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Abstract

Surgical treatment of low-grade gliomas (LGGs) aims for maximal removal of tumour tissue, while
minimising the risk of damaging functional areas. LGG is hard to distinguish from healthy brain tissue
during surgery and for safe resection a part of the tumour is be left behind. To improve the extent of
resection (EOR), a new approach of imaging is required to visualise LGGs intraoperatively. This paper
presents an overview of imaging techniques, which could be suitable for this purpose. Absolute
requirements were determined and used to select imaging techniques. Included imaging techniques
were graded based on relative requirements. In addition to literature study, exploratory experiments
were performed with promising techniques. Ultimately, a comparison of the considered techniques
was arranged to make a recommendation. Hyperspectral imaging (HSI) seemed most promising
followed by Raman Spectrocopy (RS). Optical Coherence Tomography (OCT), Optical Coherence
Elastography (OCE), Infrared Spectrocopy (IRs) and Nonlinear Microscopy also showed potential for
intraoperative visualisation of LGGs.

1 Introduction

Gliomas are tumours originating from glial cells in the brain. Four types of glial cells can be
distinguished: astrocytes, oligodendrocytes, microglia and ependymal cells. Those cells can
respectively lead to astrocytoma, oligodendroglioma, oligoastrocytoma and ependymoma,
respectively(1). The World Health Organisation (WHO) classification system categorises gliomas in
grade one till four (see table 1). Grade | and Il tumours are termed low grade gliomas (LGGs), while
grade Il and grade IV are termed high grade gliomas (HGGs) (see table 1). Since intraoperative
visualisation of LGG tissue is hard compared to HGG visualisation, the main focus of this paper will be
on LGG grade Il. These include astrocytomas, oligodendrogliomas and oligoastrocytomas (table 1).
Ependymomas are excluded because of their well determined location around the ventricles and
their low prevalence(2).

WHO classification Type

Grade I: Pilocytair astrocytoom
Pilomyxoid astrocytoom
Grade Il: Diffuse low grade astrocytoma

Diffuse low grade oligodendroglioma
Diffuse low grade oligoastrocytoma (mixed-glioma)
Ependymomas

Grade lll: Anaplastic astrocytoma
Anaplastic oligodendroglioma
Anaplastic oligoastrocytoma (mixed glioma)
Gliomatosis cerebri

Grade IV: Glioblastoma multiforme (GBM)

Table 1 WHO classification system gliomas

Patients diagnosed with WHO grade Il glioma have an expected survival rate of 5-10 years (3). After
diagnosis of LGG, either watchful waiting or treatment can be chosen. Watchful waiting is only
recommended in low-risk patients with minimal or no symptoms. Untreated LGGs will inevitably
propagate to HGGs (4). Currently, the best treatment for LGG is surgical resection. Radiotherapy and
chemotherapy are other possible treatments, but show no or little improvement of overall survival
(5, 6). Studies increasingly support surgical removal rather than watchful waiting to improve overall



survival, provided that the tumour is operable (7). Unfortunately, the infiltrative diffuse character of
LGGs makes complete removal impossible (8, 9), and almost all patients will suffer from a recurrent
tumour after resection (10),(11),(12),(13),(14).

Studies have shown that more extensive surgical resection improves overall patient survival and
provides a longer time window before the tumour propagates to a higher grade (14, 15).
Nevertheless, LGGs are removed carefully, because no functional brain tissue should be removed.
This way parts of the tumour are always left behind (16). As a consequence, surgical removal of LGGs
presents a challenge: removing as much tumour tissue as possible without damaging any functional
brain areas (16).

The current method of LGG surgery implies a preoperatively MRI scan to determine the location of
the tumour. During surgery, LGG resection can be improved using MRI-guided neuronavigation and
ultrasound (17). However, both methods have their limitations. Brain swelling and surgical removal
lead to intraoperative deformation of the brain, which is called brain shift. As a consequence, the
accuracy of neuronavigation decreases during surgery and is most unreliable in the final stages of
tumour removal (18). Intraoperative ultrasound also has important disadvantages. The OR-
microscope has to be put aside to place the ultrasound probe on the tissue. After imaging the
tumour, the surgeon has to remember the location and put the OR-microscope back before
continuing the operation.

For HGGs an additional tool is developed to overcome these limitations. 5-aminolevulinic acid (5-
ALA) can be used as a contrast agent to image the HGG intraoperatively (8). Healthy brain tissue is
able to degrade this contrast agent. HGG tissue on the other hand, is too much dedifferentiated and
not able to degrade 5-ALA. Hence, 5-ALA is absorbed in HGG cells, which causes fluorescence by
certain wavelengths of light. LGGs are less dedifferentiated than HGGs, and are able to degrade the
5-ALA. In this way, 5-ALA cannot make a contrast between healthy brain tissue and LGG (19). Since 5-
ALA is not able to visualise LGG, it is up to the surgeon to distinguish the tumour from functional
brain tissue using the OR microscope and his own eyes. Unfortunately, low grade gliomas are difficult
to discriminate from normal tissue macroscopically. There is no imaging technique available yet
capable of visualising an entire LGG intraoperatively, while a greater extent of resection (EOR) is very
important for overall patient survival (14, 15). This means a new imaging technique is required to
visualise LGGs, so a bigger part can be removed without damaging the functional areas of the brain.

The goal of this research paper is to find an imaging technique which can distinguish LGG tissue from
healthy brain tissue intraoperatively. In order to select suitable techniques, absolute and relative
requirements are determined to which the imaging techniques must comply. Furthermore LGG tissue
properties determined by several (diagnostic) techniques are listed. Based on the absolute
requirements and their ability to distinguish LGG from healthy brain tissue, a couple of imaging
techniques will be selected. These techniques will be further investigated and graded based on the
relative requirements. Ultimately the imaging techniques will be compared to each other, and
graded based on the relative requirements. This will result in a survey of imaging techniques which
seem promising for the intraoperative visualisation of LGG. Based on the given grades, a
recommendation could be made which technique is most suitable. Alongside the literature study, ex
vivo experiments will also be performed on both HGG and LGG samples. A couple of imaging
techniques that seem promising will be tested, to see if a distinction can be made.



2 Requirements

Techniques included in this research should be able to image the characteristics of a LGG, so it is
possible to distinguish LGG from healthy brain tissue. To further select suitable imaging techniques,
requirements are determined and divided in two subcategories. The first category is the absolute
requirements to which the techniques definitely should comply to. When a technique does not
comply with all of the absolute requirements it will be excluded from this research. The second
category consists of the relative requirements. These requirements will be used to grade the
techniques which comply with the absolute requirements. The requirements are relative, because
improvement may be possible. This means an imaging technique could still be useful, even if it does
not fully comply to the relative requirements at the moment. An overview of the requirements is
shown in table 2.

Absolute requirements Relative requirements
Real-time High sensitivity and specificity
In vivo Applicability in the OR

No brain contact Field of view

No tissue damage Level of development

No contrast agent Implementation into the OR

Table 2 Overview of the absolute and relative requirements for selecting suitable techniques

2.1 Absolute requirements

The first absolute requirement is real-time imaging, which is essential for intraoperative use. The
surgery should not be interrupted for imaging and the surgeon has to immediately see the difference
between the tumour and healthy brain tissue.

Secondly, in vivo scanning of the tissue should be possible. If no in vivo images can be made, trying to
implement the technique during surgery is pointless. Some techniques require pre-processing of
tissue samples. This way those techniques are only able to be applied on ex vivo tissue.

Furthermore, the technique should be able to make images without any brain contact. If the surgeon
would have to switch between the OR microscope and some kind of probe, the technique would not
be an improvement compared to the existing methods like intraoperative ultrasound.

Moreover, the technique should not cause any damage to the brain. Working with a technique,
which might cause brain damage, is out of the question.

The final absolute requirement is: no contrast agent is needed. This should be avoided because of
possible side effects and high costs.



2.2 Relative requirements

First of all, a high sensitivity and specificity is the most important relative requirement. A new
imaging technique should be able to distinguish the LGG from the healthy tissue in a reliable way.
Otherwise, it would come with too many risks. The specificity is most important, because absolutely
no healthy tissue should be marked as tumour tissue. Since sensitivity and specificity are dependent
of the application, it is not possible to determine this requirement when a technique is not applied
on brain tissue yet. This is why sensitivity and specificity is not an absolute requirement, but will be
determined on its potential.

The second relative requirement is applicability in the OR. This is important because a new imaging
technique for intraoperative use should be able to be applied into the OR. When for some techniques
this appears to be impossible, the limitations should be solved.

The field of view (FOV) is an important relative requirement. The FOV has to be at least 1 cm2, in
combination with a high resolution, because resection of the LGG takes place in order of multiple
centimetres. Lower FOV would limit the surgeon’s ability to see the full resection plane. The reason
why FOV is not an absolute requirement is because the FOV could be enlarged for some techniques
in order to make those suitable for LGG resection.

Level of development is also a relative requirement. For example, some techniques are already
implemented in the OR, while other techniques require a lot of adjustments before implementation
is possible. The techniques which are already implemented in the OR are more suitable for the
application at this moment.

Implementation into the OR microscope is the last relative requirement. Since LGG surgery always
requires the use of an OR-microscope, the new imaging device should be able to be integrated into
the microscope. This way the imaging device achieves optimal ease of use.



3 Properties of low grade glioma

LGG cells are relatively less dedifferentiated from normal glial cells. Hereby, LGG tissue shows many
similarities to healthy brain tissue and some glioma cells are even still functional. Moreover, LGGs
show no increase in angiogenesis or mitotic activity (20, 21). These factors complicate distinguishing
LGG from healthy brain tissue. Another factor which complicates detection of LGG is that it forms a
heterogeneous group of cells (9). LGGs contain different cell types with different properties so no
overall characteristic can be found to distinguish them. This wide range of properties logically result
in a wide range of appearances for glial originated tumours (22). Despite the described limitations,
the following techniques are currently able to distinguish LGG from healthy brain tissue based on
different characteristics.

Magnetic resonance imaging (MRI) is a highly sensitive test to diagnose LGG. LGG appears as a low-
intensity area on T1-weighted images, which suggest a low lipid concentration of LGG compared to
healthy brain tissue. In contrast to T1, an increase in signal intensity is seen in T2-weighted images
which represent a higher water density. The lesion usually presents as a homogeneous area without
necrosis(23). Other forms of MRI are also promising in detecting LGG based upon different tissue
properties. Diffusion-weighted MRI (DWI) is a form of MRI which reflects the mobility of water
molecules in tissue. The apparent diffusion coefficient (ADC) shows the value of the magnitude from
diffusion of water in tissue, and is mainly determined by the density of cells. Hyper cellular tumours
have a relatively low ADC and a high signal on the DWI. A study by Khayal et al, 2011 showed low
grade astrocytomas had higher ADC values on the DWI than low grade oligodendrogliomas(24).
According to Lee et al, 2008, “hot spots” with a low ADC can be shown in the brain using DWI, which
are presumed to be low grade astrocytoma(25). Perfusion weighted MRI can be used to measure the
relative cerebral blood volume (rCBV). A study by Cha et al. has shown the rCBV is variably abnormal
in astrocytomas. Moreover oligodendrogliomas show a higher rCBV than astrocytomas(26). Based on
rCVB, distinction between LGG tissue and healthy brain tissue might be made(27). Perfusion
weighted MRI has already been used to find spots of anaplastic glioma(28). Moreover, higher rCBVs
in LGG have been associated with a shorter time of tumour progression to a higher grade(29, 30).

Magnetic resonance spectroscopy imaging (MRSI) detected a difference in myoinositol level of LGG
tissue compared to healthy brain tissue. There has been proven that myoinositol is elevated in LGG
tissue and demyelinating lesions. Myoinositol is considered to be a marker of glial cells and is located
in astrocytes. Studies have shown that myoinositol is elevated in astrocytomas and its concentration
decreases when malignancy increases(31). The N-acetylaspartate (NAA)/ creatine ratio (NAA/CR) is
another marker detected by MRSI which is decreased in LGG.

Computed tomography (CT) images LGG as an area with the same or lower density than the
surrounding brain and no enhancement(23).

Ultrasound shear wave elastography showed LGGs have a mean elasticity of 23.7 + 4.9 kPa, while
normal brain tissue has a mean elasticity of 7.3 + 2.1 kPa, which implicates LGGs are significantly
stiffer than healthy brain tissue(32). Figure 1 shows the different elasticities from different kinds of
brain tumours compared to healthy brain tissue.

The described techniques were able to image LGG based on different characteristics, but were
excluded in this research (see following chapter). However, some characteristics can be used as a
base by selecting other techniques. The indicated properties have already shown being useful for
making contrast of LGG and this way could be considered as contrast mechanism for other
techniques.



40,0
350
30,0

25,0

Young's
Modulus  29.0
(kFa)
15,0

10,0
50

0.0

*¥%

33,1

23,7

E Tumor

W Normal brain

16,7
11,4
6,3
Meningiomas Low grade gliomas High grade gliomas Metastasis
n=16 n=14 n=18 n=15

Figure 1 Elasticity properties of brain tumours




4 Selection of imaging techniques

The first phase of this study was exploring which imaging techniques could theoretically be suitable
for detecting LGGs intraoperatively. All techniques that are only able to obtain data from electro-
neurophysiological processes in the brain, e.g. electroencephalography (EEG) and
magnetoencephalography (MEG), were excluded from further research immediately. These
techniques are only able to produce data of physiological processes, and not of anatomical
structures. Since little dedifferentiated glioma cells still show neurophysiological processes, these
cells will not be detected using such an imaging technique and so this would still limit the EOR.
Conventional techniques used in preoperative imaging like Computed Tomography (CT), Magnetic
Resonance Imaging (MRI), Single Proton Emission Computed Tomography (SPECT) and Positron
Emission Tomography (PET) were excluded as well, because it was known in advance they would not
comply to the absolute requirements. These techniques cannot operate in real-time, or require
ionizing radiation to produce images. Techniques which are very expensive or impractical to apply in
the OR, was another reason to reject these instantly.

As previously mentioned, the remaining techniques will be analysed based on absolute
requirements. The techniques which do not comply with the absolute requirements will be discussed
briefly and are further excluded from this research. Subsequently, the included techniques will be
discussed more extensively and evaluated based on the absolute and relative requirements. The
results of the selected techniques are given in an overview shown in table 3.

Instantly excluded imaging Excluded imaging techniques Included imaging

techniques based on absolute requirements techniques

Computer Tomography (CT) Photodynamic Diagnosis (PDD) Hyperspectral Imaging
(HSI)

Magnetic Resonance Imaging (MRI) (3D) Ultrasonography (US) Optical Coherence
Tomography (OCT)

Positron Emission Tomography (PET) Photoacoustic Imaging (PI) Optical Coherence
Elastography (OCE)

Single Photon Emission Computed Narrow Band Imaging (NBI) Infrared Spectroscopy

Tomography (SPECT) (IR)

Electroencephalogram (EEG) Confocal Microscopy (CM) Nonlinear Microscopy
(NM)

Magnetoencephalogram (MEG) Desorption Electrospray lonisation Raman Spectroscopy

Mass Spectroscopy (DESI-MS) (RS)

Table 3 overview of imaging techniques



4.1 Evaluation of rejected techniques

4.1.1 Photodynamic Diagnosis

This imaging device is based on fluorescence and can be used in fluorescence guided surgery in
malignant brain tumours. This fluorescence is based on the broken blood-brain barrier in malignant
tumours which results in accumulation of fluorescent dye. Since low-grade tumours still have their
blood-brain barriers intact, fluorescent dye will not accumulate. Thus, this technique cannot
distinguish LGG tissue from healthy brain tissue. Furthermore, this technique is based on
photodynamic therapy and may be harmful for normal neural and glial cells(33). Based on these
facts, this technique is not worth investigating more extensively.

4.1.2 3D Ultrasound

Ultrasound (US) can be used during LGG surgery to improve imaging of glioma boundaries.
Furthermore it can be used for imaging HGGs as well. It seems to be a promising technique, because
it is able to image the low grade glioma real-time, in vivo, without damaging the tissue or using a
contrast agent. However this technique does not improve the results compared to MRI guided
neuronavigation. In addition, US can only produce images when physical contact is made with
investigated tissue (34).

4.1.3 Photoacoustic Imaging

Photoacoustic imaging (Pl) does not comply to the requirements, because tissue contact is required
to image. Noncontact piézo-electric detection of photo acoustic signals might be able to overcome
this problem (35). Air-coupled ultrasound transducers allow noncontact imaging, when placed above
the tissue with an air gap of 7.5 mm. This technique detects malignant tissue by the presence of
enlarged blood concentrations due to increased vascularisation. Since angiogenesis has not been
taken place in LGGs, this cannot be used as a contrast mechanism in grade Il gliomas (36).

4.1.4 Narrow Band Imaging

Narrow band imaging (NBI) uses small bands of different wavelengths, usually green or blue, to
detect differences in tissue. It is possible to use NBI for real time, in vivo imaging. In a study by Singh
et al. 2013 the researchers used NBI to predict the histology of colorectal polyps in real-time during a
colonoscopy. They graded the polyps. These were subsequently removed by biopsy or surgically. The
NBI system was integrated with the endoscope(37). Sasagawa et al. used a scope with a built in NBI
system for Intra- and paraventricular brain tumour biopsies. The tumour tissue appeared to be a
cyan colour under the NBI laser, which made it distinguishable from normal tissue. The probe was
navigated into the brain, but the tumour tissue did not have to be touched to be recognised(38). In
none of the studies a contrast agent was used and no brain damage reported in any of the cases. It is
more difficult to prove if LGGs could be detected using NBI, because this has not been done before.
NBI is used to detect differences in vascularisation (39). However, this is however not relevant for
LGGs, as they do not have an increased vascularisation. Therefore this technique is not suitable for
the resection of gliomas.

4.1.5 Confocal Microscopy

Confocal microscopy (CM) is a microscopic technique which uses a pinhole to enhance contrast and
resolution, a small part of the tissue sample is illuminated at the same time, to avoid light
pollution(40). CM is used to make images in vivo. For example, in vivo examination of melanomas has
been made using CM laser scanning (41). In another study, researchers tried to visualise brain
tumours. This included real-time surgery of LGGs. A reduced confocal microscope scanner encased in
a rigid probe was used to scan tumours. However, the FOV was very small and a contrast agent was
used in this case. Differences between low grade astrocytomas, and oligodendrocytomas and normal
brain tissue could be visualised (42). Articles where confocal microscopy was used without any
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contrast agent were not found. This makes confocal microscopy a technique which does not meet
the requirements.

4.1.6 Desorption Electrospray lonization Mass Spectrometry

Different forms of mass spectroscopy are secondary ion mass spectrometry (SIMS), matrix-assisted
laser desorption ionization mass spectrometry (MALDI-MS) and desorption electrospray ionization
mass spectrometry (DESI-MS) (43). DESI-MS has already been used intraoperatively during breast
cancer surgery to distinguish tumour tissue from healthy breast tissue based on differences in lipids.
During this surgery real-time imaging of DESI-MS was possible (44). Mass-spectrometry imaging can
distinguish proteins, lipids and metabolites without using contrast agent. DESI-MS also allows direct
tissue analysis without sample preparation and can be used in vivo (45). In glioblastomas DESI-MS
has been proven promising to distinguish tumour tissue from brain tissue intraoperatively and to
grade the tumour. However, his method is based on image guided needle biopsies. This is the main
disadvantage of DESI-MS, namely the molecules always needs to leave the tissue for MS analysis (46).
This fact is in contrast with the requirements of no brain contact and no tissue damage, so no further
investigation is needed.
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4.2 Included imaging techniques

4.2.1 Hyperspectral Imaging

Spectral imaging can be used to collect spectral information from a sample. This information can be
used for different applications. Several spectral imaging techniques are available, which differ in
number of wavelength bands and precision. Hyperspectral imaging (HSI) can detect more wavelength
bands along a larger spectral range, which results in higher accuracy compared to conventional
spectral imaging. Table 4 shows the differences between the different spectral imaging devices (47).

Spectral imaging Fresse et al it Puschell’

Band no. Precision (AX/A) Band no. Resolution (nm)
Multizpectral Sto 10 0.1 Order of 10 ~ 20 to 100
Hyperspectral 100 to 200 0.01 ~ 30 to 300 = 10
Ultraspectral 1000 to 10,000 0.001 = 300 < 1

Table 4 Differences in specifications between multi-, hyper- and ultraspectral imaging

The spectrometer is built from three main components: a light source, a spectral separator and a
detector. Light is sent into the investigated tissue. After entering the tissue the light will be reflected,
absorbed or transmitted. The spectrometer uses the reflected light as the source of information. The
reflected light passes the spectral separator which divides the light into several spectral bonds.
Finally, the detector measures these spectral bonds and transfers them to a computer which
processes this data. This process is shown in figure 2 (48) Spatial data obtained with HSI can give
information about tissue morphology, physiology and composition. As a result of disease, tissue will
change which can be detected using HSI. Mainly there are four types of imagers: spatial scanning,
spectral scanning, spatio-spectral scanning and snapshot(49).

A spatial scanner, also called a point .
scanner, records the spectrum of a ; A
spatial point which results in 1D Light source i v |
spectral information. These spatial ' N
scans will be repeated several times so  Target
multiple points can form a 2D area, a

Detector .
so called whiskbroom imager. Data Spectrograph - 1.
acquisition may take a substantial y .

amount of time, due to the facts that I & . " .
each point needs to be scanned N \
™~ ik =

repeatedly. A faster alternative is a -

line-scanner, a pushbroom imager By  kigyre 2 Working mechanism Hsl

using this method it is possible to

capture an individual spectrum for each point on a line in the spectrum. The pushbroom imager
scans in the orthogonal direction of the datacube. The spatio-spectral imager has the same principle
as the pushbroom imager, only this one scans a diagonal slice from the datacube. This requires
motion between the detector and the sample for building the datacube. A snapshot imager obtains
all the information required to build a datacube in one scan. Out of these four imagers, the
pushbroom imager has the highest spectral resolution from a broad spectrum line. Its need for
motion however increases its data acquisition time (47).

HSI generates a 3D dataset obtained from 2D images based on spectral and spatial information.
Spectral information enables HSI to identify pathological structures and spatial information can
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identify the source of each spectrum. This dataset is known as a hypercube. The image shows the
hypercube(50). The hyperspectral camera can obtain 346 spectral bands between 400 and 1000 nm.
These bonds are acquired with intervals of 1.73 nm per second which results in an image of 400*600
pixels(51). The penetration depth of the light depends on the absorption inside the tissue, mostly
light between 600 and 1300 nm is absorbed. Variation in the refractive index of tissue components
results in scattering. In cells these variations are caused by organelles. These organelles are specific
for each type of tissue which is why obtained spectra can give information about tissue
properties(52).

An overview of available HSI systems and their applications is given in table 5 (48).

Hyperspectnad imaging sysems use din medical applications
Spectral Soval

Number range resolution
Name Man B turer of bamds (am) (nm) Madical applications
CRi Maestro Systems Caliper. Hopkinton, MA 100 A50-950 S Cancer deection
ImSpector Spectel Camen Spectml Inaging Lud, Oubs, Finland 238 10002500 629 Cancer detocson
HSC1700 Hyperspectrd Camera Hokkado Satellite Comp., Hokkaido, 72 100-800 5.6 Cancer deecoon

Japan

HyperMed CombiVa- R Systan HypaMal, Inc, Waltham, MA 20 SO0-600 5 Tissue oxygaation assessment
OnyVu HypaMad, Inc, Burlington, MA 15 SO0-660 106 Tessue o xygamtnn assessment
HyperMed, Visible MHSI Sysem  HyperMald, Tnc., Wate nown, MA L1 Tiswe oxygenation assessment
HySpe Norsk ElektroOpakk AS, 160 A00- 1000 A7S Tisswe Oxygenation assessment

Lorerskog, Norway

Table 5 Hyperspectral imaging systems

There are different ways to apply HSI, this will be summarized below.

Fourier transformation infrared imaging HSI (FTIR-HSI)

Fourier transform infrared imaging (FTIR) combines a Fourier transformation spectrometer and a
focal plane array. The focal plane array collects spectral and spatial information in different
directions(53). FTIR collects images as a function of interferometer optical path differences. The next
step is translating these spectral images to the frequency domain to form the final hyperspectral
cube. This way every spatial location of FTIR data in the imaging plane is recorded. Mid-wavelength
infrared spectroscopes in medical applications are all FTIR(54).

Serial acquisition systems can only collect a fraction of the full hypercube. Using FTIR it is possible to
collect the full hypercube with increased speed, and better image size, resolution and signal-to-noise
ratio(54).

During the study of Thiago et al. on thyroid tissue with FTIR spectroscopy they have been able to
interpret HSI data and protein conformational changes. The data was imported in MATLAB software,
which was able to interpret the data and show differences between samples. The data was
normalized, noise filtered, corrected for influences of water-vapour and scattering effects. This study
shows promising results in tissue research using FTIR spectroscopy and might contribute to the
design of our research experiment (55).

FTIR is commonly used for examining fixed tissue sections during pathological examination. These
examinations can be performed in two ways. Tissue properties can be obtained from transflected
light and transmitted light (see figure 3). Although the transflection mode results in more artefacts, it
is commonly used because of its cost-effectiveness. In Perez-Guaita et al. the influences of the
transflection mode were examined. So even though more artefacts occur using the transflection
mode, the results are comparable with the transmission mode after a standard pre-processing. This
overall conclusion is based on a lymphoma and should be reconsidered for each setting. Most
differences between the modes are derived from the electric field standing wave (56).
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Figure 3 principle of transmission and transflection

Video camera HSI

It is possible to combine the pushbroom imager with a video camera. This result in different
advantages such as: easier interpretation due to colour imaging, samples of different thickness can
maintain the same working space, easier positioning with small field of view and repeated scanning
can be prevented. With the video camera the region of interest can be selected so unwanted
scanning is prevented and acquisition time is decreased. This solves the disadvantages of pushbroom
imaging and a high spectral resolution is acquired at a small data acquisition time (47). This
combination improves the requirement of a good field of view.

Multimodal confocal hyperspectral imaging microscopy
Conventional micrqscopy uses a CCD-based spectrometer (57).

RO

Figure 4 multimodal confocal hyperspectral imaging microscope

Multimodal confocal hyperspectral imaging microscopy is a new proposed system using a
photomultiplier tube as detector for microscopy. The system is simple, robust and fast due to a
monochromatic light source designed for hyperspectral imaging. Figure 4 shows the design of the
new microscope with a spectral resolution of 5 nm. This technique obtains structural and chemical
properties and is useful without labelling, which is important in our application. According to Kim et
al. it has also potential for making in vivo images in humans (58). If this technique is really promising
for in vivo imaging, this might be integrated into the OR microscope (59).

Hyperspectral stimulated Raman spectroscopy (hsSRS)
Basically two types of coherent Raman spectroscopy are distinguished, coherent anti-stokes Raman
scattering (CARS) and stimulated Raman scattering (SRS). Where the latter is most reliable and has an
easy quantification. Recently hyperspectral SRS based on spectral scanning has been demonstrated.
Raman spectra at all individual pixels were reconstructed. This is achieved using different scanning
mechanisms and lasers, and by tuning the Raman shift. The study of Fu et al. has demonstrated the
use of hyperspectral Raman data for distinguishing different subcellular components. High wave
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numbers in C-H stretching regions were shown to be useful. This method can detect multiple
biochemical changes and can be integrated during microscopy. The label-free nature allows in vivo
guantification with high resolution (60). hsSRS has also been proven useful as a metabolic imaging
technique to quantify lipids. It showed previously unknown changes in lipid composition. This
technique could also be desirable for fingerprinting other metabolites (61).

When LGGs show changes in lipids which are detected with MRI, it might also be possible to detect
these during surgery using the microscope combining with an hsSRS system.

4.2.1.  Absolute requirements

No contrast agent: HSI distinguishes different tissue properties based on how they scatter light. No
contrast agent is needed for distinguishing healthy tissue properties from tumour tissue(54).

Real time imaging: HSI has the ability of near real-time imaging which is a requirement for the use
during surgery. It already has been used during surgery and has been proven to be useful for tumour
identification during surgery. (50)

No brain contact: No tissue contact is needed to obtain images, because light will be sent into the
tissue from a small distance. HSI has been used this way in a laparoscopic system during
cholecystectomy in a study by Zuzak et al (62).

In vivo imaging: It is possible to image tissue in vivo using HSI. This has already been done for
distinguishing breast tumour tissue from normal tissue during surgery by Panasyuk et al (54) (50).

No significant tissue damage: There has been no research to evaluate the noxiousness of HSI.
Although there have been several studies on HSI for medical applications, which gave promising
results. Based on this information it is assumed that HSI is harmless, otherwise no further
investigation to medical HSI would take place (50) (63) (54) (51, 64)

Based on this information, this technique complies with the requirements and therefore is worth
further investigation.
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4.2.1.  Relative requirements

High sensitivity and specificity: Measuring sensitivity and specificity on brain tumour tissue has not

yet been demonstrated with HSI. A hyperspectral camera was used to detect metastatic lung cancer

in vitro with a specificity of 97.7% and sensitivity of 92.6% in lung tissue. In lymph node slides they

were able to detect metastatic lung tumour with a specificity of 98.3% and sensitivity of 96.2%(65). In
research to cervical neoplasia they were able to detect neoplasia in vivo on humans with a specificity

of 70% and sensitivity of 97%(66). This way HSI has promising results of high sensitivity and
specificity. However, this should be reconsidered for each tissue and application. There is no
guarantee HSI will have a high sensitivity and specificity applied on brain tissue.

Applicability in the OR: Years ago hyperspectral imaging already was introduced in the OR. It has
been proven to be helpful for extending the surgeon's vision during surgery, so it is applicable in a
regular operating room (63).

Implementation into the OR microscope: A HSI system has already been integrated into a confocal
microscope, so it should also be integratable into the OR-microscope(59)

Field of view: In one HSI study, the spectral range is 600-1100 nm, with a mean bandwidth of 6.95
nm. These settings resulted in a 7.6 cm diameter field of view with an optimal spatial resolution of
0.24 mm. These values are right for brain tissue imaging(62).

Level of development: Medical HSI has been used for in vivo research in humans on cervical
neoplasia(66) and in Hattery et al. they were able to detect tumour angiogenesis and tumour

metabolism using HSI to detect Kaposi’s sarcoma(67). Furthermore in Chaudhari et al. they were able

to detect a human glioblastoma implemented into a mouse(68).

16



4.2.2 Optical Coherence Tomography

Optical Coherence Tomography (OCT) is often described as the optical equivalent of ultrasonography.
The analogy with US becomes clear when looking at the working principle of OCT, the magnitude and
echo-time delay of reflected and backscattered light is measured. This way it is possible to image the
microstructure of tissues. Similar to US, an B-scan is eventually created from multiple A-scans. 3D
data-sets can be created by putting A-scans in a raster pattern and is called 3D-OCT. OCT has several
properties similar to microscopy as well and can be seen as an “optical biopsy” (69).

The origin of OCT lies with TD-OCT (time domain OCT), this OCT method uses a Michelson
interferometer (70). The first application of OCT by Huang et al in 1991, was lateral scanning of
biological volume, resulting in 3D information (71).

Interferometry

Interferometry is the basic principle behind OCT and will be explained. The transmitted light in an
OCT system is split by a coupler into two beams: the reference beam and the sample beam. The
sample beam is focussed by an objective lens on the tissue that is being examined. The reference
beam is focussed on a reference mirror. This way, the reference beam propagates back to where it
came from. The sample beam gets reflected by the sample. Since biological samples are
inhomogeneous, light will be backscattered due to different refraction indices in the tissue. The
reflected reference beam and backscattered sample beam will be combined in the coupler. This way
an interference pattern will then be detected by a detector (72). Figure 5 shows a fiber based
interferometer set-up, which gives a good insight in the basic principle of OCT.

Performing interferometry on one point in the tissue sample creates a scan in the axial plane also
called an A-scan. An A-scan is a one-dimensional plot containing the amplitude of the backscattered
signal as a function of time. Cross-sectional images are obtained by collecting many A-scans in a line
and display the amplitude of the backscattered signal in greyscale pixels. This is called longitudinal
OCT or B-scanning (72). Figure 6 shows a B-scan and the accompanying A-scans. T-scanning is
another scanning method. In this case, transverse scanning is performed in one specific depth of the
tissue (73). This way the same transversal plane can be imaged as a B-scan, but in less time. En-face
scans or C-scans have an orientation as if the sample is watched through a microscope. C-scans can
be obtained with B-scans or T-scans (74).

|
Low-coherence light source Sample 66“

=

—mm 0/— Coupler | E

Detector Reference arm

Figure 5 A fiber based interferometer set-up. Light from a low-coherent light source is split by a coupler in a reference
beam and a sample beam. Both light beams travel through different arms. The light backscattered from the reference
mirror and the sample a arm are recombined in the coupler. This generates an interference pattern that is recorded by
the detector.
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4mm x 1.5 mm

Figure 6 B-scans (above) consists of parallel A-scans (beneath). Analyzing single A-scans, can provide depth information
about the signal intensity. In homogeneous tissue, the attenuation coefficient can be calculated out of these A-scans. The
B-scan presented in this figure is an HGG. The A-scans are obtained from diffusely invaded brain tissue (left), macroscopic
tumour (middle) and a necrotic zone (right).

Resolution

The lateral resolution can be adapted by changing the numerical aperture of the lens in the system.
The lateral resolution increases with a higher numerical aperture. However, it causes the penetration
depth of light to decrease (75). The depth resolution depends on the coherence length, the length in
which a wave maintains the same phase relations. The shorter the coherence length, the higher the
axial resolution (74). A high axial resolution can be achieved by a light source with a very broad
bandwidth (76). Theoretically, axial resolution of 2 um can be achieved by using a 800 nm light
source with a bandwidth 140 nm. In reality this resolution is less, because light will be absorbed and
scattered. Transverse resolutions of 5 um can be achieved (77). In brain tissue a spatial resolution
was obtained from approximately 10-15 um and a penetration depth of 2 mm (78). The coherence
length of the light source ought to be shorter than the difference of the travelled distance between
the reference beam and sample beam, only this way interference can occur. Information about
different tissue depths can be obtained by moving the reference mirror (72).

Fourier domain OCT (FD-OCT)

Besides TD-OCT, FD-OCT also exists. In contrast to TD-OCT, FD-OCT does not require a moving
reference mirror because light from all axial depths are detected at the same time. This way all
spectral components are captured simultaneously (79). By performing an inverse-Fourier
transformation the obtained data is translated to axial depth information (80). Because mechanical
movements do not limit this method, it has a higher imaging speed compared to TD-OCT. For this
reason, popularity for this method has increased over years. However, more data acquisition
complexity and a decreased signal from zero have not been taken into account here (81).

FD-OCT can also be classified in spectral domain OCT (SD-OCT) and swept source OCT (SS-OCT). SD-
OCT uses a broadband light source and a spectrometer with a line scan camera. One of the greater
advancements of SD-OCT is that it is able to let the source and sample beam travel through the same
fibre. This is also known as common path OCT(82, 83)Therefore SD-OCT is favourable in applications
where a flexible point of view is desired (72). SS-OCT uses a swept laser instead of a low coherence
laser and a line scan camera instead of a photo detector (84).The choice between using SD-OCT or
SS-OCT depends on which wavelength range is used. For 1 micrometre scale SD-OCT is most
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favourable where SS-OCT works best above 1.3 micrometre. Recently, swept-source/ FD-OCT (SS/FD-
OCT) has attracted great attention, due to its large imaging depth and speed (85, 86).

Full-field OCT

With full field OCT (FF-OCT) all pixels in a transversal section are lit simultaneously. The acquired
information is comparable to T-scans. The advantage of FF-OCT is it can use incoherent spatial optical
sources, this means the light source does not have to comply to high requirements and can be
chosen cheaply. The disadvantage of FF-OCT is the interference amplitude is gained using phase
stepping algorithms. This means it takes some time to add up all the wavelengths, resulting in non-
real-time images. Another disadvantage is the limited dynamic range of the analogue to digital
converter in CCD cameras, which makes FF-OCT less sensitive (74).

4.2.2. Absolute requirements

Real time: Initially real-time OCT was only possible in TD-OCT derived systems (74). There has been
development in real-time imaging with FD- OCT derived systems, like SS/FD-OCT and full-field OCT.
As mentioned before, SS/FD-OCT has attracted great attention in the past years due to its large
imaging depth and speed. Furthermore SS-OCT was able to create in vivo, real-time 3D images of
meibomian glands and FF-OCT could image rat brains in vivo, real-time (85, 87, 88). Typically a sweep
rate of 100 kHz is required for real-time 3D OCT imaging. A sweep rate of up to 250 kHz has been
demonstrated using a dispersing tuned fibre laser, which is developed for SS-OCT (89).

No brain-contact: OCT was already described as a possible application in neurosurgery in 1998 by
Boppart et al. For imaging intracortical melanomas(90), since it is a noncontact imaging tool. All OCT
types are able to imagine in a contactless and non-invasive way (75). Working distance in Finke et al.
was 220 to 290 mm (91) and in Just et al. they worked with a working distances of 224 till 280 mm
(92). This way there can be concluded that no brain contact is required in OCT. However the working
distance creates an speckle noise.

In vivo: Since its first demonstration by Huang et al. (71), human retina in vitro scans have been
made. In 1993 the first in vivo image of an human retina was made by lIzatt et a (93). Furthermore, as
mentioned, intraoperative real-time FD-OCT provided images in vivo from rat brains. Underlying
tumour boundaries were found using OCT during this experiment and provided the surgeon with an
extensive view of the surgical region (94). Moreover OCT was developed because there was a need
for a real-time, high resolution in situ imaging technique, without the need for taking samples of the
tissue (80). This way it can be concluded that OCT is an ideal tool for in vivo imaging.

No-contrast agent: There is existing research in the domain of the use of contrast agents in
combination with OCT. One example is the use of gold nano-particles to enhance the contrast of
photo-thermal OCT, which is a tool for molecular imaging (95). Another example is polypyrrole
nanoparticles, which are considered to enhance the contrast of OCT imaging for detecting tumour
cells (96). Nevertheless, since OCT measurements are based on the magnitude and echo-time delay
of backscattered tissue a chemical contrast agent is not required for OCT (72).

No tissue-damage: One of the main advantages in OCT compared to other imaging systems is it does
not require harmful radiation (97). The most used light sources operate in the near infrared (NIR)
light range. Super luminescent diodes (SLD), which operate around 800 nm are used more often(97).
Due to the use of NIR, there is a minor radiation exposure compared to other tomographic
techniques (72). Furthermore, all OCT types make images in a contactless and non-invasive way (75).
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4.2.2. Relative requirements

Sensitivity and Specificity: Bohringer et al. researched detecting residual tumour cells in the resection
areas. Both TD-OCT and SD-OCT could detect HGGs and allowed both 1-1.5 mm imaging depths. The
used samples were obtained from human brain biopsies and the distinction was based on differences
in attenuation coefficients between tumour tissue and healthy tissue. The attenuation coefficient
presented differences in microstructures (78). Another blinded clinical pilot study researched
microsurgical human GBM resections with OCT based on the attenuation coefficient. The samples
were histologically evaluated, 15 biopsies contained diffuse tumour infiltration and 12 were healthy
tissue. From these tumour samples 9 were scored as “abnormal microstructure” and from the
healthy tissue samples also 9 were scored as “normal microstructure”. This leads to a sensitivity of
60% and specificity of 75% (98). Furthermore in Assayag et al, WHO grade Il glioma samples were
compared to histological coupes. They concluded diffuse low-grade gliomas are mistaken for normal
brain tissue too often, because the tumorous cells are too dispersed through the normal brain tissue.
Hence, histological architectural changes are only detectable when the diffuse glial cell density is
greater than 20% (99). Using distinction based on architectural changes, en- face OCT scans
were able to image high-grade glioma, but this was not reliable for low-grade gliomas (99).

Field of View: C-scan based OCT like FF-OCT can achieve a native field of view of 1 mm? (100).
However it is possible to stitch multiple fields together for obtaining a high-resolution image with a
FOV of 1 cm?, the resolution is 10-15 pm (101). A FF-scan of 2.25 cm? is performed in 7 min (102).

Applicability in OR: The working distance of the research described above was 220 to 290 mm (91),
which is suitable for use in the OR. OCT has also been used in the OR for brain surgery (91).
Furthermore, OCT is usually integrated into a microscope, which makes it a mobile imaging device.
This way it is applicable in the OR (92). Furthermore, several studies have tested the feasibility of OCT
in an operating microscope, for retinal surgery. Binder et al concluded that intraoperative OCT can
improve the amount of information that can be obtained in retinal surgery. However, they also
described that the system was rather complex, so the aid of an assistant was needed (103). Ehler et
al did research into the possibility of dynamic imaging of surgical motions with a microscope-
mounted SDOCT. They concluded that motion capture with this technique was not satisfying. Motion
capture in 3D was not possible in real-time. Also in this research, aid of an assistant was required,
because of the lack of a tracking system (104). A feature which may increase the ease of use of OCT
during surgery is a head-up display. Ehlers et al. demonstrated a intraoperative OCT integrated with a
HUD system (105).

Implementation into the OR Microscope: The required working distance of OCT and the acquisition
rate of the A-scans allows the implementation of OCT in the operating microscopes (106). Major
advances have been made in the development of microscope integrated optical coherence
tomography (MIOCT). All of these intraoperative OCTs are developed for ophthalmic surgery. The
nomenclature changed from microscope-mounted (MMOCT) to MIOCT, because OCT became
increasingly integrated with the operating microscope (107). SD-OCT is the preferred OCT technique
used in MMOCT, due to its faster data acquisition time, larger field of view and higher resolution
(108).

Level of development: Kantelhardt et al. developed a prototype of a robotized OCT-integrated
operating microscope. Large surface areas could be automatically scanned, so OCT has already been
applied for tumour resection in humans (109). The article stated that in the future, operating
microscopes may be used in neurosurgery, to acquire data of brain tumours. Klein et al. designed a
swept source laser which reached 1,368,700 axial scans per second, which is 50x faster than
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commercial instruments. The high speed of the system made it possible to obtain 1900x1900 A-scans
in 3 seconds with a 70 degrees angle of view (110). Extremely fast tuneable broad bandwidth light
band sources enable OCT to achieve very high detailed images. For example Ti: Sapphire lasers are
excellent light sources for UHR OCT, since these have a very broad bandwidth (approximately
300nm)(77). OCT has been applied in human tumour resection in neurosurgery on grade Ill and IV
glioma and could differentiate between areas of tumour and healthy tissue (106). Unfortunately, it is
currently not suitable for imaging LGGs yet (99).
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4.2.3 Optical coherence elastography

Optical coherence elastography (OCE) is based on the mechanical deformation of tissue and its
resulting tissue displacement, which is imaged with OCT. With this displacement, a mechanical
property or parameter is calculated to create an elastogram which represents the stiffness of the
tissue (111). The first step in OCE is mechanically loading the tissue. Different loading methods can
be divided in three major categories based on the manner of deformation.

The first category is compression OCE, an external load is applied to the whole tissue region which is
imaged (see figure 7). The strain is calculated from the changes in displacement. Stress can be
determined from the applied loading force in relation to the cross-sectional area. Stiffness is the ratio
between the stress and strain (112). For this calculation, an assumption has to be made that the
applied stress over the area of interest is uniform and the tissue is isotropic homogenous. Figure 7
Schematic (left) and photograph of load transducer for in vivo optical coherence elastography of
human skin. This is not the case in brain tissue, so the stress is unknown throughout the sample. As a
consequence, this method only gives a qualitative measurement of the stiffness of the entire tissue
sample, also imaging artefacts will appear in the resulting elastogram. Despite this major limitation,
the spatial resolution is still equal or nearly equal to OCT structural imaging (113).
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Figure 7 Schematic (left) and photograph of load transducer for in vivo optical coherence elastography of human skin.

The second category is shear wave OCE which involves the characterization of elastic wave
propagation in the tissue. Displacement propagates as mechanical waves within the tissue. Under
ideal circumstances and a known tissue density, tissue stiffness can be directly quantified from the
phase velocity of the propagating wave (114). Both shear waves and surface waves can be used to
quantify stiffness. Shear waves propagate in the bulk of a material and surface waves on the surface
of a material (115).

The third category, resonant OCE, is based on the assessment of the natural frequency of the tissue.
The employment of the natural frequency as an indicator has a direct and an indirect form. The direct
form is based on the fact that the square of natural frequency appears to be linearly related to the
stiffness of the sample (116).Therefore difference in stiffness in a sample means difference in

natural frequency, which can be used as a direct mechanical contrast. An indirect mechanical
contrast can be measured by detection of displacement- or strain related parameters while applying
the loading frequency. Amplitude or strain increases when the external driving frequency matches
the natural frequency of the tissue. Difference in stiffness within a tissue causes different natural
frequencies, so spatial mapping of the vibrational spectrum can be used to make an elastogram
(117).
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When the tissue is loaded in one of the previously described ways, accurate and sensitive
measurement of tissue displacement is the next step. Most OCE techniques use speckle tracking or
phase-sensitive motion for this purpose (118). Backscatter in OCT images of dense tissue is detected
as speckles. Speckle tracking is a technique to track the speckle motion between successive OCT
frames. Changes in speckle pattern are detected when the tissue is mechanically loaded (111).
Phase-sensitive motion uses phase changes between successive scans to determine tissue
displacements in real-time. This provides a significant improvement in the elastogram quality due to
its higher sensitivity (119).

4.2.3.  Absolute requirements

Real-time: OCE measurements of the cornea can be conducted in real time due to Fourier domain

OCT (120-122). This is a wave-based, noncontact technique which does not seem suitable for brain
tissue (see requirement noncontact). On the other hand, compression OCE has more potential for

real time imaging of brain tumours and has a rapid scanning speed of five seconds (118).

In vivo imaging: In vivo imaging generally requires stimulation and imaging of the tissue to be on the
same site. In vivo imaging of soft tissue is possible, but in recent studies tissue contact was required.
A 3D-OCE system was applied to normal and hydrated skin. A ring actuator compressed the tissue to
provide mechanical stimulation (123). The needle OCE technique is another contact method which
holds great promise for intraoperative tumour imaging. OCE was integrated in a needle probe to
detect tumour margins in situ in excised human breast tissue. The flat needle tip compressed the
tissue. Based on its mechanical properties, the tumour could be distinguished from the adipose
tissue (124). One of the early efforts to a non-contact in vivo method was an air puff system which
deformed the cornea using an air stream. This technique provides images of the human corneal
dynamics (125).

No brain contact: Surface acoustic waves (SAWSs) have been generated in order to create noncontact
OCE methods. Noncontact methods include an air stream (125) and thermo-elastic expansion
induced by light absorption(122). SAW-OCE is only suited for homogeneous tissues like the cornea,
since heterogeneous tissues (soft tissue for example) cause a large degree of mechanical
heterogeneity. This heterogeneity causes a lower resolution, and therefore SAW-OCE is not suitable
for imaging soft tissue tumours. Compression OCE seems more suitable for heterogeneous tissues
like gliomas due to the higher spatial resolution, but this requires tissue contact (118).

No significant tissue damage: OCE is a non-destructive technique. Loading the tissue causes a sub-
micrometre deformation which is low enough for the tissue to maintain its structural and functional
properties(126). OCT images tissue displacement with non-ionized radiation, which does not damage
tissue either(74).

No contrast agent: OCE uses the different elastic properties of tissue as a contrast mechanism to
form images without the use of a contrast agent (111). With ultrasound shear wave elastography
(US-elastography), it was determined that LGG is stiffer than healthy brain tissue (32). OCE is based
on the same principle as US-elastography, which would imply the same contrast differences between
LGG and healthy brain tissue.
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4.2.3.  Relative requirements

Sensitivity and specificity: OCE has not yet been applied to brain tissue. Further studies are required
to establish the possibility of OCE to distinguish LGG from healthy brain tissue and its sensitivity and
specificity. OCE has great potential of reliable detection of tumour margin. The resolution of OCE
reaches microscopic level with a spatial resolution in the micrometre range. This provides the
possibility of highly detailed examination of the tissue and visualizes micro-scale heterogeneity
within tissue. OCE enables high signal-to-noise ratio (SNR) detection of nanometre tissue
deformation (126). OCE was able to detect malignant breast tumours, which is a soft tissue tumour
like gliomas(124). In an article by Kennedy et al. compression OCE is tested on tissue phantoms with
different properties and it was possible to contrast features with a elasticity’s modulus ratio of just
1.1:1. Furthermore this research predicts that a theoretical elasticity’s modulus ratio of 1.002:1 is
possible. Based on these results there can be concluded that OCE is a highly sensitive imaging device.
However to achieve this high sensitivity also a high OCT SNR is required, which is hard to achieve in
soft tissues and highly scattering tissues (113). The sensitivity and specificity of a OCE system are
fundamentally limited by the phase sensitivity of the OCE SNR of the system (127). Besides,
Ultrasound Shear Wave Elastography measured a significant difference between the stiffness of LGG
and healthy brain tissue. Since OCE provides contrast based on the same principle, OCE seems
promising for the application on LGG (32).

Field of view: OCE has the same or a larger field of view compared to OCT. the FOV is 0,01 cm to 1 cm
and the spatial resolution is 0.01 mm to 0.1 mm (126). Such a resolution provides detailed
information on a microscopic level, with the potential to image heterogeneity in LGGs and healthy
brain tissue. The penetration depth is only millimetres into tissue, but is not a limitation for the
distinction of malignant tissue(128).

Level of development: Over the past five years OCE has undergone a rapid technological
development. Multiple forms of OCE have been successfully applied on different types of tissues. It
has been used for noncontact measurement of the cornea and are a first step in the assessment of its
mechanical properties. Photo thermal and air-puff are two promising loading mechanisms for this
application (125, 129). In an ex vivo rabbit artery wall, OCE could detect atherosclerotic lesion and
fibrous caps (130). OCE technique is also used to image and measure the elasticity of skeletal muscle
(131) and cardiac muscle (132). OCE can differentiate between necrotic lesions from intact skeletal
muscle tissue and tendons in ex vivo mouse samples. In ex vivo mouse cardiac muscle, OCE can
distinguish normal and genetically altered myocardiocytes (132). Three-dimensional optical
coherence elastography was able to monitor hydration of the skin in vivo (123). SAW elastography
can detect a hard nodule in forearm skin in vivo (133). OCE has not been applied yet in gliomas,
although it has been used in other soft tissue tumours. In ex vivo mammary rat tissue spectroscopic
contrast was observed between adipose tissue and tumour (117, 134). On excised human breast
tissue, needle OCT visualised tumour margins (135). Before OCE can be implemented in an intra-
operative setting, it has a long way of development to go. Besides this fact, it has not been used on
gliomas yet, so it is uncertain if it can make a contrast at all.

Applicability in the OR: Based on the level of development, only an estimation of applicability in the
OR can be made. The current OCE techniques have not been applied yet in a preclinical or clinical
settings yet (126). Based on the level of development, it is difficult to estimate the applicability in the
OR. The current OCE techniques are not advanced enough yet to be applied in clinical settings.
Efforts for development have been made to make OCE applicable in the OR (120). In 2012 Shang
Wang et al. developed an OCE system for noncontact elasticity measurement of tumours in soft
tissue. They used an air-puff system to bring displacement into the tissue. They concluded that this
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method has potential to be applied in the OR, with further investigation(136). Since OCE is an
extension of OCT(137), one would expect OCE will face the same advantages and complications as
OCT applied in the OR. The extension of OCE compared to OCT would be an air-puff system or a
mechanical system (however, a mechanical system will cause brain contact) that brings a mechanical
load into the tissue. It is not known to what degree the process of bringing this load interrupts the
surgical procedures.

Implementation into the OR microscope: OCE is elastography combined with OCT. OCT can be
integrated with an intraoperative microscope for retinal surgery (107). However, OCE was only
integrated into a needle probe (124). In OCE a mechanical stimulus has to be applied to deform
tissue and in certain OCE methods this involves tissue contact, which complicates integration into a
microscope.
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4.2.4 Infrared spectroscopy

IR spectro-imaging is based on the unique vibrational transitions in covalent bonds as a result of
absorption of IR radiation (138). For near-infrared (NIR), the absorption of electromagnetic energy is
14000-4000 cm-1 and 4000-400 cm-1 for mid-infrared (139). The IR spectrum shows characteristic
peaks which reflect the contribution of proteins, lipids, carbohydrates and nucleic acids, plus a great
variety molecules that occurs in cells in low concentration (140). The obtained spectral patterns are
correlated with the specific properties of a cell (141). IR spectra of glioma cells contain an important
source of information about the origin of a cell and its characteristic behaviour in vitro as well as in
vivo (142). IR spectro-imaging has been used for analysis of normal and pathological brain tissue
samples for years (143, 144). The IR spectra for normal brain tissue and brain tumours overlap largely
in the biochemical region (1800 cm-1 to 900 cm-1). Although some significant differences can be
distinguished in de the region of 1050—-1000 cm1 (carbohydrates and collagen), 1300 cm1 to 1150
cml (Amide Ill and PO2- ) and 1760 cm1 to 1700 cm1 (lipids, DNA/RNA and Amide I) . The
wavenumbers separating low-grade astrocytoma from normal brain tissue are 1103 cm1, 1234 cm1
(nasP02-), 1470 cm1 (lipids), 1504 cm1 (Amide IlI) and 1628/1686 cm1 (Amide 1). These specific
wavenumbers allows the identification of molecular markers that can be utilized to distinguish LGG
from healthy brain tissue (145). Furthermore IR has been able to distinguish malignant and benign
tumours in breast, colon, lung and prostate tissues (146). IR-spectroscopy has three major modes to
image samples: transmission, transflection and attenuated total reflection (figure, below) (147). Each
mode offers convenience for some samples and challenges for others. In transflection mode the
sample is placed on an IR-reflecting surface and measurements are generated by a beam passing
through the sample and reflecting back from the substrate through the sample (146). Although
transflection mode results in more artefacts, it is commonly used because of its cost-effectiveness. In
Perez-Guaita et al. the influences of the transflection mode are examined. Even though more
artefacts occur, after a standard pre-processing the results are comparable with the transmission
mode. However, this is an overall conclusion based on a lymphoma and should be reconsidered in
each setting. Most differences between the modes are derived from the electric fields standing wave
(148). In ATR-FTIR mode the IR beam passes through an internal reflection element with a high
refractive index (see figure8). A disadvantage of this mode is that the sample must usually be in
direct contact with the internal reflection element (149). Moreover, it was able to distinguish brain
tumour from healthy brain tissue by the distribution of glucose and lactic acid in tumours (150).
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Figure 8 Using Fourier transform IR spectroscopy to analyse biological materials Matthew J Baker1,13, Jilio Trevisan

TIR-PDT Spectroscopy
A new IR-spectroscopy technique is TIR-PDT spectroscopy, which is developed to measure glucose
concentration in vivo. It is based on the following principle. After the absorption of IR light by a
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sample, the radiation less de-excitation of the vibrational-rotational states produces a temperature
increase of the irradiated spot. If the produced heat diffuses to a material in contact with the sample,
a temperature gradient in a thermal lens is generated in the coupled material (151).

4.2.4.  Absolute requirements

No brain contact: Samples of dopamine solution were measured in a “noncontact mode” using
scanning force microscopy with ATR-FTIR. This proves IR images can be made without making contact
(152).

In vivo imaging: Infrared spectroscopy is originally an in vitro technique. Also ATR-FTIR can only be
used on ex vivo samples, because water influences the spectra and a dry tissue sample is required
(153). However, IR spectroscopy in combination with a tuneable laser source and a small fibre-optic
attenuated total reflection (ATR) sensor is an promising in vivo method (154). AFR-FTIR imaging also
allows analysis of live cells in aqueous systems (155).

Real time imaging: A Fourier transform infrared spectrum of all cell constituents is recorded on the
intact cells within a few minutes (156). Fourier-transform IR also has the ability of wide-field scanning
of a sample in seconds, providing tens of thousands of spectra (146).ATR-FTIR images intact cells in a
few seconds and tissue sections in a few minutes (145).

No significant tissue damage: FT-IR can be used to analyse tissue damage caused by physical force in
a way that does not damage the tissue(143). Photo-acoustic FTIR was performed on an undisturbed
human cortical bone. This technique can detect absorbance spectra from unprepared samples at
controllable sampling depth. It is a non-destructive technique(157).

No contrast agent
FR-IR spectro-imaging does not require the addition of an external contrast agent(138).

4.2.4. Relative requirements

High sensitivity and specificity: There are some general factors that may complicate the
interpretation of infrared spectra. These are overtone and combination bands, Fermi resonance and
coupling. Overtone bands are multiples of the fundamental absorption frequency. The first overtone
appears in the spectrum at twice the wavenumber of the fundamental. When two fundamental
bands absorb energy simultaneously, a combination band appears. Overtones and combination
bands can have the same frequency as a fundamental band. This leads to two bands appearing close
together. These two bands are called a Fermi doublet and this effect is called Fermi resonance.
Coupling occurs when vibrations in the skeletons are not restricted to one or two bonds, but may
involve a large part of carbon backbone and oxygen or nitrogen. As a result the energy levels mix and
bands can no longer be assigned to one bond. Each wavenumber is more or less correlated with its
neighbours. An infrared spectrum shows about 1100 variables, but these variables are not
independent. They are composed out of peaks of different widths, which are representative for the
types of molecules present in the cells (142). With computational algorithms like principal
component analysis (PCA), linear discriminant analysis (LDA) and fuzzy cluster analysis, potentially
relevant spectral markers can be identified and classification can be facilitated(158). In a study of
brain tissue with secondary brain tumours, healthy brain tissue could be identified with a specificity
of 98,7% and a sensitivity of 98.8%. Secondary brain metastases were detected with a specificity of
94,5% (153). IR spectroscopic imaging was able to distinguish LGG samples from HGG samples. All of
the 22 high-grade tumour samples and 31 out of the 32 low-grade tumour samples were consistently
categorized as high-grade and low-grade tumour tissue. This results in an improved sensitivity of
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100% and a specificity of 96.6%. (159). Furthermore, in a study of classification of malignant gliomas,
spectra of grade Il astrocytoma and normal brain tissue could be distinguished in 5 samples. Bands of
lipids (1,085, 1,240, 1,467, 1,740, 2,851, 2,922 cm-1 ) and cholesterol (1,382 cm-1 ) in IR spectra of
astrocytoma grade Il are lower than IR spectra of normal brain tissue . The lipid to protein ratio is
0.26 for astrocytoma grade Il and 0.50 for normal brain tissue (160).

Applicability OR: FT-IR is considered to be a very promising technique when it comes to real time
intraoperative diagnosing of cancers, and to improve the visibility of the margins (161). This shows IR
spectroscopy is considered to be applicable in the OR in the future. Nevertheless, IR has never been
applied in the OR yet. The main limitation is it is not yet possible to combine noncontact
measurements with real-time imaging. Nowadays a probe is required for real-time imaging. This
leads also to interruption of the surgical procedure.

Implementation into the OR-microscope: A spectrometer can be combined with an optical
microscope. A microscope spectrophotometer is an additional component for a stand microscope,
while a micro spectrophotometer is a fully integrated instrument (162). This suggests that an
spectrometer can also be integrated into an OR-microscope.

Field of view: IR-spectra were obtained using 250 x 250 um sampling area to discriminate between
normal brain tissue and different types of brain tumours (145). In a study by Bergner et al. an FOV of
350 x 350 um was acquired (153). The penetration depth of TIR-PTD in skin is around 2—4 mm in skin,
depending on the wavelength of the excitation beam and the refractive index of the IRE (151). FTIR
has a sample aperture of 10-20 um which acquires a single cell and large organelle lateral spatial
resolution(147).

Level of development: FTIR spectroscopy can differentiate between primary glioblastoma and normal
tissue based on their molecular properties (150), FTIR could become an important diagnostic tool to
diagnose brain cancer ex vivo and in vivo, but no FTIR systems are available yet for use in the OR For
example in the OR, easy to use systems have yet to be developed (163). The technique with the
lowest level of development is IR-spectroscopy. FTIR could distinguish glioblastoma from healthy
brain tissue in human cells in vitro (149), but it has not been applied yet on brain tissue in vivo yet
(150).
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4.2.,5 Nonlinear microscopy

Nonlinear microscopy principles are based on auto fluorescence and uses the absorption of photons
in cells to show the contrast (164) (165). Photons will be delivered by a focused photon excitation
laser beam which is also a laser scanning microscope. In laser scanning microscopy the sample is
scanned point by point (166). This laser beam is the same in the different variants, so they can be
combined mutually to improve the images. At the point of focus from the laser the photons have a
well-defined wavelength and occur in high densities. Outside the point of focus the photon density
decreases rapidly (164) (165).
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Figure 9 working mechanism of nonlinear microscopy

Two subcategories of nonlinear optical microscopies are higher harmonic generation microscopy and
photon excited microscopy. Higher harmonic generation microscopy include coherent anti-stokes
Raman spectroscopy (CARS), second harmonic generation microscopy (SHG) and third harmonic
generation microscopy (THG). Photon excited microscopy include two-photon excited fluorescence
microscopy (TPF) and multi-photon excited fluorescence microscopy (MPEF).

These techniques are powerful tools for high-resolution, high-contrast and three-dimensional
imaging of living cells and tissue structures (167) (164). Due to its ability to image entire networks of
cells in living organisms and its increased depth penetration compared to confocal microscopy,
nonlinear microscopy has become an important tool in neurology. The most well-known type is TPF
and almost all of the other variants are based on TPF (168). Figure 9 shows a schematic diagram of
nonlinear microscopy (169).

Photon excitation can be achieved with two or multiple photons interacting at the same time with
the same cell. This interaction consists of photon absorption in the case of TPEF. Using multiple
photons and thus multiple excitation beams gives many advantages. Among others multiple
excitation beams give faster scanning time results. Furthermore a lower energy level is required to
interact which reduces photo bleaching. For instance using two photon excited microscopy, half of
the energy is required compared to single photon excited microscopy. Moreover multiple excitation
beams use longer wavelengths which results in deeper penetration depth, less photo damage, less
background and less diffraction. However, a higher order of nonlinearity is reached which produces
weaker signals (164). The difference between multiphoton excited microscopy and multi harmonic
generation is that in multi harmonic generation microscopy the photons will scatter due to the

29



process op harmonic up-conversion (170). In the case of multi harmonic generation microscopy two
photons in SHG or three photons in THG are used for interaction with one cell at the same time, SHG
and THG respectively. The contrast obtained with second and third order nonlinear light-matter
interactions are induced with a high numerical aperture at the focus point of its objective. The
scattered light is detected on a detector to form an image (166). SHG uses pulsed lasers within the
near infrared spectrum, which is less phototoxic because it scatters less. Although high laser
intensities are used, this wavelength range does not lead to photo bleaching, photo damage or
heating effects. This is because SHG only uses virtual energy transitions, without real electron
transitions. Avoiding the risks caused by these transitions and improving fast and sensitive detection
(165, 171) The disadvantages of SHG imaging are that the signal intensities are weaker than those of
TPEF and the scattering pattern is not optimal for good detection. Furthermore SHG has little
penetration depth in size of tenth to hundreds micrometres, depending of the density of organs. The
higher the tissue density, the lower the penetration depth can be achieved due to scattering in the
tissue (171) (172). THG provides 3D resolution and has better penetration depth (173). Second
harmonic generation microscopy (SHG) requires asymmetrical radiation sources and images based on
surface properties. The emission pattern is determined to be in two lobes in case of asymmetric
sources (170). Third-harmonic generation (THG) microscopy uses both symmetric or asymmetric
radiation sources which makes THG sensitive for interfaces and heterogeneities (164). In symmetric
sources the emission pattern is determined to be a cone, so in THG the emission pattern is in two
lobes as well as in a cone. This is the reason why THG signals may occur in volumes and surfaces
instead of just surfaces. The image shows the lobes and cone in THG and SHG (170). Overall SHG
microscopy is able to image the overall structure of tissue where THG microscopy is better in imaging
the boundaries between structures (174). THG cannot detect signals when focussing on
homogeneous tissue, because signals are produced due to interfaces and optical inhomogeneities
are sized comparably with the size of the beam focus (173). THG is based on differences in refractive
indices, which causes the scattering and forms the image. Mainly mitochondria, lipid bodies and
lysosomes produces high signals in THG, resulting in unique structural and anatomical information
(175). In Débarre et al. It has been proven that the contrast obtained with THG is mainly caused due
to lipid bodies. Those lipid bodies can be detected with high specificity and show the lipid body
metabolism in cell physiology and tissue physiology. Lipid bodies accomplish many different
functions in many different cells and tissues (173). Based on the lipid bodies it is possible to visualize
neurons in living brain tissue. Resulting in high-contrast, non-invasive, label-free imaging of living
neuron cells. This way it can distinguish neurons, white-matter or grey-matter and blood vessels
simultaneously (176).

A different type of nonlinear microscopy is CARS, which is based on the inelastic scattering of
multiple photons due to different tissue properties to obtain an image (177). CARS uses very strong
collinear lasers to illuminate a sample. The wavelength of the first laser is usually constant while the
wavelength of the second laser can be adapted to the same frequency of a spectral inelastic
scattering peak of interest to increase the signal. This results in a stronger signal than regular Raman
scattering (178). CARS can detect tissue properties based on different molecular properties and so
lipids in brain structures and tumours can be shown (179) (180). This may be a promising outcome
for this application but it should be investigated more and there should be a bigger field of view.

4.2.5, Absolute requirements

No brain contact: For all nonlinear microscopy techniques obtaining a signal is based on the use of
near infrared light sent into tissue. The reflected signals will be collected on a detector. This principle
does not require contact with the tissue. However, nowadays these techniques are not used on
humans without taking biopsies. In vivo tests were done on really small animals and when looking at
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the used designs the distance between sample and objective were very low, although no specific
distance were given (181-183).

In vivo imaging: In Witte et al. THG images from brain tissue were already obtained from mice during
in vivo investigation. They were able to show blood vessels with a depth resolution of 2-3 neuron
layers, which could be improved by using higher pulse intensities (184). In vivo imaging is also
possible using CARS. In a study by Evans et al. this was done in video rate on mice ears (180).

Real-time: In the same study by Witte et al. they were also able to monitor a neuronal resting
membrane potential real-time with THG(184). In Wu et al. they were able to image collagen in
lymphedematous skin real-time using SHG and TPEF (185). Those techniques and a semi-automatic
algorithm were combined to detect prostate tumours, and with improvement of the software, this
technique could be used for real time imaging (186). Overall, nonlinear microscopy devices are able
to image tissue in real-time.

No tissue damage: A high density of photons leads to photo bleaching, photo damage and heating
effects. Although high laser intensities are used, it does not lead to these damaging effects due to the
lasers wavelength. The used near-infrared light is a less phototoxic wavelength because it causes less
scattering. Since photon densities decrease rapidly in the out of focus area, photo bleaching does not
occur and so photon excited microscopy will be a suitable imaging device for using in vivo. This
principle also counts for SHG, THG and CARS (164).

No contrast agent: There are TPEF derived imaging techniques which require fluorescent probes to
image contrast. SHG, THG and CARS however does not requires contrast agent. Their contrast is
based on discontinuities in the focus point of the laser beam, which shows the structures of cells.
(181)

4.2.5. Relative requirements

Sensitivity and specificity:

During a breast cancer surgery, nonlinear microscopy was used intraoperatively and the images were
examined by three pathologists. In this research from Tao et al. they achieved a sensitivity of 95.4%
and specificity of 94.1% using SHG(187). In a study on skin leasions by Tsai et al. on skin lesions they
were able to reach a sensitivity of 94% and a specificity of 100% using SHG and THG(188). CARS can
have a limited sensitivity due to background noise(189). In a study where lung cancer was analysed
ex vivo using CARS however, a sensitivity of 91% and a specificity of 92% were reached(190). These
results will be different when imaging human brain tissue but they are promising.

Field of view: Since nonlinear microscopy is a microscopic imaging device it is only possible to image
structures at a micro and nanoscale, and at a micro or nanoscale resolution. This way it is able to
image a network of cells very precisely (175, 191). The required field of view is 1 cm?and so its field
of view should be adapted before it can be applied intraoperatively during brain surgery of LGG. The
FOV of CARS images are also still too small to use for LGG resection. In this article a FOV of 50 um is
proposed to be ideal for the right spatial resolution (192).

Level of development: SHG, THG and CARS are described as modern microscopic techniques (164). In
1998 THG was first introduced to make dynamic images of living systems. In Squier et al. they used
rhizoids from chara plants with cytoplasmic streaming (193). More recent studies researched the
applicability of SHG and THG to detect lipid bodies and several cell segments (175, 194, 195).
Nowadays it is possible to form good images from subcellular structures as shown in Gavgiotaki et al.
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during their research to lipid bodies in microglia cells (175). Research has been showing that TPEF,
CARS, SHG and THG are able to image neuronal structures real-time with high resolution, high-
contrast, non-invasive, in vivo and label-free. This was tested on rodent brains and in mice where
they were able to visualise neuronal structures and micro vessels. The combination of those variants
can improve the results (176). In contrast, TPEF, CARS, SHG and THG were able to image neuronal
structures in rodent and mice brains with high resolution in vivo, but are not used on tumour tissue
yet (176).

Applicability in the OR: Nowadays only experiments with plants and animals are done with THG so it
has not been applied in an OR yet (196). Since TPEF, THG and SHG are able to visualise
neurodevelopment label-free, in vivo and real-time it is likely that those can be applied in the OR and
have improved properties (176). Obtained images contain high contrast and high resolution of the
imaged structures in vivo. It is also possible to stain the signals obtained with THG so the contrast will
be in colour (176). Ex vivo images of the brain were made with CARS, which showed high contrast
between brain tissue and malignant tissue (197). No limitations have been found which suggests that
THG, SHG and CARS would not be applicable in the OR.

Implementation into the OR microscope: Since these techniques are a variant of microscopy it is
obvious that it can be integrated in a microscope.
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4.2.6 Raman Spectroscopy

Raman spectroscopy (RS) is based on the principles of nonlinear microscopy and uses inelastic
scattering caused by tissue when it is excited by an external source. A monochromator is used to
send monochromatic laser light into the tissue sample that one wants to analysed. This
monochromatic light interacts with the tissue, which causes scattering, absorption or reflection.
Scattering in this case means that

photons originated from a light source

are deviated from their path because of Virtual levels
impurities in a sample, which can occur
in different ways and directions. The
scattered light caused by the tissue is
used to analyse its molecular hvo hvo | o |
composition (198). Scattered photons
with the same wavelength as the light of
the monochromator (Rayleigh scattering,
or elastic scattering) will be filtered. The
small parts with a changed wavelength,
caused by excitations (Stokes and anti-
Stokes scattering) will be detected (199). Stokes Rayleigh Anti-stokes

The different types of scattering are Figure 2: Model of different types of tissue scattering

shown in the figure 9. The difference

between the wavelength of the lasers and the wavelength of the detected photons equals the energy
of the vibrational bonds in molecules that have been excited by the laser. Different molecules will
scatter the light in a different way, because each vibrational bond has its own characteristic energy
level of the bonds. The energy levels from all kinds of molecule bonds are well defined and so the
molecular composition of a sample can be determined. The C-H bonds are most important in RS.
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The components a RS system usually consists of are: a laser, a sample illumination system and light
collection optics, a wavelength selector (filter) and a detector.

The laser usually uses light with a wavelength of 532 or 785 nm. The light scattered by the tissue is
collected by a lens, which can filter Rayleigh scattering. A detector then collects the remaining light
followed by extensive processing of the data to obtain a useful RS spectrum. For processing the data,
researchers mostly uses Photodiode arrays (PDA) and charge-coupled devices (CCD) (178). Raman
scattering on its own is very weak and so there are different ways to enhance the signal (178).CARS
for example is introduced to enhance Raman signal as introduced under nonlinear microscopy (177).
Furthermore some different variations of Raman will be discussed below.

Stimulated Raman spectroscopy

Stimulated Raman spectroscopy uses strong laser pulses, instead of a continuous wave laser to
illuminate the sample. This results in increased Raman scattering and so a stronger signal is obtained.
Up to 50% of the laser energy is transformed into Raman scattering at a Stokes frequency, but only
the dominant photons with the Stokes frequency in the scattered light will be amplified. This way the
order of magnitude is enhanced 4 to 5 times (200).

Resonance Raman (RR)

Autofluorescence of a sample due to coloured molecules can contaminate the Raman spectrum, this
is a problem especially when UV light is used. Usually these spectra will be filtered and so cannot be
detected. Under certain condition however, these auto fluorescent molecules can produce Raman
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scattering. Using a laser light with an energy level close to the characteristic energy level from the
molecule bonds causes resonance. This principle increases Raman scattering in the order of 3to 5
times (201).

Surface-Enhanced (Resonance) Raman Spectroscopy (SERS and SERRS)

SERS and SERRS use the Raman spectra from molecules adsorbed on metal surfaces. This particular
form of Raman scattering can be 5 to 6 orders of magnitude stronger than the Raman signal from
molecules inside a material, therefore they are adsorbed. Why this works is still a discussion. A
disadvantage of SERS is the spectra are difficult to interpret, because of the high number of peaks.
Peaks that are usually too small to see can be visualised with SERS and SERRS(200, 202).

Molecular properties of gliomas differ from normal tissue and RS images those properties. This way it
is possible to use RS to map those differences, based on the different wavelengths emitted by
different molecules in the tissue.

e Lipids: unsaturated lipids between normal tissue and glioma tissue, (and the total amount of
lipids was used for grading)(203)

e Proteins(204)

e DNA (205)

e Water contents(206)

e cholesterol and cholesterol esters(204, 205, 207)

4.2.6. Absolute requirements

Real-time: Up till now RS has been used a little for real time imaging in the OR. Beleites et al. have
used a probe with a RS laser to obtain images of low and HGGs. However these images could not be
used yet during surgery because they had to be processed first in order to judge the spectra. It took
only seconds however to scan spots on the tissue(203). In other studies they used RS to examine
tissue samples taken during surgery using neuronavigation. If a larger area can be scanned at the
same time, scanning the tissue in real time will be possible.

No brain contact: RS uses a laser to excite the tissue, and the scattered light is collected by a lens,
sent through a filter and then analysed. Therefore, images of the brain could be made without
making contact. Ex vivo, in a lot of studies RS spectra were acquired without making contact with the
tissue, usually using a RS microscope. This proves noncontact images can be made(145, 204, 207). It
is possible to obtain data in vivo using RS, but so far optical fibre probes have been used. These
probes had to contact the brain tissue(207). A way to make images in vivo without touching the brain
has yet to be found, but theoretically it is possible

In vivo imaging: It is possible to acquire data in vivo this was done by Beleites et al. and Jermyn et al.
using a RS handheld probe. The RS data was obtained in vivo and later processed(203, 207).

No contrast agent: RS is based on the inelastic scattering of light without the need for a contrast
agent. In Jermyn et al. they imaged brain tissue in vivo without a contrast agent(207, 208).

No tissue damage: According to Shenoy et al, RS is a non-destructive way to analyse tissue(208). RS
was even used to analyse tissue damage caused by solar radiation and radiotherapy(209, 210). A lot
of research has been done using RS, and no tissue damage was ever reported.
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4.2.6. Relative requirements

High sensitivity and specificity: It is essential that obtained data is reliable, so the right tissue will be
labelled as tumour tissue. Most important is no healthy tissue is removed from the brain. In the
experiments performed by Jermyn et al. they used RS to find glioma grade II-1V margins beyond the
margins visible on the preoperative MRI. The sensitivity was 94% and specificity 86% detecting
cancer in all samples (207). These are promising results, but which glioma grades were analysed was
not further specified. In another study 135 Raman spectra of nine glioma and normal tissue samples
were compared with a sensitivity of 100% and a specificity of 70% (208). This shows the sensitivity of
RS is promising but the specificity should be increased, but in this article it was not specified what
type of gliomas was used for the experiments.

Applicability in the OR: RS has been used to obtain data during surgery without the need for bulky
equipment to produce the images. In the study by Krafft et al. for example tissue samples were
obtained during a glioma resection using a RS probe for further investigation(205). The equipment
needed for RS will not be a problem to fit in a regular theatre, but there might be some obstacles.
The fraction of Raman scattering in the scattered light is very small, which makes it difficult to detect
and make an image. Raman scattering is usually 10 order of magnitude smaller than
fluorescence(211). This means the lights have to be turned off in order to obtain a spectrum. After
data is acquired using a RS laser, it must be processed before the spectra can be analysed. In a study
by Barroso et al. RS was used to determine water content in tongue resections looking for squamous
cell carcinoma (SCC). After illuminating the samples with an RS laser, the data was analysed
calculating an average spectrum for each measurement point, in order to obtain the total Raman
spectrum. An image of the tissue was not made, just a spectrum(206).

Field of view: RS is a technique used to visualise molecular properties on a small scale (212). In
Lattermann et al. a resolution of 1 um per pixel was used to obtain the RS images with an FOV of 100
um2(213). Using only the laser, a very small part of the tissue is illuminated at the same time. This
results in a very small FOV, which makes it difficult to image a big part of the brain at the same time.
Line scanning is also possible, and depending on the size of the area scanned the FOV can be
enlarged (214). The possibilities of line scanning have to be further investigated.

Implementation into the OR microscope: Often a microscope with an integrated RS laser was used
to evaluate tissue samples. In Bergner et al. they used a confocal Raman micro spectrometer coupled
to a single mode diode laser (204). In Gajjar et al. they used a Raman Spectrometer with the same
type of laser and a white light camera which was built into the microscope (145). This proves RS laser
could be built into a microscope. There is not mentioned whether an RS image could be projected
into the microscope in any article.

Level of development: RS is an upcoming technique as an addition to histopathology. Recent
developments in RS have created the possibility for in vivo imaging (215). Classification models are
developed for identification of tissue using probes (216). In Brain tissue, RS already has been applied
for in vivo data acquisition of LGGs (203, 207). Real time analysis of the tumours was not possible yet,
because the Raman spectra require multivariate algorithms for analysis. Software to apply these
algorithms and process data in real time has not been developed yet. This applies to all types of
tumours now examined with RS (215). RS probes have been developed for colorectal cancers, but
this proves to be difficult (217). Only limited studies have been performed to evaluate the use of RS
to diagnose cancers in the gastric system. RS probes have also been used for in vivo imaging of
Oesophageal cancers. In Haung et al. they acquired RS spectra of the oesophagus in 0.5 seconds,
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however they have not mentioned whether or not the tumours were visible with a white light
endoscope (218). Furthermore RS probes have been used to keep an eye on axillary nodes in patients
with breast cancer. This was performed on ex vivo samples with a hand held probe (219).
Investigation to use RS for in vivo detection of breast cancer is still going on with promising results
(215). In bladder diseases RS has often been used in combination with 5-ALA, an application
irrelevant for this research paper, but this has been researched for in vivo applications (220).
Moreover ex vivo studies for determining cancerous tissue in the bladder wall have been performed
(221), but in vivo studies have not yet been carried out.
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5 Comparison of included imaging techniques

The relative requirements have been compared for all of the techniques and grades have been
assigned. Furthermore the requirements are graded in range of importance. Far most important is
sensitivity and specificity. The technique should be able to produces reliable results, with as little as
possible false positives and false negatives. Otherwise it would create too many risks. This is why
sensitivity and specificity weighs 50% in importance. Second important is applicability in the OR.
When it appears a technique is not able to be applied in the OR, it is not worth considering. In
contrast there should be noted that mostly techniques can be applied in the OR in some way, so the
techniques were ranged to what degree it already can be implemented in the OR. Next important
requirement is field of view. When a technique is only able to image on cell level, the surgeon will
not be able to resect the tumour at tissue level. However, it is possible in some cases to adapt the
field of view. That is why it weighs less compared to applicability in OR and sensitivity and specificity.
Fourth important is level of development. Level of development is important because higher
developed techniques could be easier implemented in the OR and more reliable considerations can
be made about its potential. However, this property is not necessary because it is variable and could
be improved in time. The last requirement is implementation into the microscope. This requirement
is less important because most techniques can be implemented into the OR in some way.

The grades for each requirement and the total grade are listed in table 6 below for each imaging
technique. The arguments on which the grades are based are explained below the table.

Relative Sensitivity Applicability  Field Level of Implementation Total
Requirements  and in the OR of development into the

specificity view microscope
Techniques
factor 0.5 0.2 0.13 0.12 0.05 1
oCT 4 7 8 7 10 5.78
OCE 5 6 8 5 5 5.59
RS 8 4 2 9 5 6.39
HSI 7 8 10 7 10 7.74
IRs 7 6 3 3 10 5.95
Nonlinear 6 7 1 6 10 5.75
microscopy

Table 6 grading of techniques based on relative requirements
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5.1 Sensitivity and specificity

Since not all of the researched techniques have been implemented on brain tissue yet, first a
distinction should be made between those techniques which have been implemented on brain tissue
and those which have not. Furthermore it is more important that a technique can distinguish LGG
tissue from healthy tissue, than from HGG. Since the results are obtained using different tissues and
settings, the absolute values of sensitivity and specificity cannot be compared to each other. RS, IR-
spectroscopy and OCT have already been tested on brain tissue and even on LGGs. RS was used for
detecting the margins of gliomas grade Il - IV. Margins of HGGs are more diffuse and show similarities
to grade Il gliomas. This research led to sensitivity of 94% and a specificity of 86%. Based on these
results there can be concluded that RS is promising in detecting LGGs with high accuracy (207). In
another study where glioma and normal tissue samples were compared with RS, sensitivity and
specificity of 100% and 70% respectively were found (208). RS can distinguish LGG tissue from
normal brain tissue with the highest sensitivity and specificity; hence it deserves the highest ranking.
IR spectroscopy could distinguish HGG specimens from low grade specimens with a sensitivity of
100% and a specificity of 96.6% (159). Furthermore, IR-spectra from 5 samples of grade Il
astrocytoma showed significant differences compared to normal brain tissue (160). Using distinction
based on architectural changes in en- face OCT scans was able to image high-grade glioma, but was
not reliable for low-grade gliomas (100). Distinction of diffuse HGG tissue and normal brain tissue
based on attenuation coefficient led to a sensitivity of 60% and specificity of 75% (106). OCE, HSI and
nonlinear microscopy are left to consider and have not been used on brain tissue samples yet. Since
HSI uses light between 400 and 1000 nm, it uses a comparable but also more extended range as IR-
spectroscopy. This way its sensitivity and specificity should also be comparable to IR-spectroscopy
and maybe even better since its range is more extended. This is the reason why HSI and IR
spectroscopy are considered to have an equal sensitivity and specificity (51). OCE provides contrast
based on the same principle as shear wave elastography and shear wave elastography has shown
stiffer tissue in LGG compared to healthy brain tissue. This way OCE seems promising in detecting
LGG tissue (32). Furthermore OCE enables high SNR detection of the nanometre tissue deformation
(126). High OCT SNR is required for a high sensitivity. However, this is hard to achieve in soft tissue
and highly scattering tissues (107). The sensitivity and specificity of a OCE system are fundamentally
limited by the phase sensitivity of the OCE signal-to-noise ratio (SNR) of the system (121). Although
this contradiction implies that OCE could be a reliable technique to detect LGG tissue, it has its
limitations. This way OCE is considered to have lower sensitivity than HSI and IR. Since OCE can
distinguish LGG and OCT cannot, it is considered to have a higher sensitivity and specificity than OCT.
Nonlinear microscopy has reached a high sensitivity and specificity in other experiments to breast
cancer, lung cancer and skin cancer during surgery (188, 190). Furthermore it is able to show
neuronal structures on a cell level (181). This is leads to the expectation that differences between
LGG cells and healthy brain cells can be imaged. Since no limitations are known, nonlinear is
considered to have a higher sensitivity and specificity than OCE.

5.2 Field of view

In order to be able to visualise an entire tumour during surgery, the field of view should at least be 1
cm2, with a high resolution. Otherwise the surgeon would not be able to resect on tissue scale.
Different FOVs can be achieved with different imaging techniques. In one HSI study a real time FOV
with a 7.6 cm diameter was reached, this would be perfect for glioma resection (61). Moreover HSI
can achieve a resolution between 3.75 and 10.6 nm in the range of spectra between 400-1000 nm,
depending on the used system. The FOV of OCE is the same or higher as OCT, from 0.01 cm2 up to 1
cm2. The spatial resolution is 0.01 mm up to 0.1 mm which is suitable for imaging LGGs . C-scan
based OCT can achieve an FOV of 1 mm2 with a resolution of 10-15 um. The images can be merged
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to acquire an FOV of 1 cm2, which is suitable for glioma resections. Both OCE and OCT have suitable
FOVs (102). In Lattermann et al. a RS resolution of 1 um per pixel was used to obtain the RS images
with a FOV of 100 um2 covered (213). However a bigger area could be scanned at the same time
using a Raman line scanner. This scanner contains a wide laser and does not require a laser focus
(214). Possibilities for this line scanner have to be further investigated. In IR the highest FOV reached
was 350X350 um, which is way too small to use during surgery (153). FTIR has a sample aperture of
10-20 um which acquires a single cell and large organelle lateral spatial resolution(146). Nonlinear
microscopy is used at nano and micro scale with a submicron resolution (191). The FOV of CARS for
example is about 50 umz2, this is even smaller than RS and IR spectroscopy. Because the laser has to
be focussed it is difficult to create a larger FOV (192).

5.3 Level of development

Level of development is also an important feature in ranking the techniques. Some techniques could
be implemented in clinical settings within a relatively short amount of time or have been used for
other clinical purposes already, while others are far away from clinical implementation. For
comparison, two key points are kept in mind. These points are: application on brain tumour tissue
and the possibility of in vivo imaging on humans. The technique with the lowest level of development
is IR-spectroscopy. FTIR could distinguish glioblastoma from healthy brain tissue in human cells in
vitro (150), but have not been used on tumours in humans yet. In contrast, TPEF, CARS, SHG and THG
were able to image neuronal structures in rodent and mice brains with high resolution in vivo, but
are not used on tumour tissue yet (176). OCE has a higher level of development compared to the
previous techniques, due to promising results in other tumours, for example in breast tissue. The
disadvantage is OCE has not been used yet on glioma tissue and the only in vivo research so far with
OCE has been the imaging of skin (123). However, OCE is expected to have great potential for
imaging LGG based on elastic properties. Still, it has be developed a lot further before
implementation in the clinic is possible. HSI was able to distinguish tumour tissue from healthy tissue
in other tissues both in vitro and in vivo (54). Moreover, HSI was able to detect an implanted human
glioblastoma in a mouse in vivo (68). OCT is in a higher state of development, since OCT has been
applied in human tumour resection in neurosurgery on grade Ill and IV glioma and could differentiate
between areas of tumour and healthy tissue (106). Unfortunately, it is currently not suitable for
imaging LGG (100). The technique with the highest level of development is RS. RS could detect
human LGGs in vivo, but real time grading was not possible due to limitations in data analysis.
Software multivariate analysis to process data real-time has yet to be developed (203, 207).

5.4 Applicability in the OR

To compare the different techniques for this application, the ease of use and the possibilities in the
OR are explored. Since HSI has already been introduced without limitations and has been proven an
helpful tool in the OR, it deserves the highest rating for applicability in the OR (47,60). HSI is followed
by OCT, since OCT has already been used intraoperatively and has been implemented in OR-
microscopes successfully. Furthermore, it is possible to view the OCT images in a heads-up
display(105). The current limitation of OCT is it acquires cross-sectional B-scans. It is hard to
determine the exact anatomical position where the scan comes from. Although this could be solved
by producing 3D-scans with OCT, this method is not fast enough and is not able to capture motion of
surgical instruments(103, 104). Nonlinear microscopy is able to image in vivo structures and
physiological processes. Furthermore, it can make images with a high-resolution and a high
sensitivity and specificity. Except its FOV, there are no limitations in ease of use during surgery. This
is why nonlinear microscopy and OCT are grades equally(173). Since OCE is a technique based on
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OCT, OCE has the same advantages and disadvantages as OCT when applied in the OR. An additional
disadvantage of OCE is that a mechanical load has to be applied to the brain tissue, which requires
more adjustments in the OR microscope. Although IR shows promising results in detecting tumour
margins using MATLAB software, it has never been applied in the OR yet. Its main limitation is it has
not been able yet to combine noncontact measurements with real-time imaging. Nowadays a probe
is required for real-time imaging. This leads to interruption of the surgical procedure so IR received
the same ranking as OCE. Since RS signals are very weak, they could be contaminated by the lights in
the OR. This makes RS the most difficult to integrate into the OR.

5.5 Implementation into the OR-microscope

All subcategories of nonlinear microscopy are microscopic devices already, so they can be
implemented into an OR-microscopy easily. Since these already are microscopes, they could be
integrated perfectly. Since OCT, HSI and IR have already been implemented into a microscope, these
techniques are also perfect (59, 107). RS has also been used as a microscopic technique. However,
because of its complicated data processing, it could be more difficult to project an image into the
microscope (145). OCE is an imaging device based on OCT. Although OCT can be implemented into a
microscope, this will be hard for OCE to realize since it needs to produce a mechanical stimulus to
load the tissue (124).
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6 Experiments

During this research we got the opportunity to run some tests with some of the techniques which did
comply to the absolute requirements. OCT, HSI, NIR spectrocopy and fluorescence spectroscopy
were available to run some experimental tests on glioma tissue samples. The samples were obtained
during brain surgery of an astrocytoma grade Il and an oligodendroma grade lll. After pathologic
examination the samples were formalin fixed. One sample from the LGG and one sample from the
HGG were used to run the tests on. The samples were prepared by pinning them on a silicone
containing Petri disk. The goal of the experiments is determining whether it is possible to see
differences in signals between HGG and LGG tissue. These results cannot confirm whether or not the
techniques can distinguish LGG from healthy brain tissue. They can only be used to indicate their
potentials.

6.1 Optical coherence tomography
Theory

OCT is able to discriminate between healthy brain areas, solid tumour and necrosis based on
differences in light attenuation and microstructures (106). Light attenuation curve can be calculated
from averaging multiple A-scans, which represent the signal intensity as a function of depth. This
provides information of the light attenuation characteristics on the tissue. In a homogeneous signal,
an attenuation coefficient can be calculated from the linear part of the attenuation curve.

Intraoperative OCT imaging showed a high attenuation coefficient in scarred cortex due to high signal
intensity with rapid loss in deeper tissues. Cortex invaded by tumour showed a significantly lower
attenuation coefficient. The lowest attenuation coefficient was found in high vascularised tumour
with a heterogeneous microstructure (98).

Formalin fixation significantly alters the tissue signal in OCT, disturbing the inherent tissue contrast
and depth information (see figure 10) (78).

TD-OCT

1

native

formalin fixed formalin fixed

Figure 10 altered tissue signal in OCT due to formalin fixation
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Hypothesis

HGG is more heterogeneous than LGG tissue. Since OCT analysis showed a lower attenuation
coefficient in heterogeneous tissue(98). We expect a less rapid loss of signal in HGG than in LGG
(106). Although the samples are fixed with formalin, differences in the attenuation curves can be
expected (78).

Method

Samples were analysed with a commercial SS-OCT from Santac, in the setting shown in figure 12

he lens of the system was set on a focus of 7cm. The laser worked with a central wavelength of 1300
nm, a bandwidth of 100 nm and a sweep rate of 50 kHz. A-scans were selected perpendicular to the
tissue surface in multiple slices. These were used to build up B-scans, which were acquired within
approximately 2 seconds over the total sample area. Ultimately 3D-scans were obtained containing
1024 x 1024 x 1000 pixels. The 3D-scan could be loaded with Fiji and this way A-scans could be
processed using Matlab. To extract the attenuation curves, 20 areas existing of 50 A-scans were
selected in both samples (see figure 11). This resulted in 2 attenuation curves based on 1000 A-scans
which were averaged and plotted in Matlab (Mathworks, inc.) for both samples.

47
'Figure 11 Data selection from B-scans Figure 12 Setting OCT
Results
In the B-scans of both samples as shown in figure 13 and figure 14, the tissue appeared to be

homogeneous. The signal attenuated with a slight slope parallel to the depth of where it came from.
Despite a small amount of blood vessels, no significant microstructures were visible.

Figure 13 B-scan HGG Figure 14 B-scan LGG
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The acquired attenuation curves are shown in the figure 15. The maximum peaks in both curves
represent reflection of light entering the sample and seem to be equal in both samples. The
reflectance due to entering the tissue is nearly equal in both samples. However, after entering the
sample HGG seems to reflect higher intensities during penetrating the tissue. Moreover in LGG tissue
penetration occurs further into the tissue with less reflected intensities.

w10 OCT A-scan profiles of high grade and low grade glioma
3 T T T T T T T T

high grade glioma
low grade glioma
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Figure 15 Attenuation curves

Discussion

Figure 15 shows the averaged attenuation curves of the HGG (green) and LGG (red). During this
experiment 20 areas were selected to analyse. These areas consist of 50 A-scans, representing a
relative small amount of total sample volume. Furthermore, only absolute differences between the
two samples are considered. Heterogeneous differences within the tissue itself were not taken into
account. This way it is hard to conclude whether the higher intensities in HGG is really characteristic
for this sample or could also occur within the LGG sample, when selecting other areas. In this
experiment 3D data of the sample was acquired in several minutes. To implement OCT during
surgery this data acquisition must be real-time and processing has to be achieved within
milliseconds. Moreover, a extensive database of the characteristic attenuation values should be
composed in order to distinguish LGG with high reliability.

Conclusion
Based on these graphs there can be concluded that HGG tissue shows higher intensities during

penetrating the tissue, when compared to LGG tissue. However when taking into account that little
sample areas are selected, it is hard to conclude whether this is really true.
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6.2 Hyperspectral imaging

Theory

HSl is based on reflectance intensities of samples. A light source with wavelengths between 400-1000
nm is used to illuminate the brain tissue samples. This light can be absorbed, scattered and reflected
by the tissue. HSI detects all spectra of the reflected light from each pixel, to produce a spectrum
which contains information about the properties of the sample (47). Since the spectra contain
information of visible and not visible light ranges, it acquires extended information compared to the
picture which is acquired with HSI. This way HSl is also able to detect properties of the tissue using
the near infrared spectrum.

Hypothesis

Since HGG has higher cell densities compared to LGG and is also less homogeneous tissue, these
characteristic properties could show differences in reflectance intensities. This way HGG should
create a more irregular reflectance spectrogram compared to LGG (222, 223).

Method

Formalin fixed HGG (green label) and LGG (red label) were analysed with FTS hyperspectral camera.
Each sample was measured twice to detect differences in data analysis during the same sample. The
settings are shown in figure 16.

Data was processed with Matlab 2014a using application FTS spectral camera. Samples were placed
on a white background, which is used as reference. This way it is possible to extract the background
data out of the sample data, so only signal emitted by the sample is left. During processing, first
obtained HSI image was cropped so less data had to be loaded into the program. Next the
background was selected to calculate the reference spectrum. Subsequently ten different regions of
each sample were selected, which were automatically corrected for the reference spectrum. These
regions were selected relatively on the same spots, when the same sample was loaded from the
second analysis. This way differences in one sample could be distinguished.

Figure 16 Setting of HSI experiment
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Results
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The spectra from one sample are comparable between different points. When considering one
measurement there should be noted, different spectra are acquired (see figure 18 and figure 20).
Although the spectra follow overall comparable courses, it is possible to detect differences in one
sample. When comparing the different spectra from both samples (see figure 18 and figure 20 and
figure 22 and figure 24), the same peaks seem to appear at the same wavelength. For example at 450
nm all the spectra drop from 1 till 0.65, but the HGG drops below 0.65. At 500 nm the LGG shows a
peak which is higher than shown in the HGG. At 650 nm troughs are shown which are greater in the
HGG. Between 900-1000 nm peaks and troughs are shown in both samples; however these are more
accurate in HGG tissue.

Discussion

It should be noted that HGG tissue shows less differences in the sample, when compared to LGG
tissue. This is in conflict with our hypothesis, since we expected more differences in the HGG tissue.
This could be caused due to formalin fixation, which results in loss of information (224). Furthermore
better conclusions could have been made when it was possible to average the spectra from one
sample. The application FTS spectral camera was a fully written script which could not be adapted.
This way it was not possible to export the data from the acquired spectra to Matlab or excel and so
the spectra could not be averaged. Before HSI can be applied in clinical setting, some adjustments
have to be made. For example, during the experiment only an image of the petri-dish with the
sample could be acquired. Although this was a real-time image, it took several minutes. Furthermore
the acquired hypercube had to be pre-processed before it could be loaded into the written program.
This process should be accelerated before it can be used intraoperative. Moreover, regions have to
be selected before spectra are acquired and the areas are averaged. When selecting the whole
sample, differences in the sample cannot be distinguished anymore. Thus when implementing this
technique intraoperative, the spectrum of each pixel should be calculated and in some way
translated into an image without the need for region selection.

Conclusion

HGG tissue shows overall the same courses between different points in the sample. In contrary LGG
tissue shows more differences between different points in the sample. When comparing some
characteristic peaks, the same peaks are shown in both LGG and HGG tissue. However there are
some structural differences between these peaks in high grade and LGG tissue.
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6.3 Near-infrared spectroscopy

Theory

In a study by Gajjar et al. FTIR spectroscopy is used to map differences between tumour tissue and
normal brain tissue in the 900 to 1800 cm-1 spectral range. The spectra overlap a great deal, but
some significant differences can be observed. For example comparable spectral ranges are 1050—
1000 cm-1 (carbohydrates and collagen), 1300 cm-1 to 1150 cm-1 (Amide Il and PO2- ) and 1760 cm-
1 to 1700 cm-1 (lipids, DNA/RNA and Amide ). The characteristic spectral ranges separating low-
grade astrocytoma from healthy brain tissue are shown in table 7. These specific spectral ranges
allows the identification of molecular markers that can be utilized to separate LGG from healthy
brain tissue (145). Extra attention will be paid to these peaks, but other peaks will be analysed as
well.

Wavenumber (in cm/-1) of different peaks in low grade astrocytoma Molecular marker for
vs. normal brain tissue this peak

1103 No molecular marker
1234 nasPO2-

1470 Lipids

1504 Amide Il

1628/1686 Amide |

Table 7 characteristic wavenumbers of astrocytomas
Hypothesis

Peaks as shown in table 7 are expected to be found in the glioma tissue used in this experiment as
well (145). In this way differences between an anaplastic oligodendroma grade Ill and a LGG will also
be expected to be visible in the spectrum. In wood et al. the influence of formalin was researched
using optical imaging devices. Although this research showed differences in tissue scattering, these
did not occur in IR-range. This way influence of formalin is not expected during this experiment.

Method

Data acquisition

A 1000-1800 nm NIR handheld probe is used to obtain the NIR spectra of the two glioma samples.
First, a reference spectrum is made using a reflective material. This serves as reference to show the
maximum amount of light which can be reflected and will be used to correct the data. The exposure
time is set at 1.3 ms for the reference spectrum. With this exposure time, the highest intensities
could be reached, but without saturating the pixels. Next, the measurements of the gliomas were
made. The probe is placed on three different spots at each sample. 10 measurements were done at
each spot. The three spots chosen on the samples were in both cases on the cortex (grey matter in
the edge of the sample), in the middle of the sample (below the cortex) and on the edge across from
the first spot. The spots are marked in figure 25. During experiments with NIR spectroscopy, the
exposure time is usually set at one value during the whole experiment. However, in this experiment,
different exposure times were used during the measurements in the cortex (15 ms) and in the white
matter (12 ms). No valuable data could be obtained otherwise. This is caused due to less reflection in

47




the cortex and more reflection in white matter.

Spot1
Spot 2

Spot3

Figure 21 Measuring spots NIR spectroscopy

Data processing

The 60 tissue measurements and the reference measurement were exported to Microsoft Excel
documents during the experiments. First, the ten measurements of each spot were mediated, in
order to reduce the standard error. Second, the measurements needed to be corrected by using the
reference data. At last, exposure time had to be corrected since this was adapted to each spot. In this
way, the spectra of each spot from both samples were acquired

Results

After data processing, one graph with six spectra (three of each sample) and the reference spectrum
was obtained.

w10 MIR spectroscapy of LGG and HGG
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Figure 22 the spectra of the six measuring spots and the reference spectrum, in the 1000-1800 nm area. Spot 1 LGG:
cortex . Spot 2 LGG: white matter in the middle. Spot 3 LGG: white matter on the far side of the sample. Spot 1 HGG:
cortex. Spot 2 HGG: white matter in the middle. Spot 3 HGG: white matter on the far side of the sample. Reference: the
reference spectrum.

Figure 27 shows some overall characteristic peaks at 1158 and 1394 nm. There are no characteristic
differences between the spectra of the two samples or with respect to the reference spectrum.
Moreover, the peaks as shown in table 7 are absent in all spectra acquired in this experiment.
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Discussion

Since the reference material reflects almost 100% of the light, the reflectance spectra of the samples
are expected to be different from the reference peaks. However there is no difference shown
between the reference data and experimental data. None of the expected peaks as shown in table 7
were visible in the spectra of the LGG sample. Furthermore, none of the characteristic diffuse
astrocytoma peaks were visible in the LGG, nor were any characteristic peaks in any of the other
spectra. It is assumed the differences in the spectral data are too small to be detected with the NIR
spectroscopy device we used in this experiment.

During this experiment we experienced a couple of disadvantages of NIR spectroscopy. The probe we
used needed to hold still for the acquirement of trustworthy data. The probe also needed to make
contact with the sample. This particular form of NIR spectroscopy will not comply with the
requirement “no-brain contact”. Moreover, only data from one point of the sample could be
acquired. NIR spectroscopy used in this way will not be suitable in the OR.

Conclusion
Since no characteristic peaks are detectable in every graphic, no difference can be made between the

different samples or different spots. Even the reference data showed the same characteristic peaks.
In this way no relevant data is acquired and no significant conclusions can be made.

49



6.4 Fluorescence spectrometry

Theory

Fluorescence spectrometry has not been mentioned before in this paper because it is not considered
to be applicable in the OR. Among others, it does not comply with the absolute requirements. Since
we had the opportunity to use this technique, it seemed useful to compare the outcomes of this
experiment with the results of the other experiments anyway. Fluorescence spectrometry uses the
interaction of photons with tissue to obtain its signal. A luminescent probe can produce light
between 200 and 800 nm with one half of the probe, the other half contains a detector which
measures the absorption and reflection of the photons. This results in absorption spectra which
contains information about chemical tissue properties (225).

Hypothesis

Malignancy of glioma is characterised by increased cellularity, vascularisation, endothelial
proliferation and necrotic regions (222). These differences should be detected in the absorption
spectra of the fluorescence spectrometer. During histopathology it was found that LGG is
characterised by honeycomb pattern in oligodendromas, neoplastic astrocytes with losing matrix in
astrocytomas and a mixture of these in oligoastrocytomas (223). Since the photon interactions are
influenced by cell organelles, these structural changes might also be observed using fluorescence
spectroscopy. This should lead to higher intensities detected in oligodendroma tissue due to its
heterogeneity, when compared to LGG tissue.

Method

The samples were analysed with a Perkin Elmer LS55 Fluorescence spectrometer. The sample is
placed in a black box to prevent interaction with other light sources, therefore also the room had to
be dark. The system sends light with every emission wavelength between 200 and 800 nm and
afterwards detects every excitation wavelength. This way it is able to determine the emission and
excitation at every wavelength with an acquisition time of approximately 75 minutes. The acquired
data is processed with matlab 201443, resulting in graphics which show the detected intensities at
every wavelength.

Results

HGG
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Figure 24 Excitation map of HGG Figure 23 Fluorescence excitation map
HGG
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Figure 25 Excitation map of LGG

These images show the intensities of the emitted light. The first aspect noted is the scale of the color
bar. The LGG has an intensity of maximum 250 where HGG shows 600. The highest intensity is both
in HGG and LGG between an emission wavelength of 400-500 nm, as best seen in figure 2 and figure
4. This maximum is much higher in HGG than LGG. Furthermore at the excitation wavelength
between approximately 400-500 nm, another high intensity is seen in both samples. This maximum is
also higher in HGG tissue. However in ratio the intensity is higher in LGG tissue, this is best seen in
figure 1 and figure 2. Overall both samples showed intensities between emission and excitation
wavelengths of 0-600 nm.

Discussion

In ratio the intensity at the excitation wavelength between approximately 400-500 nm is higher in
LGG. However the intensity bar of the LGG spectrum is lower and so could show more slightly
differences. This way, HGG shows possibly the same decay in intensity but this could not be shown as
well as by the LGG spectrum. For example an intensity of 100 is shown dark blue in the HGG
spectrum but light blue in LGG spectrum. There should be noted, this technique is not considered to
be applicable in the OR.

Conclusion

Characteristic for both samples are higher intensities around excitation and emission wavelengths
between 400-500 nm. However these intensities are around 2 to 3 times higher in HGGs. Concluding,
HGG tissue shows higher intensities compared to LGG tissue.
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7 Discussion and conclusion

In this paper, different imaging techniques have been described that might be suitable for
intraoperative detection of LGG. In order to select suitable techniques, absolute and relative
requirements were determined. The considered techniques had to comply with the absolute
requirements, otherwise they were excluded from further investigation. The remaining techniques
were graded on a scale from 1 to 10 for each relative requirement, and each requirement got its own
scale factor. The scale factors were given based on how important the relative requirements were.
This way the potential of each technique was quantified. Aside from literature study, we did some
experimental tests with OCT, HSI, fluorescence spectroscopy and NIR-spectroscopy. These were
performed to examine whether or not it is possible to see the differences between HGG and LGG
tissue ex vivo.

Of all imaging techniques in this paper, HSI received the highest mark with a 7.74. HSI received
relatively high scores on almost all of the requirements. The most important limitation is HSI has not
been applied on brain tissue yet, and the potential of distinguishing LGGs is based on assumptions.
However, this applies to more techniques and HSI seems most promising based on the current state-
of-the art.

RS received the second highest grade with a 6.39. This relatively high mark is due to a high level of
development and the highest score for sensitivity and specificity. Nevertheless, RS has two major
disadvantages: a small FOV and it seems more difficult to apply in the OR than most other
techniques. The latter might be a real problem when trying to implement RS for LGG grading and
resection. So the high grade which RS received may not entirely condign as a result of mediating.

The mean scores of the other techniques are relatively similar, with grades between 5.59 and 5.95.
Despite this similarity, it should be noted the techniques scored very differently on the specific
requirements. For example, nonlinear microscopy scored 1 on FOV, while OCT scored an 8. Such a
small FOV may raise the question if will ever be suitable for detection of LGGs intraoperatively. If that
would be the case, high scores for other requirements would not be relevant anymore, and OCT
would actually be far more suitable.

All techniques have different limitations, and different ways of solving those. Some problems might
be more difficult to solve than others, which could influence the grading. This is an aspect that has
not been taken into account in the comparison of techniques, since no estimation of the difficulty of
solving these problems can be made.

The experiments performed in this paper were exploratory. If a technique was able to make a
distinction between the HGG sample and the LGG sample, this could be used as an additional
recommendation for a technique. However, if no distinction could be made, this could not be used to
exclude the technique. There are different reasons why the experiments were not reliable enough to
make definite conclusions. The goal of this study is to find a technique able to distinguish LGGs from
healthy tissue, but only LGG and HGG samples were available. Therefore it was not possible to
determine whether the investigated technique can also distinguish LGG from healthy brain tissue.
Furthermore, only one sample of each tumour was tested, and to acquire more reliable results, more
samples should be tested. Moreover, the samples were acquired from large tumour resections.
Hence, the samples were not fully representative for an entire LGG or HGG. Finally, the data was
acquired in ex vivo settings, while application would be in vivo. Ex vivo circumstances are very
different from in vivo circumstances. For example, the formalin, which is used to fixate the tissue,
influences the tissue properties by changing protein structures. This may cause the results of ex vivo
experiments results to be different from results of in vivo experiments.
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In conclusion, of all imaging techniques considered in this paper, HSI, RS, OCT, OCE, nonlinear
microscopy and IR-spectroscopy seem suitable for intraoperative visualisation of LGGs. Each
technique presents its own obstacles, and ongoing developments may lead to the solution of these
problems. Based on the requirements, HSI seems most promising.
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