revealed by the corresponding histology (B, D, F, H). Both
image approaches showed an indistinct transition zone. Bars = 20 nm. CLSM, confocal laser
scanning microscopy; AF; acriflavine hydrochloride; ICG, indocyanine green.
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3.4.2 Brain tumor resection assisted by OPMI Pentero®

5-ALA: As a control group, tumor tissues from five rats were resected without using
CLSM. The resection was assisted by 5-ALA visualized by an OPMI Pentero®-400 nm
surgical wide-field microscope, which is routinely used at the Merheim, Hospital for
the resection of human glioblastomas. Tumor tissue showed an intense red fluorescent
color after an incubation time of 3-5 h with 5-ALA. After resection of all stained tissue,
tumor tissue (without any fluorescence) was still observed in the brains of two rats,

which was later confirmed by histopathological examination (Fig. 40).

3.4.3 Histopathological analyses of the rat brain and the re-

moved specimen

Overall, traditional histology served as the gold standard for diagnosis of the removed
biopsies (during tumor surgery) and of the removed perfused brain (from each rat the
brain was removed and completely examined by traditional histology as described in
Subsection 2.6.7) to evaluate the resection outcome for each fluorescent agent as well as

for the used microscope.

Histopathological analyses of the rat brains revealed migrating tumor cells all over
the rat brain, especially in the ventricles and in the basal and/or inter-hemispheric
arachnoid (Fig. 3.41). Since the maximum depth of the CLSM GastroFlex™ probe
is 5565 pm, cells located deeper than this range were impossible to detect with the
CLSM approach. Therefore, for the calculation of the residual tumor area, tissues were

only considered within this range (see subsection 2.6.8).

One example of a rat brain containing a high amount of residual tumor tissue in the
range of CLSM is shown in Figure 3.41. Additionally, one example of a brain, with
no apparent residual tumor within the range of CLSM, is presented in Figure 3.42.
Histopathological sections of the resected biopsies are also demonstrated for each case
(Fig. 3.41 and 3.42).
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Figure 3.41: H&E stained sections of an incompletely removed tumor. Histopatho-
logical sections of both a removed brain (A, B) and its resected specimens during the surgery
process are shown (C). Tumor tissue was found all over the resection zone (A). Histopatho-
logical examination also revealed migrating tumor cells all over the rat brain, including
the opposite hemisphere (B). Especially the ventricles and basal and/or inter-hemispheric
arachnoid were infiltrated by neoplastic cells (B —). The removed specimen (C) mainly
contained tumor tissue (—) and hemorrhage (*). A: Bar = 500 pm, B: Bar = 1000 um, C:
Bar = 125 pm. H&E, hematoxylin and eosin.
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Figure 3.42: H&E stained sections of a sufficiently removed tumor. Histopatho-
logical sections of both a removed brain (A, B) and its resected tumor specimens during the
surgery are shown (C). This example is considered as a "completely" resected tumor, as no
tumor tissue was found in the resection cavity within the range of the probe (B). However,
migrating tumor cells were found in the ventricles and in the basal and/or inter-hemispheric
arachnoid (A 1—). The removed specimens (C) mainly contained neoplastic tissues (1—)
and hemorrhage (2—), but transition zone (3—) and healthy tissue (4—) were also found. A:
Bar = 500 pm, B: Bar = 1000 um, C: Bar = 125 nm. H&E, hematoxylin and eosin.

The calculated mean residual tumor amount (within the range of the probe) and the
mean resection volume for each rat group is shown in Figure 3.43. Overall, fluorescein-
assisted surgery (n = 5), using the CLSM device at 488 nm excitation, had significantly
(*) higher amounts of residual tumor tissue (average residual tumor ratio: 4.9%)
compared to AF- (average residual tumor ratio: 0.8%) and to ICG-assisted surgery
(average residual tumor ratio: 0.75%; Fig. 3.43). Additionally, the average resection
volume was significantly larger in the fluorescein group than in the control group with
5-ALA. The simultaneous use of fluorescein and AF did not facilitate the resection
of the tumor, since the brains showed a large mean amount of residual tumor tissue
(average residual tumor ratio: 4.9%; Fig. 3.43). ICG tissue staining highlighted with
CLSM-780 nm allowed for best resection results.

The control group using OPMI Pentero®-400 nm wide-field microscopy and 5-ALA as
contrast agent had on average the largest tumor remains (3.7%). This group also had
the smallest mean resection cavity compared to the other groups. One value in the
control group was assessed as a statistical outlier (20 mm? remaining tumor tissue) and

excluded in data analysis, but it was included in the regression analysis (Fig. 3.43).
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Figure 3.43: Resection outcome and resection cavity volume. Resection outcome
assisted by CLSM-488 nm, by CLSM-780 nm and by OPMI Pentero®-400 nm fluorescence
wide-field microscopy was compared (A). The resection volume gives an impression of how large
the tumor was (B). Fluorescein-assisted surgery (n = 5): The rat brains composed significantly
(*) higher tumor residues than the rat brains examined with AF and ICG (A). The average
resection cavity (volume) was significantly larger than in the control group with 5-ALA (B).
AF and fluorescein simultaneously (n = 5): The rat brains showed high amounts of residual
tumor tissue (A). The average size of the resection cavity was small (B). AF-assisted surgery
(n = 5): Histopathological analyses of the brain sections revealed a significantly lower average
amount of residual tumor tissue in the resection cavity compared to fluorescein-assisted surgery
(A). The average size of the resection cavity was small (B). 5-ALA-assisted surgery (n = 4):
The control group, in which a wide-field fluorescence microscope was used as standard (OPMI
Pentero®-400 nm), had on average the smallest resection cavity (B) but had on average the
largest residual tumor tissue (A). One value in the control group was assessed as a statistical
outlier and excluded in the data analysis. ICG-assisted surgery (n = 5): CLSM imaging of
ICG provided the best resection results; it had on average the smallest amount of residual
tumor tissue (A) and a medium-sized resection cavity (B). CLSM, confocal laser scanning

microscopy; AF; acriflavine hydrochloride; ICG, indocyanine green; 5-ALA, 5-aminolevulinic
acid.
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Regression analyses

Regression analyses were carried out to better compare the resection outcomes assisted
by wide-field microscopy or CLSM and to compare the staining abilities of the contrast
agents. First, the correlation between the amount of healthy tissue in the biopsies and
the remaining tumor tissue in the resection zone on the brain was estimated for each
rat (Fig. 3.44). This corrclation was examined to analyze if a safe resection combined

with an extensive resection is possible using one of the approaches.

Neither wide-field microscopy (OPMI Pentero®-400 nm) and 5-ALA nor CLSM and
fluorescein (Fig. 3.44) allowed for such an extensive and safe resection of the tumor.
Moreover, the outlier in the 5-ALA control group had the largest total amount of
remaining tumor (20 mm?) in the resection cavity. Meanwhile, no healthy tissue was
found in the resected biopsies. The surgery of the other rats from the 5-ALA group
resulted in in a remainder of approximately 0.5%—1% of the tumor in the resection
cavity, with no removal of healthy tissue during the surgery. However, this also means
that no margins were found in any of the resected biopsies. A safe resection combined
with an extensive resection was only achieved by CLSM-780 nm and ICG (Fig. 3.44).

Second, the correlation between the remaining tumor in the resection cavity and the
resection volume was examined. This regression analysis was carried out to analyze if
more residual tumor tissue was left when the tumor was large. A correlation was only
found in the rat group with fluorescein and CLSM: the rats that were administered
fluorescein for surgery had the largest average resection volume and the largest average

residual tumor tissue (Fig. 3.44).
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Figure 3.44: Regression analyses. Different correlations regarding the resection outcome
assisted by CLSM-488 nm (AF and fluorescein), CLSM-780 nm (ICG), and by OPMI Pentero®-
400 nm wide-field microscopy (5-ALA) were examined. The control group with 5-ALA (n = 5)
had one outlier with more than 20 mm? remaining tumor tissue at the resection zone and no
healthy tissue in the biopsies (A). CLSM imaging of ICG (n = 5) provided the best resection
outcome (A). The rats that were administered fluorescein for surgery had the largest average
resection volume and the largest amount of remaining tumor in the resection cavity (excluding
the outlier; A). CLSM, confocal laser scanning microscopy; AF; acriflavine hydrochloride;
5-ALA, 5-aminolevulinic acid; ICG, indocyanine green.
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3.4.4 In vivo examination of healthy brain tissue using CLSM

at 780 nm excitation

In vivo examination of a pig brain allowed investigation of intraoperative CLSM in
imaging larger, healthy brain structures. Topically and intravenously applied ICG were
used for tissue contrast under CLSM-780 nm. Representative images of different brain

structures are presented in Figures 3.45 and 3.46.

After craniotomy, the topical application of ICG revealed first the dura mater and
then the pia mater in CLSM. The injection of ICG immediately provided physiological
information, such as the blood flow through small capillaries and larger supplying vessels.
After about 5 minutes, ICG was also visible in the cells, allowing differentiation of brain
cells based on their typical shape, such as astrocytes, oligodendrocytes, microglia, and
nerve cells, in the cerebral cortex. Likewise, fat tissue, and deeper brain structures,
such as the choroid plexus, could be observed in real time. Since the field of view was

very small, no exact regions of the brain could be identified.

Dura mater: The cerebral dura was the first examined tissue after craniotomy. In
CLSM, collagenous connective tissue, blood vessel and a low amount of cells were

visible.

Pia mater: CLSM examination exhibited collagenous connective tissue as well as a

high number of blood vessels and cells.

Fat tissue: CLSM imaging revealed layers of adipose cells. The cells were characterized

by a large size, in which the nuclei were visible on the corner of the cells.

Choroid plexus: CLSM allowed real-time imaging of the ependymal cell layer, which
lined the ventricles. Moreover, CLSM images showed the typical villi structure of the

choroid plexus.

Pyramidal cells: In CLSM, this type of neurons was clearly recognizable because
of the conic shape of their cell body (soma). However, CLSM imaging did not allow
to differentiate between dendrites and axons. Pyramidal cells were found all over the

cerebral cortex.

Astrocytes: In CLSM, these cells were immediately identified due to their typical star

shape. It was the most common cell type found in the cerebral cortex.

Oligodendrocytes: These cells were mostly detected close to nerve cells and were

smaller than astrocytes. Oligodendrocytes were detected all over the cerebral cortex.

Microglia: Small cells, most likely microglia, were found isolated all over the examined
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brain tissue using CLSM.

Nerve cell: Nerve cells were observed as large structures surrounded by thick cell

processes, most likely dendrites or axons.

Nerve fibers: Nerve fibers were seen in transversal and longitudinal orientation by
intraoperative CLSM. In transversal orientation, the myelin sheath around the axons

could be observed.

dura mater pia mater

Figure 3.45: In vivo CLSM imaging of healthy brain structures. After ICG staining,
CLSM examination revealed healthy brain structures in a pig, such as the dura mater (A), the
pia mater (B), blood vessels (C, D), fat cells (F), and the choroid plexus (G, H). Bars = 20 pm.
CLSM, confocal laser scanning microscopy; ICG, indocyanine green.
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Figure 3.46: In vivo CLSM imaging of healthy glia cells, nerve cells and nerve
fibers. ICG was applied to enhance tissue contrast. A: CLSM imaging revealed astrocytes,
which were clearly recognized because of their stair shape (1—). In the same cerebral cortex
tissue, small cells, most likely microglia, were found (2—). B, C: CLSM examination also
exhibited pyramidal cells (B 3—). The pyramidal cells were characterized by a pyramidal
shape of the cell body (C 3—). D, E: Glial cells, having a medium size and a lower amount
of cell processes than in astrocytes, were identified as oligodendrocytes (4—). The cells
were detected isolated (D 4—), but mostly close to nerve cells (E 4—). F: Nerve cells were
recognized as large structures surrounded by thick cell processes (5— ), most likely dendrites
or axons. G, H: Nerve fibers were observed in transversal (G) and longitudinal orientation
(H). The tranversal orientation of the nerve fibers (6—) also allowed to visualize the myelin
sheath around the axons (7—). Bars = 20 ym. CLSM, confocal laser scanning microscopys;
ICG, indocyanine green.
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3.4.5 Artifacts during CLSM imaging

Investigation of CLSM imaging revealed also different "pitfalls." (Fig. 3.47). Motion
artifacts were the most common cause of image impairment, caused by hands shaking
while holding the very thin Miniprobe™ (Fig. 2.1). Air bubbles were also a common
cause for image impairments and were mistaken for histopathological features, such as
psammoma bodies, at the beginning of the learning curve. Blood artifacts frequently
interrupted the field of view but were well distinguishable from brain cells and washed off
using physiological sodium chloride solution. A further pitfall was a broken Miniprobe™

in the field of view, which made it difficult to properly visualize the tissue.

Figure 3.47: Artifacts during CLSM examination. Motion artifact (A), air bubble
(B), blood artifacts (C), and damage to the probe (D) were common image impairments
during CLSM imaging. Bars = 20 nm. CLSM, confocal laser scanning microscoopy.



4. Discussion

4.1 General aspects

This study demonstrates the potential of CLSM in the real-time visualization of
histopathological features of different CNS lesions. The CLSM tool was easily introduced
into the clinical routine, which allowed examination of biopsies in real time during the
surgery process. Here, CLSM provided for the differentiation between healthy and
tumorous tissue and for the identification of pathological entities of the CNS similar to
the results of traditional histology of the same ROI, especially after staining with AF
and ICG. Moreover, CLSM in vivo imaging of ICG in rats exhibiting gliomas allowed
examination of tumor margins in real time and enabled better surgical outcomes than
with wide-field visualization of 5-ALA-induced PpIX.

In neurosurgery, the risk of collateral damage to vital healthy tissue that is responsible
for human key capabilities, such as motor function, speech, sensation, hearing, and
memory, is a major concern (Nelson et al., 2013). On the other hand, Wood et al.
reported in a study with 510 patients suffering from malignant cerebral gliomas that
the amount of residual tumor is a significant prognostic factor for the overall survival
time (Wood et al., 1988). Hence, to prevent a loss of brain function, neurosurgeons
need to take utmost care when removing tumor tissue, at the same time removing
as much of the tumor as possible to increase survival time and decrease intracranial
pressure. However, finding a good balance between aggressive removal of tumor tissue
and sparing of healthy important brain tissue, especially in the case of infiltrative
tumors, is extremely challenging, as the surgical approaches currently available are not
able to distinguish accurately between malignant and healthy tissue (Duffau, 2014).
Thus, the tumor volume is often either overestimated or underestimated, based on the

subjective assessment by the responsible neurosurgeons (Millgard et al., 2017).

To date, traditional histology is the only diagnostic method which can distinguish
accurately between malignant and healthy tissue, but it is impractical for interactive

guidance of resection due to a long processing time (Rees, 2011). For instance, when

115
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positive margins are postoperatively found during the final histopathological evaluation,
the patient is forced to undergo a second surgery for removal of the residual margin,
thus leading to an increase in healthcare costs, anesthesia, and the patient’s risk of

additional surgical complications (Shah, 2018).

CLSM, first introduced in 2004 in gastroenterology, is a promising tool to overcome
these difficulties, as it allows in vivo high-resolution imaging of tissues in real time
and on a cellular level (Kiesslich et al., 2004). In the field of neurosurgery, experience
with CLSM is still rare, presumably due to a lack of contrast agents and Miniprobes™

appropriate for a neurosurgical application.

Therefore, this research aimed to add information about the potential of CLSM in the
real-time visualization, using various contrast agents, of the histopathological features
of different neurosurgical lesions. In particular, the application of intraoperative CLSM
devices at 488 nm and 780 nm excitation was investigated for ex vivo and in vivo
imaging of primary CNS tumors and healthy tissues, following AF, AO, CV, erythrosine,
fluorescein, 5-ALA, and ICG staining.

4.2 Analyses of primary CNS tumors: ex vivo study

The distribution of all resected and examined primary CNS tumors was evaluated
during the period January 2014—February 2016 at the Department of Neurosurgery of
Merheim Hospital, Cologne, Germany.

The statistical analyses were carried out to gain an overview of all resected primary CNS
tumors in our hospital. The analyses showed that the overall distribution of the tumor
types was similar to the literature data worldwide (Buckner et al., 2007; Das et al.,
2000), which suggests that the presented data describes a sample that is representative
for the analyzed tumor entities. The data shows the frequency of each tumor, the
tumor’s behavior (benign or malignant), and the gender and age of the patient at initial

diagnosis, all of which are important prognostic factors (Gehan & Walker, 1977).

To avoid duplicates, recurrent tumors of a patient were not considered in the statistical
analysis. This is one of the reasons why the total number of evaluated tumor samples
was lower than the number of surgically treated tumors in our hospital. Furthermore,
metastatic CNS tumors arising from non-CNS tumors, which represented one of the

most frequently treated tumors in our hospital, were also excluded from the analysis.

Meningioma: Meningioma was the most common primary CNS tumor in the sample

(37%) and accordingly the most frequently examined tumor using CLSM. CLSM
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examination allowed immediate diagnosis and also enabled distinction between the

subtypes of WHO grade I meningiomas.

Meningiomas are also the most common form of primary CNS tumors in the US (Kohler
et al., 2011; Ostrom et al., 2015; Ostrom et al., 2016), Australia (Das et al., 2000),
China (Das et al., 2000) and Europe (Ferlay J, 2018). The high frequency of this
tumor type makes it an interesting object of research. Most meningiomas are benign
(WHO grade I) and separable from healthy tissue, but some infiltrate the brain and
make a complete removal challenging (WHO grades IT and III). In our hospital, 8%
of meningiomas were malignant. According to literature data, approximately 5% of
meningiomas are atypical or malignant (Das et al., 2000; Ostrom et al., 2015; Ostrom
et al., 2016). Within 5 years after resection, the recurrence rate is currently 9%—20% in
the case of WHO grade I, 29%-59% in the case of WHO grade 11, and 60%-94% in the
case of WHO grade III (Hortobagyi et al., 2016). Therefore, the aim of the surgical
treatment of meningiomas is the complete resection of the tumor tissue (if possible) to

reduce the risk of recurrence.

Intraoperative examination on a cellular level through CLSM may facilitate this goal.
Additionally, CLSM may be interesting as an aid in the surgical treatment of menin-
giomas located close to critical brain regions, because of better optical distinction
between neoplastic tissue, blood vessels, nerves, dura matter and other healthy brain

structures on a cellular level.

Glioblastoma: Glioblastoma was the second most common primary CNS tumor and
the most common primary malignant CNS tumor (54%) in our hospital. Therefore,
it was the second-most examined tumor in this study. The incidence rate increased
with the age of the patient, with a median age of 68 years at diagnosis, corresponding
to findings all over the world (Ostrom et al., 2014; Visser et al., 2015). Due to an
increase of life expectancy, the incidence rate of glioblastomas can also be expected to
increase in the coming years. This will also increase the urgency for efficient diagnosis

and treatment options. Thus, investigation of this tumor is of special relevance.

To date, treatment of glioblastomas is challenging due to their resistance to therapeutic
interventions. Their infiltrating nature usually prevents a complete resection (Ohgaki
et al., 2004; Adamson et al., 2010). Nonetheless, surgery is the initial therapeutic
approach and remains a hallmark in the treatment, with the best prognosis; it increases
patient survival from 4.7 months to 7-24 months (Wen & Kesari, 2008). The goal
of glioblastoma surgery is a maximal safe removal of the tumor tissue. However, the
balance between aggressive tumor removal and the sparing of healthy important brain
tissue is especially critical here, due to the tumors’ infiltrating of surrounding tissue.

Hence, a cellular view of tissues could most likely increase the resection yield and
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improve the quality of the patient’s life.

CLSM examination of 79 glioblastomas revealed the five WHO criteria for its diagnosis,
namely cell density, cell pleomorphy, mitoses, microvascular proliferation, and pseu-
dopalisades (Louis et al., 2007). Mitoses were often difficult to detect using the CLSM
approach but are negligible features when the primary aim is to distinguish healthy
and tumorous tissue, which was immediately possible with CLSM. Therefore, CLSM
may be a promising tool for a more accurate extended surgical removal of infiltrative

high-grade tumors.

Low-grade astrocytomas: CLSM examination also allowed differentiation between
the lower-grade astrocytomas. Astrocytomas of WHO grade I (mainly pilocytic astro-
cytomas) and WHO grade II (diffuse astrocytomas) accounted for 4% of all examined
tumors and were mostly diagnosed at younger ages (median age of 19 years and 29
years, respectively). Low-grade tumors grow, by definition, more slowly and are less
aggressive, with a better survival prognosis, than high-grade tumors (Ziilch, 1979; Louis
et al., 2007; Louis et al., 2016). Nonetheless, astrocytomas of WHO grades I and 1T
differ in their growing pattern and clinical behavior (Ajlan & Recht, 2014). WHO grade
I astrocytomas have a promising prognosis of long-term progression-free survival after
surgery (Louis et al., 2016) and were, therefore, considered as benign in the statistical
study. In contrast, WHO grade II astrocytomas are infiltrative tumors with continuous

growth (Ziilch, 1979; Louis et al., 2016) and were, therefore, considered as malignant.

CLSM examination revealed, in WHO grade I astrocytomas, well-circumscribed lesions
containing bipolar tumor cells with clongated, hairlike projections arranged in parallel
bundles, accordingly to finding on traditional histology and the WHO grading scheme
(Ziilch, 1979; Louis et al., 2007). WHO grade II astrocytomas were characterized, using
CLSM, by an increased cellular density of infiltrating, well-differentiated astrocytes,
which allowed clear differentiation to WHO grade I and WHO grade III. WHO grade
IIT astrocytomas had a higher cell density, and some mitotic activity could be detected

after inverting the colors on the CLSM imaging program.

However, as the Merheim, Hospital, has no pediatric department, the absolute number
of astrocytoma samples of WHO grades I and II (8 samples in total; 4 each) was
insufficient to draw valid conclusions about the suitability of CLSM for their diagnosis.
Therefore, CLSM features of a higher number of samples need to be investigated in

future studies.

Benign CNS tumors: Choroid plexus papilloma, schwannoma, pituitary adenoma,
hemangioblastoma, and epidermoid tumor are benign tumors of the CNS. Notwith-

standing, some can be fatal because of progressive growth in the skull, or may cause
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additional health problems, such as increased intracranial pressure, mass effect, and
focal or global neurological deficits (Aghi & Barker, 2006). Simultaneously, some are
associated with various diseases or can progress to malignant forms. For this reason,
an accurate diagnosis and treatment, even of benign tumors, can be crucial for the

patient’s survival and morbidity.

CLSM examination immediately demonstrated cellular characteristics similar to those
revealed in the H&E stained sections of the same ROI: crypt structures in choroid plexus
papillomas, spindle-shaped Schwann cells in schwannomas, monomorphic epithelial cells
in pituitary adenomas, prominent pathological vasculature in hemangioblastomas, and

"cell ghosts" in epidermoid tumors.

However, the small number of available tumor samples of these tumor types also
precluded a valid assessment of the suitability and accuracy of CLSM as a diagnostic
tool. The small number can be explained by their generally low incidence rate compared
to meningiomas and glioblastomas and by the fact that patients with symptom-free
and non-growing benign tumors usually do not undergo surgical treatment (Aghi &
Barker, 2006). This also applies to malignant tumors found in critical regions of the
brain and to tumors that have been diagnosed but not removed at the patient’s request,

which were often treated without surgery.

4.3 Contrast agents evaluated with CLSM

Fluorescence imaging is a valuable tool in the identification and resection of brain
tumors, offering a generalized platform to guide and identify remnant tumor tissue,
tumor borders, and healthy tissue (Zhao et al., 2013; Parrish-Novak et al., 2015). Major
advantages of fluorescence over other imaging methods are the use of non-ionizing
radiation, which makes it significantly safer than several traditional modalities (X-ray,
CT, PET), and the ability to miniaturize the system components to achieve minimally

invasive surgery.

However, suitable fluorescent dyes to stain human tissue in vivo are one of the greatest
challenges when using fluorescence imaging in neurosurgery, especially due to strict
FDA and EMA guidelines regarding limited research trials on their quality, safety, and
efficacy (Schlosser et al., 2010; Whitson et al., 2011; Foersch et al., 2012; Wirth et al.,
2012; Snuderl et al., 2013; Nguyen & Tsien, 2013). FDA- and EMA-approved fluorescent
agents for human application are fluorescein sodium and ICG, but their use has been
limited to clinical trials in neurosurgical oncology (Sanai et al., 2011b; Eschbacher et al.,
2012; Nguyen & Tsien, 2013). In Europe, 5-ALA is the only permitted contrast agent
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for high-grade brain tumor imaging (EMA, 2018). In the US, 5-ALA is still awaiting
approval by the FDA (Nguyen & Tsien, 2013).

4.3.1 5-ALA: in vivo study

In this study, 5-ALA was tested with the CLSM-488 nm approach, as Kim et al. showed
further excitation spectra at 495 nm, 546 nm, and 625 nm beside the highest peak, at
405 nm, of 5-ALA-induced PpIX (Kim, 2010). It is the only fluorescent dye used which
provides specific contrast in neoplastic cells and does not accumulate in healthy brain
tissue (Stummer et al., 1998). However, PpIX fluorescence was also found in regions of

gliosis and brain tissue altered with reactive astrocytes or invaded inflammatory cells
(Stummer & Suero Molina, 2017).

In neurosurgery, 5-ALA is mostly used to enhance tissue contrast in high-grade gliomas,
foremost glioblastomas. Most commonly, for wide-field microscopy detection, a dose of
20 mg/kg Gliolan®(5-ALA) is administered orally 2 to 4 hours before surgery. Peak PpIX
production can be expected 6 to 8 hours after application, which should correspond to
the tumor removal phase. The generated PpIX remains elevated for 12 hours (Stummer
et al., 2003). In the rats treated with Gliolan®, the optimal peak was achieved after
an incubation time of 5 hours. This was very time consuming and needed to be timed
perfectly, in contrast to the other fluorescent dyes, which were used immediately in this

study.

Experience with the use of CLSM in combination with 5-ALA is scarce. PpIX fluores-
cence in low-grade gliomas was examined by Sanai et al. using an Optiscan®-488 nm
excitation device. The authors were able to detect PpIX fluorescence in all 10 patients,
but the fluorescent signal was very low and offered little information about cellular
features (Sanai et al., 2011). Further research on the fluorescent ability of PpIX to
enhance contrast in gliomas was carried out by Martirosyan et al. in rats and mice.
Although fluorescence was detected, it did not allow delineation of histopathological

features comparable with that achieved with H&E staining (Martirosyan et al., 2014).

Consistent with these results, PpIX exhibited only weak fluorescence obtained with the
Cellvizio®-488 nm excitation device in this study. It was possible neither to identify
tumor boundaries nor to discriminate between healthy and tumorous tissue because
of the faint fluorescent intensity resulting from a suboptimal excitation range. Thus,
5-ALA is not appropriate for use with the CLSM-488 nm device. In the future, with
the application of more advanced CLSM devices with greater acquisition rates and
wavelengths more adequate to the optimal excitation for PpIX (A, of 405 nm), 5-ALA

may improve in vivo tumor assessment not only macroscopically but also microscopically
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on a cellular level.

4.3.2 Fluorescein sodium: #n wvivo study

Fluorescein was investigated in this study because it is the most commonly used contrast
agent combined with CLSM for gastrointestinal tissue imaging (Wallace et al., 2010).
In 2004, Kiesslich and colleagues published the first clinical trial that evaluated the
use of CLSM and intravenous fluorescein in patients during ongoing colonoscopy for
the detection of neoplasm (Kiesslich et al., 2004). Following this, the same authors
reported the first application of fluorescein-aided CLSM in the in vivo diagnosis of
Helicobacter pylori infection (Kiesslich et al., 2005) and of pathologies such as Barrett’s
esophagus (Kiesslich et al., 2006). Furthermore, the safety of intraoperative CLSM
in combination with fluorescein was demonstrated in 2272 patients in the diagnosis
of gastrointestinal lesions (Wallace et al., 2010). Since then, CLSM with fluorescein
contrast has been used extensively to detect neoplastic cells in various other clinical
fields, such as in hepatology (Mennone & Nathanson, 2011), pulmonology (Fuchs et al.,
2011), and urology, (Sonn et al., 2009) in preclinical and clinical studies.

In the field of neurosurgery, intravenous fluorescein for CLSM-based imaging was used
for the first time in 2010 to examine gliomas in mice. The authors were able to
distinguish in vivo between neoplastic and healthy tissue and to identify tumor margins
and infiltrating tumor cells on a cellular level (Sankar et al., 2010). Similar results were
obtained by Foersch et al., who applied CLSM for in vivo imaging of fluorescein in rats
(Foersch et al., 2012). Finally, in 2011, Sanai and colleagues conducted the first human
clinical trial of fluorescein-guided CLSM technology in 33 patients with brain tumors
(Sanai et al., 2011a). The authors were able to detect vascular neoproliferation and
tumor margins. However, since intravenous fluorescein stains both vasculature and the
extracellular matrix but fails to stain nuclei, the evaluations of key histopathological
features such as mitoses and pleomorphism were impossible, which made diagnosis of

lesions challenging (Sanai et al., 2011a).

Similar results were obtained in this study. Fluorescein was well suited in visualizing
general cytoarchitectural features as well as vessel density and shapes, but the lack of
nuclei accentuation made it difficult to distinguish tumor areas reliably, which precluded
a sufficient tumor resection in rats. Additionally, fluorescein-assisted surgery had its
limitations in the subjective interpretation of fluorescence intensity that was low in areas
with intact vasculature. The limitations of fluorescein could possibly be avoided by
using FITC-dextran with a higher molecular weight, which would increase the specificity

of fluorescent extravasation in the tumor area (Natarajan et al., 2017). However, neither
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the FDA nor the EMA have approved FITC-dextran for use in humans (Foersch et
al., 2012). Thus, although successfully used in other clinical fields, fluorescein is not

suggested for an application in neurosurgery with the CLSM approach.

4.3.3 Cresyl violet: ex vivo study

Another important contrast agent used in this study is CV. CV is often used to
investigate the proportion of DNA and RNA molecules in nerve tissues, as its alkaline
chemical properties enable staining of the acidic components of the neuronal cytoplasm
(Pilati et al., 2008). CV is a nontoxic and clinically safe dye but is not approved
by the FDA or EMA for human application (George & Meining, 2003; Goetz et al.,
2009b). Nonetheless, in oncology, CV has been used in clinical studies for the staining
of cervical lesions in gynecology and for the examination of suspicious lesions through

chromoendoscopy in gastroenterology (Goetz et al., 2009).

In the present study, topically applied CV staining labeled the cytoplasm, allowing
the cell nuclei to appear as dark spots. The staining enabled a more detailed visual-
ization of capillaries and cellular structures compared to native imaging using CLSM.
Unfortunately, technical limitations regarding the applicable wavelength for CV have
been recognized. In particular, the ability to visualize tumor features such as cellular
pleomorphism was limited due to faint fluorescence intensity. Therefore, CV was not
considered in the resection trial with rats. In the future, with the application of advanced
CLSM devices (currently in progress) exhibiting wavelengths similar to those of CV
(Aez of 540 nm), CV may represent a suitable dye for intraoperative tissue examination

in the neurosurgical operating theater.

4.3.4 Erythrosine B and other food dyes: ex vivo study

Erythrosine is a red xanthene dye approved by the FDA, by the Joint FAO/WHO
Expert Committee on Food Additives (JECFA), and by the EU Scientific Committee for
Food (SCF) for use as a color additive in foods, cosmetics, and pharmaceuticals (SCF,
1983; 1989; FDA, 1995; WHO, 1996; JECFA, 2006). It is water-soluble and has a 58%
iodine content (Kobylewski & Jacobson, 2012), but it is considered safe for consumers
when the daily acceptable intake of 0-0.1 mg/kg bw/day, with a maximum intake level
of 200 mg/kg/day, or 75 mg/day for a child of 30 kg, is not exceeded (Gardner et al.,
1987). Furthermore, Webb and colleagues demonstrated the metabolic stability of the
food dye in rats; after application of 500 mg/kg bw erythrosine, the ingested amount

was almost completely excreted via feces, with unchanged iodine content (Webb et al.,
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1962).

To the best of the author’s knowledge, this study is the first to use food dyes as contrast
agents to visualize CNS tumors with the CLSM approach. Of all investigated food
dyes (allura red AC, canthaxanthin, ponceau SX, and rubixanthin), only erythrosine
enhanced the tissue contrast obtained by CLSM. Erythrosine’s value lies mainly in
its ability to detect large features, such as blood vessels, which were immediately

distinguishable from the surrounding tissue.

The main advantages of erythrosine compared to other fluorescent dyes not approved
for surgical purposes are the following: (1) it is safe for an in vivo application, (2) it
is approved by the FDA and SCF for usage as a food additive, and (3) it is already
clinically approved for use in dentistry (Wood et al., 2006; Allaker & Douglas, 2009),
thus facilitating its implementation in neurosurgical clinical practice. Unfortunately,
staining with erythrosine, even with higher concentrations, did not yield consistently
satisfactory results in tumor diagnoses compared to other stains, notably AF. Therefore,
erythrosine, in combination with the current available CLSM devices, is not suggested

for neurosurgical practice.

4.3.5 Acriflavine hydrochloride and acridine orange: ex vivo

and in vivo studies

AF and AO were used in this study due to their appropriate wavelength with the
CLSM device at 488 nm excitation. Furthermore, the yellow acridines show high
fluorescence intensity and have been used in various clinical fields, such as a remedy
for sleeping sickness, as a topical antiseptic, and as contrast agents in fluorescence and
epifluorescence microscopy (Parng et al., 2004, Gruenwedel, 2003; Kawai et al., 2009;
Kessel et al., 1991; Cossarizza et al., 1994; Poot & Pierce, 2001). In oncology, acridines
have been used to detect high-grade, upper urinary tract and urothelial carcinoma cells
in wvitro (Li et al., 2014).

Combined with CLSM, AF has been used extensively in gastroenterology and pul-
monology for the imaging of various tumors (Goetz et al., 2007; Haxel et al., 2010).
AF staining enabled high sensitivity, specificity and accuracy in the tumor detection
with CLSM, which were never below 70%, especially in the diagnosis of upper and
lower gastrointestinal neoplasms (Polglase et al., 2005; Kiesslich et al., 2004; Meining et
al., 2007). Concordantly, in the present study, CLSM imaging of topically applied AF
enabled an 88.6% correct detection rate in predicting the tumor histology of the CNS
biopsy. Similarly, Foersch and colleagues scored an 87.1% correct detection rate in the

diagnosis of primary CNS tumors and metastases using CLSM (Foersch et al., 2010).
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Overall, AF and AO staining of fresh tumor samples revealed excellent correlation
to the H&E stained sections due to cell nucleus staining. Compared to traditional
histology, CLSM was less labor-intensive and allowed faster visualization because of
rapid uptake of AF/AQO stain (approximately 1 min). Especially two confocal features
were found to effectively differentiate neoplastic from non-neoplastic tissue after AF/AO
staining similar to features of hematoxylin staining: (1) higher amount and alteration
of cell nuclei (such as pleomorphism or increased nuclear-to-cytoplasm ratio) and (2)

architectural disruption of cellular structures and pathological blood vessels.

In the ez vivo studies, AF yielded the most detailed histopathological information
with the CLSM device at 488 nm excitation. Its ability to stain the cell membrane
and extracellular matrix in a low amount, alongside its cell nucleus labeling, allowed
a better evaluation of tumor cells than with AO, erythrosine and CV. Therefore, AF
was chosen for the ex vivo assessment of the tumor grade, using CLSM-488 nm to
differentiate between healthy and tumorous tissue and to define tumor features of various
primary CNS samples. Moreover, in this study, AF was the only dye unapproved by the
FDA/EMA for human application that was investigated in vivo in rats. Here, AF-based
CLSM imaging allowed for a better resection rate of tumor tissue than 5-ALA-based

fluorescence-guided surgery as the optical gold standard.

A drawback of this agent, besides concerns about carcinogenicity (Ferenc et al., 1999),
was its limited tissue penetration, which resulted in the need to stain tissue repeatedly
during the surgery process. All limitations are summarized in Section 4.7. Nonctheless,
the advantage of AF outweigh its drawbacks. The high contrast of cellular details
allowed for a fast tumor diagnosis and resection. Therefore, AF combined with CLSM

is suggested for a rapid ez vivo examination of biopsies in the operating room.

4.3.6 Indocyanine green: ex vivo and in vivo studies

With the development of an near-infrared CLSM, ICG (A, of 760-775 nm/\.,, of
835 nm) was first applied in the diagnosis of liver steatosis and fibrosis (Goetz et al.,
2010). In neurosurgery, the CLSM device at 780 nm excitation and ICG as contrast
agent were first investigated by Martirosyan and colleagues in murine glioma models,
in which excellent results in the visualization of tumor tissue, transitional zones, and
healthy brain tissue were reported (Martirosyan et al., 2011). Accordingly, Foersch et
al. visualized, with a similar CLSM device, tumor regions as well as small intratumoral
hemorrhages (Foersch et al., 2012). In contrast to the current study, both groups
applied ICG intravenously, which resulted in ICG time dependency and low cellular

resolution (Martirosyan et al., 2011, Foersch et al., 2012). Hence, the current study is



Discussion 125

the first one to investigate CLSM after a topical application of ICG.

The CLSM in vivo study provided high-resolution images of healthy and neoplastic
tissue as well as of transition zones after application of ICG onto a rat brain, thus
allowing better surgical results compared to the other contrast agents imaged with
CLSM and to 5-ALA-based fluorescence-guided surgery. High sensitivity, long stability
(up to 2 hours in tissues), ease of use, and lack of associated radiation exposure
would make intraoperative CLSM with ICG a perfect tool for guiding intraoperative
tumor resections in humans. Additionally, the correlation of ICG-based CLSM ez vivo
imaging of human CNS tumors and H&E stained sections was excellent and allowed
for high statistical accuracy of 96.67%, demonstrating the potential of CLSM for the
intraoperative diagnosis of CNS lesions.

Moreover, multiple advantages could be shown of ICG-based fluorescence imaging using
CLSM compared to wide-field visualization of 5>-ALA-induced PpIX. First, its cell-based
imaging allowed for a more precise resection of infiltrative tumor cells. Second, its
applications could be expanded to low-grade gliomas and other CNS lesions. Third,
its near-infrared fluorescence allowed deeper penetration without interference by blood

artifacts.

Further studies should analyze the mechanism of how ICG enters the cells, as this may
allow optimization of cell staining using ICG. Furthermore, the efficiency and suitability
in clinical routines as well as the acute and long-term safety and tolerability should be

investigated in the future.

Healthy brain: To apply CLSM as an adjunct to neurosurgical tumor resections,
knowledge of CLSM features from healthy brain structures is required to distinguish
them from neoplastic tissue. Therefore, ICG for CLSM-based imaging was applied to
study in vivo healthy brain structures of a pig. Intraoperative CLSM demonstrated
high-resolution histopathological features, such as astrocytes, oligodendrocytes, and
pyramidal cells, as well as deeper brain structures, such as the choroid plexus. Never-
theless, to establish an accurate CLSM neuroanatomy atlas, it would be necessary to

examine healthy brain structures from a whole human brain.

4.4 Grading of astrocytic tumors: ex vivo study

In the present study, the suitability of CLSM for diagnosis of astrocytic tumors and
their grading is demonstrated. CLSM revealed cellular structures of all astrocytic
tumors, such as high cell density, cell pleomorphism, microvascular hyperplasia, and

pseudopalisading necrosis, according to the WHO grading system (Louis et al., 2016).
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This enabled neuropathologists, who were blinded to the results of the traditional
histology, to predict the correct WHO grade of various astocytomas with a diagnostic

accuracy of 89.7%.

The specific grading of tumors is of high importance, as an incorrect grading can result
in fatal consequences for the patient. For a correct diagnosis to be made, the biopsy
has to contain the highest-grade component. This is, however, very difficult, since
astrocytomas are heterogeneous, and parts of the same tumor often contain different
grades in the frozen sections. Thus, it is possible that the highest-grade component
is not present in the specimen sampled. A false interpretation of the tumor’s grade
could lead to an "undergrading" resulting in an "undertreatment"' (e.g., surgery without
radiographic follow-up). Similarly, an error causing an "overgrading' could lead to an
"overtreatment' (e.g., chemoradiation of benign lesions). Both errors result in high risks
for the patient’s health (Chandrasoma et al., 1989; Glantz et al., 1991). Errors may
also result from freezing artifacts, an incorrect interpretation, and/or the poor quality
of the sample in frozen sections (Amraei et al., 2017). In contrast, CLSM is not affected
by sampling errors, as it reveals histopathological features in real time, without the

need for special sample preparation and thus allowing immediate diagnosis.

CLSM images enabled correct detection rates of 100% for pilocytic astrocytomas, 93.7%
for diffuse astrocytomas, and 90% for anaplastic astrocytomas. For frozen section
analysis, various studies have also evaluated the accuracy of the diagnosis of tumors.
Most importantly, in the study conducted by Shrestha and colleagues on 90,000 entities,
the authors showed a diagnostic accuracy of 98.52%, but tumors of different organs
were evaluated here (Shrestha et al., 2009). CNS limited studies showed an accuracy of
77.9% in the diagnosis of 398 CNS lesions (Amraei et al., 2017), an accuracy of 85.7%
in the diagnosis of 1000 CNS lesions (Oneson et al., 1989), and an accuracy of 96.6%
in the diagnosis of 1,315 CNS lesions with an accuracy of 87.6% in the diagnosis of
gliomas (Regragui et al., 2003). Overall, most mistakes were made on establishing the
subtype or grade of astrocytomas, in particular high-grade astrocytomas were often

mistaken as lower-grade astrocytomas (Amraei et al., 2017).

The same result was found in this study, the lowest diagnostic accuracy was made in the
determination of glioblastomas. The correct detection rate here was only 75%, which is
lower than that for frozen section analysis, which ranged between 78.4% and 95% (Mat
Zin & Zulkarnain, 2019).

Since neither CLSM nor frozen analyses could provide a diagnostic accuracy of approxi-
mately 100%, the combination of both techniques, CLSM and frozen section analysis, is
proposed. This may increase the diagnostic accuracy and support a safe tumor resection.

For example, CLSM may be used first to scan the tissue for areas with the highest-grade
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components for a biopsy, and then frozen section analysis could be performed for final
evaluation. However, the efficacy of the combination of these approaches needs to be

proven first in preclinical and clinical studies.

Currently, immunohistochemistry (screening for molecular markers) is routinely per-
formed for an accurate diagnosis of several primary CNS tumors and their subtypes.
For instance, primary glioblastomas have no idh variations (mutations affecting codon
132 of the idh1 gene or codon 172 of the idh2 gene) compared to WHO grade IT1-111
gliomas (diffuse astrocytoma, oligodendroglioma, oligoastrocytoma, anaplastic astrocy-
toma, anaplastic oligodendroglioma, and anaplastic oligoastrocytoma) and secondary
glioblastomas, in which an idh variation occurs in approximately 80% of the cases (Balss
et al., 2008). Hence, traditional histology and immunohistochemistry are indispensable
for an accurate diagnosis and cannot be replaced by CLSM. Another possibility, other
than the combination of frozen section analyses and CLSM, could be the combination
of CLSM and immunohistochemistry (see subsection 4.8), which would close the gap

between molecular examination and surgical microscopic imaging.

4.5 Comparison of CLSM and wide-field microscopy:

in vivo study

To the best of the author’s knowledge, this study was the first to evaluate the use of
different fluorescent dyes in the CLSM approach as an adjunct to the resection of high-
grade gliomas and to compare this approach to routine surgical wide-ficld microscopy
with 5-ALA as the optical gold standard.

Both the intraoperative detection of tumor margins and the identification of neoplastic
tissue and its infiltrating cells are two of the most demanding aspects of brain tumor
surgery (Adamson et al., 2010). In this study, intraoperative CLSM was able to achieve
both due to real-time high-resolution imaging of tumor features in rats, which enabled

better resection result than with the optical visualization standard.

However, the tumors were not the same size although an equal amount of C6 glioma
cells was implanted into the rats’ brains. It would have been necessary to monitor the
tumor size by MRI before surgery; this was, however, not possible at our institution.
Nonetheless, to provide nearly the same conditions, four rats (one for each fluorescent
agent: AF, AF + fluorescein, ICG, and 5-ALA as control) always received the C6
glioma cell implantation on the same day. Moreover, these rats were surgically treated

on the same day to minimize performance differences.
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During the surgery, each removed biopsy was collected to enable analysis by traditional
histology to examine if and how much healthy tissue was removed. This was, however,
not possible for all biopsies, as a few were too small for histopathological procedure. For
the same reason, the margins could not always be identified in the biopsies. Thus, no
exact conclusions about the precise resection of the tumor could be made by traditional

histology.

The present study also pointed out that a complete resection of infiltrative tumor cells
is impossible, even with an approach facilitating tumor resection on a cellular level.
The intraoperative CLSM was investigated in C6 glioma formed in Sprague-Dawley
rats by injection of C6 glioma cells. The C6 glioma cell line was first induced by Benda
and colleagues by cloning brain tumors induced through N-nitrosomethylurea in Wistar
Furth inbred rats. The cells have a high proliferation rate and are morphologically
similar to human glioblastoma cells. They preferentially grow on blood vessels due to a
high affinity for endothelial basement membranes, and they are highly invasive (Benda
et., al 1968).

This could also be seen in the rat brain sections in this study: tumor cells invaded the
whole rat brain, but especially the endothelial basement membranes and the perivascular
spaces showed significant degrees of invasion. The infiltrating neoplastic cells were
impossible to remove without killing the animal. Therefore, a brain was considered free
from tumor cells when all tumor cells close to the bulk tumor within the range of the
probe were removed (see subsection 2.6.8). This containment was necessary to allow
comparison between the two image-guided technologies as well as between the contrast

agents in their ability to facilitate glioma resection.

Best resection outcome was achieved by CLSM in combination with ICG as contrast
agent. Nonetheless, for a better resection outcome of high-grade gliomas, a combination
of macroscopic evaluation of 5-ALA using wide-field microscopy and a microscopic
evaluation of ICG using CLSM are suggested. Because 5-ALA does not provide contrast
enhancement in low-grade tumors, CLSM would generally constitute an important
adjunct for extending tumor resection, especially to detect tumor residues at the final

stage of surgery.

4.6 Advantages of CLSM

In the field of neurosurgery, CLSM may serve as a valuable adjunct to the current

modalities due to a favorable combination of advantages found in this study.
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e The miniaturization of the apparatus, as compared to the original bench-top
confocal microscopes, allowed a portable use of CLSM suitable for application in
clinical settings. It fitted in any operating room and could be easily integrated

into the clinical workflow.

o Compared to intraoperative frozen section analyses, the entire lesion of the surgical
cavity could be studied in real time, avoiding sampling errors and enabling faster
tumor resection. As an example, in the present study, the total imaging time
was approximately 10 min per rat. This was enough time to image a mean of
20 biopsy locations per animal. In comparison, the analysis of one biopsy by
frozen section requires approximately 20 min for processing and interpretation.
Thus, the number of biopsies may be decreased, and damage to healthy CNS
structures may greatly be reduced by using CLSM. However, information about
the entire surgical time on humans using CLSM-guided surgery compared to

frozen section analysis is missing.

o CLSM in vivo imaging offered immediate visualization of transition zones as well
as the behavior (malignant or benign) of brain tissue in rats. Gaining real-time
insight into whether margins are free of tumor cells during the initial surgery
could reduce the frequency of second surgeries and minimize both undertreatment
and overtreatment of tumor patients. Thus, both better-quality treatment and

cost savings to healthcare and insurance systems may be achievable.

o CLSM imaging provided cellular imaging of all primary CNS entities regardless
of their grade, in contrast to wide-field visualization of 5-ALA-induced PpIX

fluorescence, which enhance tissue contrast only in high-grade tumors.

e The real-time CLSM findings provided additional information compared to tradi-
tional histology, because it was possible to observe live cellular interaction over
time. Thus, CLSM may help to better understand the development of tumors and
provide novel cellular features of CNS tumor architecture. For example, in four
plasmacytoma samples (57%), large oval structures were detected by CLSM, which
are unusual for this tumor type and were not revealed by H&E staining of the
same samples. Furthermore, in one pituitary adenoma sample, cell accumulation
surrounded by a cell-free layer was found. The findings could not be explained by
the responsible neuropathologists and need to be investigated in a larger number

of samples.

o Because all data was digitally acquired and stored with the CLSM software, it
was possible to review sequences multiple times. In the case of human surgery,
a neuropathologist could review the images without delay and be involved in

decisions during the surgery.
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e The CLSM approach was easy to handle and required only minimal training with

a short learning curve.

Nonetheless, CLSM is a diagnostic tool and not a therapeutic measure. As previously
mentioned, CLSM should be used to enhance traditional histology, mapping and
monitoring rather than replacing it. The simultaneous use of various visualization
techniques during surgical resection may allow both a macroscopic and microscopic
evaluation of suspect tissue while monitoring essential healthy neuronal structures at the
same time. This may allow for a safer tumor resection with the best possible outcome

for the patient.

4.7 General limitations and caveats of CLSM

A limitation of this study was the application of the contrast agents CV, AF, and AO,
which are not approved by the FDA and EMA for an in vivo use in humans; further,
hypothetical concerns have been raised about the risk of mutagenesis by AF and AO
(Ferenc et al., 1999; Nguyen & Tsien, 2013). Despite this concern, AF has been used
in several human clinical studies, primarily in Europe, and has shown no severe side
effects combined with CLSM in gastroenterology and pulmonology (Goetz et al., 2007
Haxel et al., 2010). Furthermore, Lee et al. reported the antitumor effect of AF in cell
culture and in an adenocarcinoma mouse model (Lee et al., 2014). Likewise, Shay et
al. reported a slowing-down effect of AF on tumor progression in a mouse model of
colorectal cancer (Shay et al., 2014). More recently, Mangraviti et al. demonstrated the
potency of AF against brain tumors in a preclinical rat model. The in vivo application
of AF provided a nearly 100% long-term survival. This was mainly achieved by an
AF-induced inhibition of hypoxia-inducible factor 1 (HIF-1), which plays a critical
role in cancer progression, tumor growth, and vascularization (Mangraviti et al., 2017).
Moreover, AF has been used in patients for at least 5 months without major side effects
(Wainwright, 2001). These reports support further clinical development and evaluation
of AF’s safety profile, and they may allow an ¢n wvivo brain application in future. Until
then, AF can be applied as a rapid ex vivo stain in the operating room to examine

biopsies in real time.

A further limitation of this study was that no postoperative performance status or
other indicators of neurological morbidity were measured after surgical tumor treatment
in rats. Therefore, additional studies regarding survival time and life quality after
surgery with the CLSM approach are required, especially compared to other approved

modalities, such as 5-ALA wide-field microscopy. Furthermore, additional studies with
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a higher number of animals and more CNS tumors are needed to verify the results of
the rat trial.

A physical limitation of the CLSM device at 488 nm excitation was its excitation of red
blood cells. This led to blood contamination of the entire imaging field, causing obscured
tissue features on the CLSM images. The CLSM probe needed to be mechanically
cleaned several times by elevating the probe from the tissue surface, which interrupted
the imaging flow during the surgery. This could be avoided by the integration of an
auto-irrigation mechanism similar to that used with the endoscope.

Motion artifacts introduced by the operator or by respiration of the animal were further
common causes of image impairments. However, movements by the operator decreased

with increasing practical experience using the CLSM device.

4.8 Future directions

This study describes the combination of CLSM and tumor-nonspecific dyes in the
identification of cellular features of tumors and of healthy tissue. To identify and detect
tumors more precisely, intraoperative CLSM combined with molecular imaging labels
to target specific cancer biomarkers is suggested as the next step. This approach may
also allow doctors the intraoperative visualization of the expression of molecular targets

that influence the behavior of the tumor and its response to therapy in real time.

Molecular imaging probes that could be used with CLSM and have been already
investigated in brain imaging fall into three categories: nanoparticles, antibodies, and
peptides. Of these, "nanoparticles are organic or inorganic particles between 1 and
100 nm in size" (Ravichandran et al., 2016). They can be engineered to deliver a
variety of small molecules, such as contrast agents and chemotherapy. Due to their
small size, they are ideal for protein labeling through specific ligands on the particles
(Sarin et al., 2008). In oncological research, nanoparticles have demonstrated that they
provide intraoperative imaging of brain neoplasm and demarcate tumor boundaries
(Arndt-Jovin et al., 2009; Orringer et al., 2009). However, nanoparticle strategies are
still in their infancy and need further studies in clinical models to determine their safety

profile and long-term effects before an implementation in neurosurgery is feasible.

In contrast, the concept of antibodies is supported by many clinical studies (van
Dongen et al., 2007; Attarwala, 2010; Vacchelli et al., 2014). First and foremost, in the
study by Keller et al., the authors used a prototype of a fluorescence colonoscopy to
detect fluorescently labeled anti-CEA (carcinoembryonic antigen) antibodies in humans.

The labeled monoclonal antibodies were sprayed onto the mucosa, and they allowed
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macroscopic detection in 19 of 25 carcinomas (Keller et al., 2002). This approach showed
several advantages, such as high target specificity, slow extraction, and appropriate
pharmacokinetic properties for imaging applications (van Dongen et al., 2007). Most
importantly, the FDA has approved various labeled antibodies for diagnostic imaging

of different cancer types (van Dongen et al., 2007).

In the field of neuro-oncology, a specific antibody was successfully developed in mice
by Igbal and colleagues. The authors evaluated single-domain antibodies specific to
anti-insulin-like growth factor—binding protein 7 (IGFBPT7), that accumulates in the
basement membranes of glioblastoma vessels, but not in healthy vessels (Igbal et al.,
2010). Other promising fluorescence-labeled antibodies include those against epidermal
growth factor receptor (EGFR), tumor necrosis factor (TNF), vascular endothelial
growth factor-1 (VEGF-1), and insulin-like growth factor 1 receptor (IGF-1R), which
were developed by different research groups (Wu & Olafsen, 2008; Foersch et al., 2010;
Atreya et al., 2014; Dou et al., 2016). All these targets are overexpressed in tumor tissue
and play an important role in cell growth pathways responsible for cell proliferation,
migration, and/or neovascularization (Dou et al., 2016). Through the specific binding of
the fluorescence-labeled antibodies to these targets, tumor tissue could be discriminated
from healthy tissue using a regular confocal microscope or by spectrometry analyses (Wu
& Olafsen, 2008; Foersch et al., 2010; Atreya et al., 2014; Dou et al., 2016). However,
disadvantages of fluorescence-labeled antibodies were also identified, including a long
half-life, low permeability, and, most importantly, risks of immunogenicity and toxicity
(Burggraaf et al., 2015).

Alternatively, low-molecule-weight small peptides conjugated to fluorescent agents
with a high affinity for an oncogene could be used. Such a peptide was successfully
investigated by Burggraaf et al. in humans with colon cancer. The peptide was a small
fluorescently labeled 26-amino acid cyclic agent (GE-137) with a high affinity for the
c-Met gene, which is overexpressed in many cancer types, including malignant gliomas.
GE-137 demonstrated a number of advantages over antibodies, including favorable
pharmacokinetics and tissue distribution patterns, high permeability, flexibility in
chemical modification, and, most importantly, a high safety profile in humans (Burggraaf
et al., 2015).

Another promising example is integrin avB3, which is highly expressed in tumor cells and
tumor vessels but low in healthy cells. In vivo fluorescence imaging of integrin avfB3 has
been well studied in glioblastomas and medulloblastomas in various preclinical tumor
models (Chen et al., 2004; Hsu et al., 2006; Huang et al., 2012). However, investigation

in clinical studies in humans is required to prove its potential in a neurosurgical setting.

Overall, the combination of selective fluorescently labeled markers, targeted macroscopic
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image-guided surgery, and CLSM would represent a promising avenue for precise tumor
detection. Moreover, CLSM in vivo imaging, in real time, of tumor markers’ activity and
their location changes over time would further promote the understanding of biological

processes in tumors and may provide "on-the-spot" individualized therapy.

4.9 Conclusions

This study establishes CLSM as a feasible and reliable tool, not only in increasing
the initial diagnosis yield but also in aiding the resection of tumors, especially in
combination with ICG and AF. CLSM allowed clear differentiation between tumor and
healthy tissue on a cellular level, making surgical margins more accurate than ever
before. It was possible to scan a much larger area for tumor cells by using CLSM
than would otherwise be possible via a biopsy, which further facilitated an extensive
resection of the tumor. The utilization of CLSM in the operating room may improve
the surgeon’s intraoperative decisions more accurately and quickly, regarding the extent
of resection and the functional preserving of brain tissues. Real-time telepathology with
neuropathologists may further enhance neurosurgical decisions. Altogether, this could
reduce operating time and anesthesia and minimize the need for a second surgery.

To establish this tool for use in neurosurgery, a more detailed CLSM atlas of both CNS
tumors and healthy structures must be established in cooperation with experienced
neuropathologists, and it must be integrated as a training program for doctors to
gain the ability to interpret the in vivo CLSM images. The development of additional
fluorophores suitable for in vivo use in humans, such as tumor-specific molecular probes,
could further promote the use of CLSM in neurosurgery. In addition to advances in
contrast, CLSM technology requires improvements facilitating deeper tissue imaging
and detecting weak fluorescent signals. The aid of multiple laser lines and tunable
emission filters in one CLSM device could detect multiple fluorophores and further
increase the accuracy of fluorescence information. Finally, clinical trials with large
patient cohorts are crucial to fully establish the role of CLSM in the neurosurgical
operating room.

In conclusion, this study demonstrates CLSM, especially combined with ICG and AF, as
an efficient approach to both increasing the diagnostic yield and extending the resection
of tumors. In neurosurgical oncology, CLSM may reduce the risk of injury to eloquent
tissue and detect in vivo brain invasion by tumor cells. Additionally, CLSM can be used
intraoperatively to discriminate different CNS lesions, which may improve decisions
during the surgery. Nonetheless, it is crucial to mention that the CLSM approach is
still in its infancy, and several technical, training, logistic, and medico-legal issues need

to be resolved before its clinical integration into neurosurgery can be achieved.
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