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Abstract
Total resection of glioblastoma, the highly malignant brain tumor, is difficult to
accomplish due to its diffuse growth and similarity to the surrounding brain tissue. A total
resection is proven to increase patient survival. The aim of this thesis was to evaluate
fiber-optical based fluorescence spectroscopy for quantitative demarcation of malignant
brain tumors during the surgery. Five-aminolevulinic acid (5-ALA) was used as a
fluorescence contrast agent that accumulated as protoporphyrin IX (PpIX) in the tumor.
The method was evaluated at the Department of Neurosurgery, Linköping University
Hospital. The patients (n = 22) received an oral dose of 5 mg/kg body weight 5-ALA two
hours prior to craniotomy. Measurements with a developed fluorescence spectroscopy
system were performed under the general procedure of surgery. The collected
fluorescence spectra were quantified by defining a fluorescence ratio and the main
challenges of measuring and quantifying spectra were investigated. The fluorescence ratio
was compared to visual diagnosis of the surgeon, histopathological examination and
ultrasound-based neuronavigation. The main challenges of using a fluorescence
spectroscopy system in the operating room were the disturbing ambient light,
photobleaching and blood interference which affect the signal quantification. The
superimposition of ambient light was removed by modulating the system.
Using principal component analysis (PCA) the photobleaching sequences could be
described by three spectral components of autofluorescence, PpIX fluorescence and blueshift. To investigate the photobleaching induced prior to the measurements, a dynamic
model was developed based on the PCA derived spectral components. Modulation and
increased power of the excitation light resulted in a faster photobleaching; however,
photobleaching was saturated at higher excitation powers. The system was adjusted to
induce minimal photobleaching. In addition, effect of blood absorption on the
fluorescence spectrum was investigated experimentally by placing blood drops on skin
and theoretically by using Beer-Lambert law. The theoretical model was used to
compensate for the distorted fluorescence ratio. According to the theoretical model of
blood interference, a total 300 µm blood layer blocked the brain fluorescence signal
totally and when the fluorescence signal was partially blocked, the fluorescence ratio was
overestimated. The fluorescence ratio was corrected for blood layers thinner than 50 µm.
The tissue in and around the tumor was categorized into necrosis, low and high grade
tumor and gliosis. The median fluorescence ratio confirmed with histopathological
examination (n = 45) had a lower fluorescence ratio for low grade malignancies (0.3) than
high grade malignancies (2.4) (p < 0.05). Gliosis (1.6) and necrosis (1.0) showed a
moderate fluorescence ratio. Ultrasound-based navigation in combination with
fluorescence spectroscopy showed improvement in the results; however, a more extensive
study is needed to confirm benefits of the method combination. In conclusion,
fluorescence spectroscopy of 5-ALA induced PpIX provided an objective method for
differentiating tumor from the healthy tissue intra-operatively. Fluorescence ratios were
indicative of tissue type and tumor malignancy degree.

Sammanfattning
Total resektion av glioblastoma, höggradig malign hjärntumör, är svår att utföra på
grund av dess diffusa tillväxt och likhet med den omgivande hjärnvävnaden. En total
resektion har visat sig öka patientens överlevnad. Syftet med denna avhandling är att
utvärdera en fiberoptisk fluorescensspektroskopimetod för kvantitativ avgränsning av
maligna hjärntumörer under operationen. Fem-aminolevulinsyra (5-ALA) användes som
fluorescenskontrast, vilket ackumuleras som protoporfyrin IX (PpIX) i tumören.
Metoden utvärderades vid Neurokirurgiska kliniken, Universitetssjukhuset i Linköping.
Patienterna (n = 22) erhöll en oral dos av 5 mg/kg kroppsvikt 5-ALA två timmar före
kraniotomi. Mätningar med det egenutvecklade fluorescensspektroskopisystemet utfördes
enligt det allmänna kirurgiska förfarandet. Insamlade fluorescensspektra kvantifierades
genom att definiera en fluorescenskvot och de viktigaste utmaningarna för att mäta och
kvantifiera spektra undersöktes. Fluorescenskvoten jämfördes med visuell diagnos av
kirurgen, histopatologisk undersökning och ultraljudsbaserad neuronavigation. De största
utmaningarna med att använda ett fluorescensspektroskopisystem i operationssalen var
störning av omgivande ljus, fotoblekning och blod som påverkar signalens kvantifiering.
Överlagringen av omgivande ljus avlägsnades genom modulering av systemet.
Genom
användning
av
principal
komponent
analys
(PCA)
kunde
fotoblekningssekvenser beskrivas genom tre spektrala komponenter; autofluorescens,
PpIX fluorescens och blå-skift. För att undersöka fotoblekningen inducerad före
mätningarna, gjordes en dynamisk modell baserad på de härledda spektrala
komponenterna. Modulation och ökad effekt av excitationsljuset resulterade i en snabbare
fotoblekning, men fotoblekningen var mättad vid högre excitationseffekt. Systemet
justerades för att framkalla minimal fotoblekning. Dessutom har effekten av
blodabsorption på fluorescerande spektrat undersökts experimentellt genom att placera
bloddroppar på huden och teoretiskt genom att använda Beer-Lamberts lag. Den
teoretiska modellen användes för att kompensera för den påverkade fluorescenskvoten.
Enligt teoretiska modellen av blodstörningar blockeras fluorescenssignaler uppmätta på
hjärnvävnad av ett 300 µm tjockt blodskikt och när fluorescenssignalen delvis
blockerades var fluorescenskvoten överskattad. Fluorescensenskvoten korrigerar för
blodlagrer tunnare än 50 µm.
Vävnaden i och runt tumören kategoriserades som nekros, låg och hög gradig tumör
och glios. Medianvärdet av fluorescenskvoten vilken bekräftades av histopatologisk
undersökning (n = 45) hade en lägre fluorescenskvot vid låggradiga maligniteter (0,3) än
höggradiga maligniteter (2,4) (p < 0,05). Glios (1,6) och nekrotiska zonen (1,0) visade en
måttlig fluorescenskvot. Ultraljudsnavigering i kombination med fluorescensspektroskopi
visade förbättring av resultaten, men en mer omfattande studie behövs för att bekräfta
diagnostiska fördelarna med metodkombinationen. Sammanfattningsvis tillhandahåller
fluorescensspektroskopi med 5-ALA-inducerad PpIX en objektiv metod för att
differentiera tumör från den friska vävnaden intraoperativt. Fluorescenskvoterna indikerar
vävnads typ och malignitetsgrad.

“Nothing in life is to be
feared, it is only to be
understood.”
- Marie Curie
(1867-1934)
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Chapter 1
Introduction
The highly malignant brain tumor, glioblastoma (GBM), is the most common
aggressive brain tumor in adults and is often removed by surgery. The infiltrative growth
and similarity of GBM to the surrounding brain tissue makes surgical resection a difficult
task [1]. An incomplete resection leads to a faster recurrence of the tumor and thus a poor
prognosis for the patient. Resection of a high percentage of tumor volume is reported to
be associated with approximately five months higher survival advantage than the one year
median survival length [2, 3]. Different intraoperative guidance methods including
intraoperative MRI, CT and neuronavigation may be used to assist the tumor visualization
[4].
At present, extensive studies are being conducted on the application of fluorescenceguided resection of brain tumors. Fluorescence is induced in the tumor by oral
administration of 5-aminolevulinic acid (5-ALA) in doses of 20 mg/kg body weight prior
to surgery. Fluorescence in the tumor is visualized through a modified surgical
microscope and diagnosis is based on visual inspection of the fluorescence as vague or
solid. In an extensive study Stummer et al. showed the usefulness of ALA guided
resection in achieving higher degrees of resection and survival advantage for patients [3,
5]. The method has recently been approved for clinical use in Europe [6] and is under
investigation for approval in several other countries including the USA, Australia and
several Asian countries.
In this thesis a fiber-optical based fluorescence spectroscopy system for quantitative
demarcation of highly malignant brain tumors was developed and evaluated.
Fluorescence spectroscopy has advantages over fluorescence microscopy in the detection
of weak signals and examination of the tumor extents in depth. The essence of
fluorescence spectroscopy makes objective detection of fluorescence and quantification
of the signals possible. In addition, a lower dose of ALA may be used together with a
fluorescence spectroscopy system. The work presented in this thesis was carried out in
collaboration with the Department of Neurosurgery at Linköping University Hospital and
Department of Physics at Lund University.
The main challenges of using the fluorescence spectroscopy system in the operating
room were the disturbing ambient light, photobleaching and blood interference that affect
the signal quantification. The effect of ambient light was removed by modulating the
system. Photobleaching induced by the system was measured and set to minimum. To
estimate the photobleaching caused by the surgical microscope prior to the measurements,
and to further investigate the parameters affecting the photobleaching, a model was
developed based on principal component analysis. Blood strongly affected the signature
of the fluorescence and thus the signal quantification. The effect of blood on the
fluorescence signals was investigated experimentally and theoretically. Based on the
theoretical model, the distortion induced by blood was corrected in the fluorescence
signals.
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The work presented in this thesis addresses intraoperative fluorescence spectroscopy
and the challenges toward a quantified approach of fluorescence-guided resection of
glioblastoma. The medical background concerning brain tumors, diagnosis and treatment
is discussed in Chapter 2. The related optical principles and fluorescence mechanisms of
tissue and photosensitizers are discussed in Chapters 3 and 4. Chapter 4 further reviews
the current status of studies that consider ALA-guided resection using microscopy and
spectroscopy methods. Chapters 6-9 describe the work performed on the system
development, signal analysis and clinical evaluation of the technique. Chapter 6 gives a
description of the technical aspects of the system including light source, signal collection
routine and evaluation of parameters affecting measurements. Application of ultrasoundbased neuronavigation as a complementary method for the fluorescence spectroscopy
system is included in this chapter. Chapter 7 describes methods of signal quantification,
filtering and calibration used for analysis of data included in Chapter 9. Experimental and
theoretical modeling of blood interference and the proposed correction method is
discussed as part of signal quantification in Chapter 7; however, the correction is applied
to one patient data set separately and not to the data in Chapter 9. Photobleaching is
discussed separately in Chapter 8 due to its importance and characteristic behavior;
however, it is a parameter that affects signal quantification and is considered in the
system setting. An overview of clinical measurements and clinical evaluation of
quantified fluorescence-guided resection based on statistical methods is included in
Chapter 9. The usefulness of combining the method with complementary methods is
briefly investigated in this chapter.
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Chapter 2
The Human Brain and Brain Tumors
2.1 The Brain
The nervous system conducts the electrical signals between different body parts and is
divided into central and peripheral areas. The part of the nervous system localized in the
brain and spinal cord functions as the control unit and is known as the central nervous
system (CNS). Peripheral nervous system (PNS) is the nervous tissue outside of the CNS.
The brain, sheltered by a skull (cranial bones), weighs approximately 1.5 kg in a human
adult and is protected by three meninges of dura mater, arachnoid and pia mater in
addition to the cerebrospical fluid (CSF). Dura mater is a thick skin-like layer below the
bone. Pia mater is very thin and attached to the brain cortex. Arachnoid has a web-like
structure and lies in between these two membranes [7].
The brain is divided into four major parts of cerebrum, cerebellum, brainstem and
diencephalon. The cerebrum composes the bigger part of the brain and is responsible for
intelligent abilities. The upper 2-4 mm of the cerebrum is a layer of gray matter called the
cerebral cortex. The deeper part of the cerebrum is composed of white matter. The
diencephalon lies inferior to the cerebrum and includes thalamus, hypothalamus,
epithalamus and subthalamus. The cerebellum is located in the inferior – posterior part of
the brain. The brain stem lies between the diencephalon and spinal cord [8].

cerebrum
ventricle

brain stem

cortex
white matter
diencephalon
(Thalamus)

cerebellum

Figure 1 Principal parts of the brain (Image extracted from Cerefy Clinical Brain
Atlas).
The gray matter of the brain composes the cerebral cortex and the deep brain structures
(basal ganglia and mid brain). Neuron cell bodies, dendrites, unmyelinated axons and
axon terminals form the gray matter. The blood supply to the gray matter is high due to its
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high metabolism. Cerebral white matter consists of both myelinated and unmyelinated
axons in form of tracts and is located below the cortex. The existence of myelinated axons
gives the white matter its whitish color [8, 9].
2.1.1 Cells of the Brain
The nervous system is mainly composed of neural and glial cells. The whole brain of
human adult is composed of approximately 170 billion cells in total 86 billion of which
are neural and 84 are glial cells. The ratio of glial to neural cells varies in different parts
of the brain but is close to one for the whole brain. The cerebral cortex contains 16 billion
neurons and 61 billion glial cells (glial/neural = 3.8) and the cerebellum contains 69
billion neurons and 16 billion glial cells (glial/neural = 0.2). The glial/neural cell
proportion is 1.5 in gray matter and 15.4 in the white matter [10].
The principal cell type responsible for the electrical function and signal transmission
in the CNS and peripheral nervous system is the neural cell, also called neuron. Neurons’
sizes and shapes vary depending on their function. Each neuron is composed of dendrites,
a cell body, axon and axon terminals. The cell body of the neuron includes nucleus,
cytoplasm and organelles. Neurons have the same organelles as the other cells; i.e.,
mitochondria, ribosome, golgi apparatus and cytoskeleton. However, the number of some
organelles depends on the activity of the cell and is higher in neurons. Axons of some
neurons are covered by a sheath of lipid and protein, called myelin. Myelin is formed by
glial cells and speeds propagation of electrical signals in the axon [7, 11].
Neurons in general are classified into sensory, motor and interneural (association)
types based on their function. Sensory neurons (available in PNS) transfer the information
from the sensory receptors in different parts of the body to the CNS. The motor neurons
(available in PNS) deliver the instructions from the CNS to the peripheral tissue. The
interneurons are responsible for coordination of motor function with the sensory
information and are mostly found in the CNS [7].
Additional to the neurons, glial cells, also called neuroglial cells, play an important
role in the function of the nervous system. Glia originates from the Greek word for glue
and was first thought to only mechanically support the neurons. Findings show the
involvement of glial cells in transmitting information and pathogenesis [11]. Glial cells
are of multiple kinds; in the central nervous system (CNS) they include oligodendrocytes,
astrocytes, microglial and ependymal cells [8].
Astrocytes are star shaped and have many processes. They help with the maintenance of
the chemical medium around the neurons, form and maintain the blood brain barrier
(BBB), guide neuron development and repair neural tissue. Oligodendrocytes are smaller
than astrocytes and have fewer processes. They help with the production of the myelin
sheet around the axons and clustering of axons together. Microglias are small cells with
few processes and protect the brain from the debris of dead cells, wastes and microbes.
Ependymal cells have a cubic form and are arranged in a line. They participate in forming
the cerebrospinal fluid in the ventricles [7, 8].
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2.1.2 Blood Brain Barrier
The cerebral endothelium (thin layer of cells in the interior surface of vessels), differs
from other tissue type vessels in having tight junctions between its cells which in turn
forms a barrier for specific substances to enter the brain. The blood brain barrier keeps the
homeostasis of the cerebral micro-environment and controls the exchange of substances
between blood, brain and the cerebrospinal fluid. BBB is permeable to lipid solubles (e.g.
oxygen and alcohol) and a few water soluble substances (e.g. glucose). Creatine, urea and
ions pass very slowly and proteins and antibiotic drugs do not pass the BBB [8, 12]. The
permeability of the BBB is altered by factors affecting the endothelial cell surface
properties, cytoskeleton and BBB junctions. Inflammation (edema) is a case in which the
BBB breaks down due to the secreted agents related to the immune system [12].

2.2 Brain Tumors
Cancer is defined as the growth of abnormal cells in the tissue or the uncontrolled
growth and spread of cells [13, 14]. A cluster of these abnormal cells is called a tumor.
The extent of tumor spreading (tumor staging) and degree of tumor malignancy (tumor
grading) are two parameters for evaluating the progress of the cancer [15]. The grading is
based on the cytology and histology of the tumors.

Gliomas

Primary Brain and CNS Tumors
other neuroepithelial
5%

gliomas
30%

other
15%

meningioma
35%

pituitary
13%

ependymomas
6%
oligodendrogliomas
6%

other gliomas
11%
glioblastomas
54%

other
astrocytomas
16%
anaplastic
astrocytoma
7%

lymphoma
2%

Figure 2 Primary brain and CNS tumor statistics based on the data from the Central
Brain Tumor Registry of the United States for 2004-2008 [16].
Central nervous system tumors composed 1.8 % of all the diagnosed cancers in the
European Union (27 States) in 2008 and 2 % of the cancers in the United States in 2010
[17, 18]. The incidence of CNS tumors for 2008 in the European Union and Sweden is
estimated to be 40,000 and 587 persons, respectively [18]. 1 The tumors in the CNS are
1

The latest available report on cancer statistics in the European Cancer Observatory is an estimate from the
partly reported data in 2008. The actual statistics are not yet (2012) available due to the delay between the
incidence and the annual report.
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divided into several categories depending on their region of growing or their origin
(Figure 2). The most common intracranial tumors are meningioma, metastases and
glioma. Statistics on the tumor incidence rate varies depending on the classification of
tumors by the reporting organization [16].
2.2.1 Meningioma and Metastases
Two common intracranial tumor types are meningiomas and metastases. Meningiomas
originate from the arachnoid cap cells and include about 35 % of primary intracranial
tumors, most of which tend to be slow growing, benign and non-infiltrative [16, 19, 20].
Approximately 8% of meningiomas show aggressive features [21]. Tumor cells can reach
the brain through the vessels from other sites of the body, usually breast, skin, lung,
kidney and gastrointestinal tract. These tumors called metastases include 10-30 % of the
diagnosed brain tumor cases [22].
2.2.2 Glioma
One other common intracranial tumor is glioma which originates from the glial cells
and includes about 30 % of all primary intracranial tumors [16]. Common types of glioma
are astrocytic tumors, oligodenrogliomas, ependymomas or a mixture of these. Astrocytic
tumors (astrocytomas and glioblastomas) are tumors that originate from astrocytes and
include tumors of four malignancy grades according to WHO classification.
Oligodendrogliomas mostly occur in younger adults and include about 2% of the
intracranial tumors [23, 24]. Ependymomas include 2-3% of intracranial tumors and are
among the common pediatric tumors [24].
Brain tumors are graded according to the WHO classification. Grade I is benign and
grade II is considered as low malignant. Low grade gliomas include 15% of all brain
tumors and are common in children and younger adults (~4th decade) [25]. They include
astrocytoma, oligodendroglioma and ependymomas [1]. The grade III and IV tumors are
considered to be highly malignant. The grade III includes anaplastic astrocytomas,
anaplastic oligodendrogliomas or a mixture type. The grade IV tumors include
glioblastomasand gliosarcomas [1, 26].

2.3 Glioblastoma
Glioblastoma is the most common aggressive brain tumor with an incidence rate of 3-4
per 100,000 population [1]. The median age of diagnosis is 64 years [21]. The growth of
this tumor is relatively fast and infiltrative. Most glioblastomas have an epicenter in the
white matter and are accompanied by central necrosis and surrounding edema called
gliosis. Border of this tumor appears as similar to the surrounding healthy brain tissue
without any clear cut [1]. MR images of a glioblastoma are shown in Figure 3. In the
contrast enhanced T1-weighted images (Figure 3-a, c) viable tumor and necrosis are
visible. Edema is best visible in a T2-weighted image (Figure 3-b).
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Necrosis

Tumor
Edema

a)

b)

Tumor

c)
Figure 3 MR image of a glioblastoma: a) T1-weighted with contrast in axial plane, b) T2weighted in axial plane and c) T1-weighted with contrast in sagittal plane. In a
and c, the central dark area is necrosis and in b the surrounding dark area is
edema.

2.3.1 Pathology
The histopathology of glioblastoma is variable within one tumor due to its multiform
nature. Glioblastoma is generally characterized by aggressive infiltration, abnormal
increase of micro-vascularization, necrosis and edema. Pathological diagnosis is based on
cellularity, cellular morphology (atypia and mitosis), necrosis and proliferation of vessels;
however, tissue pattern plays a greater role in diagnosis [1]. A primary glioblastoma cell’s
rapid growth induces hypoxia which is considered to be the cause of vascular
proliferation [27, 28].
The blood brain barrier is disrupted in the malignant glioblastoma [12, 29] while a
lower or no breakdown for BBB in the low grade gliomas is reported [29]. In another
7
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study, vascularity was correlated with glioma malignancy in 131 patients using catheter
angiography imaging [30]. Vascular abnormality was seen in angiographic images of
30% of grade II, 40% of grade III and 70% of grade IV gliomas. Capillary abnormalities
similar to the primary brain tumors were reported for brain metastases but the capillaries
reserved the morphological properties of the capillaries in the tissue of origin [31].
2.3.2 Diagnosis and Treatment
The diagnosis of brain tumors is based on the neurological symptoms and Computed
Tomography (CT) or Magnetic Resonance (MR) imaging with the Gadolinium-enhanced
MR being the gold standard method for imaging the brain tumors [32]. When MR and CT
imaging do not give the right diagnosis, alternative methods are used based on the
suspected outcome. Stereotactic biopsy samples are prescribed for small and inaccessible
tumors [32]. Positron Emission Tomography (PET) and Magnetic Resonance
Spectroscopic Imaging (MRSI) are other methods for diagnosis of glioblastoma. PET
provides an image based on the glucose metabolism of the active tumor and is specifically
useful when tumor size is below the detectable level by MR due to the undisrupted
vessels or when discrimination from edema is desired; e.g. postoperative residual tumor
evaluation [32]. MRSI monitors changes in several metabolites which discriminate
pathological from healthy tissue and is used to discriminate the malignant from the nonmalignant tissue [32]. The brain tumors are commonly removed by radical resection. The
surgery can be followed by radiation therapy and chemotherapy or a combination of the
radiation therapy and chemotherapy (adjuvant therapy).
2.3.3 Prognosis
The low survival rate and poor prognosis of the GBM is due to the recurrence of the
tumor as a result of incomplete resection. The infiltration of glioblastomas and their
morphological similarity to the functioning brain tissue hinders the total resection of the
tumor. The location of the tumor is another factor which can affect the total removal of
the tumor in favor of preserving the neurological function of the brain [33]. The recurrent
tumor is in the majority of cases (75% to 90%) found within several centimeters from the
original tumor border and in some other cases (5%) in the form of multiple lesions in a
distant location. The median length of survival from the time of diagnosis is in the range
of 12-18 months with surgery and additional therapy [2, 32, 34]. The 5-year survival rate
is stated to be less than 10% [32].
Lacroix et al. have studied the prognosis and survival length of 416 patients in relation
to the extent of tumor resection [2]. The extent of resection or gross total resection (GTR)
is obtained by comparing the tumor volumes between preoperative and postoperative MR
images. Post op MR images were taken shortly after the surgery (usually 24-48 hours)
[32]. Resection of 98% or more of the tumor volume is reported to have a significant
survival advantage (median of 13 months) compared to the resections less than 98%
(median of 8.8 months). Others have also reported the significant influence of a higher
resection amount on the survival length of the patients [35]. In a study on 243 patients,
Stummer et al. report on improvement in the overall survival from the time of surgery
from 11.8 to 16.7 months by achieving total resection [3].
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2.3.4 Guidance during Brain Tumor Resection
Traditional open brain surgery is performed using a white light surgical microscope,
electrosurgical units and a suction tool leaving the decision of tumor tissue identification
to the surgeon alone. Preoperative images are commonly used for localizing the tumor;
however, they are not perfectly valid as the tumor has a rapid growth. In addition, the
position of brain and brain tumor changes due to a phenomenon referred to as brain shift.
Brain shift is caused by a change in intracranial pressure and cerebrospinal fluid loss
when the skull is opened. The change of brain volume due to open brain tumor resection
is reported to be shrinkage to 60-95% of its original volume (1-9 mm displacement) [36].
The intraoperative tumor visualization modalities used today in clinics are: CT (mobile or
stationary), open MRI, neuronavigation (MRI or Ultrasound-based) and fluorescenceguided resection (FGR) [37]. Intraoperative CT and MRI usually require additional
resources and adjustments and thus put burden on the cost and time of the surgery [31].
Intraoperative mapping [38, 39] is used in some centers for identification of eloquent
areas in the brain where resection should be avoided; however, the method is not in
common practice. A short review of commonly used methods is given below:
Intraoperative MRI and CT: MRI is considered suitable in acquiring desired images
from brain without exposure to the radiation. However, the cost is a burden and the
strength of the magnetic field and thus the image quality of some older intraoperative
units might be less than the standard units [31]. Today mobile MR units are available with
magnetic field strengths of 0.12 to 1.5 and 3 Tesla [4]. CT has advantages over MRI in
that it is less bulky, costs less and can be acquired as a mobile station. CT has the
drawbacks of radiation exposure and limited soft tissue discrimination [31, 37].
Neuronavigation: Navigation may be used together with pre-op MR or PET images or
ultrasound images. Ultrasound-based navigation is a more convenient and interactive
device for the operating room as the ultrasound images are taken intraoperatively.
However, the resolution of the images is less than MR images. Preoperative MR images
may be optionally registered with the ultrasound images to compensate for the image
quality [37, 40, 41].
Fluorescence guided resection (FGR): Fluorescence guidance is a recent method for
visualizing glioblastoma [42, 43]. The tissue is marked with a fluorescent contrast and
imaged during the operation. Different fluorescence contrast agents have been used;
however, recently 5-aminolevulinic acid (5-ALA) has attracted a great attention from all
over the world. The observation tool in clinics has so far been the modified white light
microscopes for intraoperative visualization of fluorescence. The method is described
extensively in Chapter 3.
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Chapter 3
Optical Methods
Light is electromagnetic radiation which can act as wave and particle (photons) when
interacting with matter. Interaction with tissue affects characteristic parameters of the
incident light including intensity, phase, frequency, polarization and coherence. Shift in
these parameters can be used in different optical modalities to study the tissue of interest.
In this chapter optical topics relevant to fluorescence spectroscopy are reviewed.

3.1 Light Interaction with Tissue
Transmission of light in a medium is referred to as propagation. At the boundary
between two media light is usually reflected or refracted (Figure 4). Reflection (specular)
is the re-direction of light away from the boundary with the same angle relative to the
surface normal. Refraction is the transmitted light through the boundary that propagates
in the second medium. Reflection and refraction are functions of the two media’s
refractive indices. Refractive index, n, of a medium is the ratio of speed of light in the
vacuum to the speed of light in that medium as described by Snell’s law.

Diffuse reflection
Incidence light

Back scatter

Specular reflection
AIR

Absorbtion
Fluorescence

Scattering

TISSUE

Heat

Figure 4 Transmission and reflection of incident light.
At the tissue interface, the part of light that propagates into the tissue goes through
either of the absorption or scattering processes. The absorbed photons turn into another
form of energy (e.g. heat or fluorescence) and the non-absorbed ones are scattered. The
scattered photons propagate into the tissue until they are absorbed or exit the tissue by
being backscattered; therefore, the optical properties of tissue can be explained by three
main parameters: absorption coefficient, µa, scattering coefficient, µs, and the anisotropy
factor, g.
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3.1.1 Absorption
When photons propagate through matter their energy is transferred to the electrons of
atoms and molecules in the medium. This process is called absorption. The energy of
absorbed light is then transformed to heat or is re-emitted as fluorescence. The main
absorbers in tissue, so called chromophores, are globins (hemo, myo, neuro and cyto)
[44], lipid, water, melanin, and cytochromes [45, 46]. Figure 5 shows the main
chromophores of the brain. The region between wavelengths of 600-1000 nm where the
main chromophores of tissue have reduced absorption is referred to as the optical
therapeutic window. Light penetrates the tissue deeper at wavelengths in this window
[47].
Absorbance, A, describes the ratio of incident light intensity, I0, to the transmitted light
intensity through the tissue, I, (Eq. 1) and is a function of extinction coefficient, ε [L mol1
cm-1], optical path length, l [cm], and concentration, c [g L-1]. Absorption in a medium
with homogenous absorbers is defined by absorption coefficient, µa [cm-1]. 1/µa is the
average distance a photon travels before an absorption event occurs. The absorption
coefficient may be calculated from the extinction coefficient and concentration of the
chromophore (Eq. 2) [47, 48].

A  ε ( λ ) l c  log 10

μ a (λ)ε (λ )c

I0
I

(Eq. 1)
(Eq. 2)

Light intensity attenuation due to absorption in a medium is described by Beer-Lambert
law (Eq. 3). Light attenuates exponentially with µa and l [47]:

II 0 e

μ a (λ)l

(Eq. 3)

3.1.2 Scattering
Scattering is the re-direction of light by small particles and depends on the size of the
scattering particles. Mie scattering occurs when the particle dimension is in the same
order of the light’s wavelength and Rayleigh scattering occurs when the particle is much
smaller than the wavelength of light. Cell organelles such as nuclei, mitochondria and
collagen fibers have dimensions comparable to light wavelengths (Mie) whereas
membrane and ultrastructure are much smaller than the light wavelength (Rayleigh). Both
Rayleigh and Mie scatterings are elastic; i.e., the scattered photons have the same
frequency and wavelength as the original light. Scattering of a medium is characterized
by the scattering coefficient, µs [cm-1] and 1/µs is the average distance a photon travels
before a scattering event occurs. Unlike Rayleigh and Mie, Raman scattering is inelastic
where the scattered light has a frequency shift which is proportional to the vibrational
frequency of the scattering particles. The vibrational frequency is specific for each
molecule or substance [47, 49, 50].
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Figure 5 Absorption spectra of the main tissue chromophores: water [51], fat [52] and
melanin[53]; data were provided by Prahl.

3.1.3 Phase Function and Anisotropy Factor
When striking a particle light scatters in different directions. The scattering profile of
each particle is called phase function, p (ŝ, ŝ´). The scattering phase function is the
probability of light propagating in direction ŝ to scatter in direction ŝ´ with a scattering
angle of θ (Figure 6) also written as p (θ). Notations and explanations are different in
various literature on bio-optics; therefore, the equations are uniformly explained
according to one reference only [47]. Considering that scattering is symmetric relative to
direction ŝ, Eq. 4 can be written:
π

 p ( θ ) 2 π sin θ d θ  1

(Eq. 4)

0

In isotropic conditions p (θ) = 1/4π where 4π is the number of Steradians in a sphere. In
tissue, light is scattered both in the forward and random directions, so called
anisotropically scattered. To simplify the formulation of anisotropic scattering, the
average of the cosine of all scattering angles,  cos  , is used to describe the degree of
anisotropy in form of the anisotropy factor, g (Eq. 5). When g = 1, all the light is forward
scattered. The anisotropy factor is wavelength dependent and varies for different tissues
(g = 0.6-0.98) [50, 54, 55].
π



g  p ( θ ) 2 π cos θ sin θ d θ  cos θ
0
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ŝ´

θ

ŝ

Figure 6 A single scattering event and the corresponding geometry.

3.1.4 Reduced Scattering
Photons in the tissue are mostly anisotropically and forward scattered. If sufficient
amount of scattering occurs before the photon is absorbed, scattering in tissue may be
defined in terms of the reduced scattering coefficient, µ´s according to Eq. 6 [47].
Reduced scattering describes scattering of the photons in step sizes of 1/µ´s also called
reduced mean free path (mfp´). Each mfp´ considers isotropic scattering [56].

μ s'  μ s (1  g)

(Eq. 6)

Reduced scattering is useful in describing the scattering of photons in a scattering
dominant medium where µ´s/ µa of the medium is greater than ten [57].
Figure 7 illustrates the concept of reduced scattering. In this case 1/µ´s is the mfp´ of
ten steps of mfp for g = 0.9 [56].

mfp´=1/µs´
θ1
θ2

mfp=1/µs

Figure 7 Mean free path and reduced mean free path.
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3.1.5 Total Attenuation and Penetration Depth
For a turbid media, where both absorption and scattering are present, the total
attenuation coefficient, µt, is calculated according to Eq. 7. Albedo is a commonly used
concept that defines the amount of scattering to the total attenuation (Eq 8).

μ t μs μa
albedo 

(Eq. 7)

μs

(Eq. 8)

μt

Penetration depth of light, D, may be calculated from Eq. 9 when the media is forward
scattering (tissue) [48, 50]:

D

1
(Eq. 9)

μt

3.1.6 Optical Properties of Brain Tissue and Blood
Different optical properties (n, μa, μs and g) are reported for the different brain tissue
types, namely gray and white matter and different malignancy types and grades (Table 1).
The optical properties reported by Yaroslavsky [58] were investigated on the nondiseased human brain 48 hours post mortem and on the tumor samples extracted during
surgery. Optical properties of blood (n, μs, μa and g) illustrated in Figure 8 are provided in
the literature derived experimentally and theoretically [59, 60].
Table 1. Optical parameters of human brain and human brain malignancies [cm-1].
Tissue type

λ= 405 nm
μa μs

White matter [58]

-

3

Gray matter [58]

-

2.5 150 0.86

1.36a 0.4 106 0.88 1.36a 0.18 100 0.9

Glioma grade II [58, 61]

20 20

0.86

-

2

Glioma grade III [61]

-

14 75

0.86

-

6.5 60

Meningioma [58]

-

4

100 0.91

-

0.8 200 0.94 -

400 0.75

n

μa

1.36a 1

Roggan [62]

15

μs

λ= 635 nm

n

a

g

λ= 510 nm
g

n

μa

μs

g

426 0.81 1.36a 0.65 400 0.84

180 0.94 0.89 -

0.9

110 0.96

4

45

0.3

180 0.95

0.89
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Figure 8 Optical properties of oxygenated and deoxygenated blood. a) Real part of the
refractive index of deoxy and oxyhemoglobin, b) anisotropy factor (g) of the
red blood cells, c) scattering coefficient (µs) of whole blood and d) absorption
coefficient (µa) of hemoglobin. a-c is derived from [59] and d is from [60].
(Figs a-c): Copyright (2004) by the American Physical Society. Reprinted with
permission for minor adaptions from [59]

3.2 Fluorescence
Electrons of specific molecules reach a higher energy level (S1 or S2) as a result of
exposure to excitation light. Excited electrons usually relax to the lowest vibrational level
of S1 (internal conversion) first, and then return to their ground state (S0) and release
energy as fluorescence. A typical Jabloński diagram in Figure 9 shows the principle of
fluorescence emission. A fluorophore is a molecule which in exposure to an excitation
light re-emits light of a longer wavelength since part of the excitation light energy is
absorbed by the molecule. The time that the fluorophore stays in the excited state before it
returns to the ground state is referred to as the fluorescence lifetime. Each fluorophore has
a specific absorption and emission band. The excitation can occur at several different
wavelengths where a fluorophore absorbs light; the emission response to any excitation is
constant. The number of photons emitted in proportion to the number of photons
absorbed, referred to as quantum yield, is a measure for fluorescence emission. Quantum
yield is in addition to the fluorophore itself affected by the environment of the
fluorophore [63].
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Figure 9 Typical Jabloński diagram [63]. S0 is the singlet ground and S1 and S2 are the
first and second electronic states. The dashed lines at each electronic state are
the vibrational energy levels. a) Shows the typical fluorescence and b) shows
the delayed fluorescence where electrons have a transit to the triplet state.
By theory, excitation of electrons to a higher energy level and return to the ground state
may be repeated plenty of times without loss of fluorescence. In practice, this is not
possible as some excited electrons decay to their triplet state, T1, (intersystem crossing)
where they return to the ground state and release their energy as phosphorescence or react
with other molecules including oxygen. As a result of interaction with oxygen a biproduct of the fluorophore is formed. Destruction of fluorophores and loss of
fluorescence caused by light exposure is called photobleaching [47, 63].
Photobleaching may be undesired or desired depending on the application. When
performing fluorescence diagnostics, minimal photobleaching is desired. On the other
hand, photodynamic therapy (PDT) is a type of treatment that uses photobleaching of an
applied photosensitizer for production of toxic singlet oxygen to destruct the target cells.
PDT is used in treatments of various dermatological conditions ranging from bacterial
and fungal infections to different types of tumors [64, 65]. Photochemical reactions differ
based on the environment and availability of oxygen. In anoxic and hypoxic
environments the reaction is dependent on target-substrate concentration (Type I). In
oxygenated environments the excited photosensitizer reacts with easily excited triplet
state oxygen where the reactions are oxygen dependent (Type II). Type II reactions are
dominant in PDT, however, Type I reactions might increase at high photosensitizer
concentrations [66].

3.3 Excitation and Detection of Fluorescence
To detect fluorescence of the desired fluorophore, light sources and light detectors
should be matched with absorption and fluorescence emission bands of the fluorophore.
The light source is usually a laser with a wavelength where the corresponding fluorophore
has considerable absorption. Optical phenomena are commonly measured and visualized
as one dimensional point measurement and two-dimensional imaging. The optical
information may be collected from one single point or a two dimensional surface area.
17

Quantitative Demarcation of GBM

3.3.1 Light Detectors
The principle of light detection is based on converting the interaction of light and
matter into an electrical signal. The most common and basic photodetectors are
photomultipliers (PMTs) and photodiodes (PDs) which measure a single point only. To
obtain a spatial scan, an array of photodetectors is required. Charged coupled Devices
(CCDs) are among the commonly used detectors for spatial detection [47].
In photo-diodes incidence photons result in increased conductivity of the
semiconductor material and generate an electrical signal proportional to the photons.
Avalanche photodiodes are a suitable type for the detection of weak optical signals.
Photomultiplier tubes multiply the effect of incidence photons by ionization in multiple
electrodes [47].
CCDs are widely used in spectroscopy and offer fast and sensitive spatial
measurements. They can be built in one or two dimension arrays of photodiodes; the
latter for two dimensional image construction. A typical CCD-based spectrometer
consists of a slit which restricts the entering light, thereafter light is collimated. Using a
grating, light at different wavelengths is reflected at different angles onto the detector
array. Spectrometers may be chosen for each application based on the desired wavelength
ranges and resolution [48].
3.3.2 Optical Fibers
Optical fibers generally consist of a core, cladding and jacket (Figure 10). Light is
transmitted through the core of the fiber by being internally reflected due to the higher
refraction index of the core. The acceptance angle of the fiber, referred to as the
numerical aperture (NA), is a specification of optical fibers that describes the range of
angles within which the fiber accepts or emits light. Supposing that nco is the refraction
index of the core, and ncl is the refractive index of the cladding, NA and θ, the angle of
light with the axis going through the fiber center, can be calculated from Eq. 10 [48, 67]:

NA  sinθ 

θ

2
n co
 n cl2

(Eq. 10)

ncl

jacket
cladding

nco

core

Figure 10 Structure of an optical fiber [48, 67].
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Chapter 4
Fluorescence-Guided Resection of Brain Tumor
Using fluorescence for demarcating the tumor to guide the resection is widely known
as fluorescence-guided resection. This chapter reviews the native tissue fluorescence
components, photosensitizers, specifications of 5-aminolevulinic acid (ALA) and its
current status in fluorescence-guided resection.

4.1 Tissue Fluorescence
Nicotinamide adenine dinucleotide (NADH), flavin, collagen, elastin, porphyrins,
tryptophan, and lipopigments are the most common tissue fluorophores so called
endogenous fluorophores. Collagen and elastin are structure related fluorophores. Flavin,
NADH and porphyrin are related to the cellular metabolism [68]. Autofluorescence is the
total fluorescence emission of the intrinsic fluorophores in the tissue when the tissue is
exposed to the appropriate excitation light (usually in the UV region). The main
fluorophores that contribute to the tissue autofluorescence are listed in Table 2 with their
absorption and emission spectra shown in Figure 11. The amount of these fluorophores
varies in different tissues making the pattern and intensity of the autofluorescence
different from tissue to tissue. NADH, tryptophan, elastin and collagen are considered as
an indicator for tumor tissue when altered [68]. The autofluorescence is reported to be
less [69-72] and red shifted [70-72] in the tumor tissue relative to autofluorescence in the
normal tissue. The reason to this lower autofluorescence intensity is not well known and
can be related to the metabolic change of the tumor and/or other cancer related parameters
which alter the optical properties of the tissue. For instance, in colon cancer it is shown
that the collected submocusa fluorescence is reduced due to a thicker mocusa and higher
blood content of the in vivo tumor tissue resulting in lower autofluorescence collected in
the tumor tissue [70].
Table 2: Main fluorophores contributing to tissue autofluorescence [73, 74]
Fluorophore

max excitation
λ [nm]

NADH
Collagen
Flavin
Lipopigments
Porphyrin IX
Elastin
Tryptophan
Pyroxidane

260, 350
340
210, 260, 390, 460
350
400
350
215, 275
311
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max emission
λ [nm]
460
390
520
560
635, 704
410
340
394
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Figure 11 a) Absorption and b) emission spectra of tissue fluorophores. Copyright
(1998) by John Wiley and Sons. Reprinted with permission for minor adaptions
from [74]."

4.1.1 Brain Tissue Fluorescence
Tissue fluorescence, also called autofluorescence, has previously been investigated as a
potential signature for differentiating between the normal and malignant brain tissue [69,
75, 76]. However, due to the difficulty of interpreting the signals [77] no reliable
algorithms using autofluorescence for distinguishing brain tumor from healthy tissue has
entered the clinical routine.
The main endogenous fluorophores in the brain are NADH, flavin, lipopigments, and
porphyrin. The proportion of these fluorophores in the tumor compared to normal tissue
depends on the tumor type and the type of normal brain tissue (gray or white) the
comparison is made with [71, 75, 76]. Andersson et al. reported on increased porphyrin in
the viable tumor [69]. Croce et al. reported the autofluorescence level to be lower in the
tumor than in the normal brain tissue however they did not specify the type of normal
brain tissue to be white or gray matter [71]. No red shift on the position of the maximum
of the autofluorescence was observed by Lin et al. in GBM compared to the normal tissue
[78].

4.2 Photosensitizers
Photosensitizers, also known as exogenous fluorophores, either directly or indirectly
induce fluorescence in the target tissue. They are used when the intrinsic fluorophores are
not adequate for the desired application and may be applied intravenously, orally or
topically. Porphyrin, chlorin and bacteriochlorin based drugs are the common
photosensitizers in use [66]. Specifications of the most common photosensitizers used in
clinical brain tumor studies are summarized in Table 3.
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One early porphyrin-based photosensitizer was hematoporphyrin derivative (HPD)
which then developed into photofrin, a purified version of hematoporphyrin. Both of
these photosensitizers have disadvantages including long skin photosensitivity and
variation among batches, as they are a mixture of different porphyrins [79]. Photofrin is
however a clinically approved drug and among the commonly used photosensitizers for
brain tumors. The fluorescence emission is dark red and difficult to see [80]. Pure
compounds arrived later into the practice. These include meta-tetra hydroxyphenyl
chlorin (mTHPC) and aminolevulinic acid (ALA). mTHPC also known as Foscan®, is a
chlorin based photosensitizer with high photodynamical activity which makes it achieve
comparable results with other photosensitizers at lower drug and light dose. Skin
photosensitization is up to 20 days for Foscan® [66]. ALA, also known as 5-ALA, is an
indirect photosentisizer which pronounces the production of PpIX in the cells. Esterified
ALA derivatives result in a higher fluorescence in the tumor cells due to their higher
lipophilicity which facilitates their passage through the cell membrane. The ALA esters
(methyl, hexyl and benzyl ALA) have a more homogenous distribution relative to ALA
when applied to skin [81]. The ALA esters are only tested on glioma cell lines [81] and
not on human glioma in vivo yet.
Table 3- Specification of photosensitizers used in the clinical studies within neurosurgery
photosensitizer

Excitation Emission
λ[nm]
λ[nm]

Skin protection
relative to
surgery time

Application

HpD [82]

400

600-700

2-3 months

24 h before intravenously

Photofrin (porfimer
sodium) [83, 84]

370-400

630

2-3 months

48h before intravenously

mTHPC (Foscan®)
[85]

405

652

4 days before

4 days prior to
craniotomy/intravenously

ALA [42]

400

600-700

24 hrs after; at
high doses

Oral administration 2-3 hours
before the craniotomy

Selection of an appropriate photosensitizer is based on its high tumor selectivity, low
skin photosensitization and the optimum excitation and emission bands. As
photosensitizers were primarily used for photodynamic therapy they were designed on the
basis of having a high singlet oxygen quantum yield to achieve phototoxicity. One other
challenge has been to choose photosensitizers with high absorption at longer wavelengths
(near infra-red) to increase the penetration depth of excitation light and thus the treatment
depth [66]. The photosensitizer (5-ALA) in this thesis was chosen based on the optimum
uptake by the target brain tumor cells, photo-physical properties, compatibility with the
available microscopes and the maximal comfort for the patient which is oral
administration and low skin photosensitization. Excitation and emission characteristics of
PpIX are shown in Figure 12. ALA has so far been successfully applied in dermatology,
urology, neurosurgery, otorhinolaryngology, gynecology and gastroenterology [6]. ALA
is approved for clinical use in Europe since 2007 and for clinical trials prior to approval in
the USA, Australia and some Asian countries.
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Figure 12 Absorption and emission spectra of PpIX. Copyright (2003) by Springer.
Reprinted with permission for minor adaptions from [86].

4.3 Specifications of ALA
The first clinical application of ALA for tumor demarcation occurred in the 1980s by
several investigators in parallel [87]. ALA can be applied topically or systematically
(orally or intravenously), however, oral administration of ALA was preferred in all the
human studies conducted at different centers so far. Skin photosensitization due to ALA
is seen up to 24 hours after application of 20 mg/kg body weight [42].
Naturally, ALA exists in the heme synthesis cycle where heme is produced by the
binding of PpIX to iron. Several enzymatic steps are involved in this process half of
which are mitochondrial and the other half cytoplasmic (Figure 13). The final steps of
PpIX and heme production occur in the mitochondria of cells giving a cellular
distribution pattern to PpIX [88-90]. Selective accumulation of PpIX in brain tumors is
affected by several parameters including:
Disrupted BBB: The BBB in general has a poor permeability to the 5-ALA, disregarding
the 5-ALA concentration changes in the plasma [91]. The BBB in high-grade primary and
metastases brain tumors is more permeable than the normal brain BBB [31, 89].
Altered pattern of enzyme activity: Ferrochelatase enzyme helps the iron to be added to
the PpIX thus a deficiency of ferrochelatase (FC) in tumors hinders the change of PpIX to
heme. Other enzymes/substances whose amounts are different in tumor tissue might
affect the production of PpIX to heme: ALA synthase enzyme (ALAS), ALA dehydrase
(ALAD) and porphobilinogen (PBG) [88, 90, 92].
Iron level: Iron is effective in accumulation of PpIX as its interaction with PpIX produces
heme. Tumors take up iron more rapidly and have a lower iron level [86, 90, 93]. A study
by Valdés [94] reports on the application of iron chelation to increase the fluorescence
level of PpIX in brain tumor FGR. Iron chelation reduces the availability of free iron and
thus reduces the breakdown of the PpIX to heme.
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Temperature: A slightly elevated tumor temperature increases the activity of
porphobilinogen deaminase (PBGD) enzyme and thus impedes production of PpIX [93].
pH: PpIX production is maximal at the physiological conditions of pH = 7 and is reduced
under the acidic condition. A low extracellular pH value in the tumor might reduce the
PpIX accumulation. Intracellular pH is not considered to affect the PpIX accumulation
[90].
Intact BBB

ALA
Disrupted BBB

ALA Dehydrase

ALA

ALA synthase

ALA
heme

Porphobilinogen
PBG Deaminase

Ferrochelatase

Fe2+
PpIX

Uroporphyrinogen III
Protoporphyrinogen IX
Coproporphyrinogen III

Figure 13 Transformation of 5-ALA into PpIX in the mitochondrion of a cell [90].

4.4 Clinical Studies based on ALA Guided Brain Tumor Resection
In the last decade several groups have investigated the potential of ALA based FGR in
neurosurgery. Stummer et al. were the first to conduct an extensive clinical study on the
extent of tumor resection using ALA [3]. The main studies were primarily performed
using modified white light microscopes. The focus in most of these studies was to
evaluate the sensitivity and specificity of the method, gross total resection achieved and
the potential of combination with other intraoperative imaging modalities. Two groups
have used endoscopy for qualitative imaging of deep-seated malignant glioma [95, 96]. A
few groups in recent years have commenced the fiber-optical probe measurements for
quantified analysis of fluorescence [97]. All of these studies orally administered a dose of
20 mg/kg body weight ALA dissolved in water as instructed by Stummer and colleagues
[42].
Among all the brain tumors, glioblastoma is the main target for ALA; however,
recurrent GBM, meningiomas, anaplastic astrocytomas, recurrent astrocytomas and the
majority of metastases are reported to have taken up ALA [98-101]. Additionally,
lymphoma and pituitary adenoma have exhibited fluorescence [101]. Low grade gliomas
have been controversial in exhibiting fluorescence. In a prospective study Widhalm et al.,
correlate the availability of PpIX fluorescence in the low grade tumors to their malignant
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progression within the one year follow-up period [102]. In rare cases GBM is reported not
to have given any fluorescence [98, 101]. Table 4 summarizes the fluorescence response
observed in various studies in tumor types other than GBM.
Table 4- Fluorescence in the tumor types other than GBM
Tumor type

Fluorescence response
Pos

Fluorescence response
neg

Low grade glioma

Widhalm [102]

Hefti [98], Widhalm [103]

Oligodendroglioma (WHO III)

Feigl [104], Widhalm [103]

Widhalm [103]

Astrocytoma (WHO III)

Ishihara [97], Widhalm [103], Eljamel [101]

-

Recurrent GBM

Nabavi [105]

-

Gliosarcoma

Johansson [106], Stummer [3]

-

Meningioma

Hefti [98], Bekelis [107],
Coluccia [109]

Metastases

Hefti [98], Utsuki [100], Kamp [99], Eljamel
[101]

Kajimoto [108],

-

Kamp [99], Eljamel [101]

4.4.1 Fluorescence Microscopy
White light surgical microscopes were modified to detect PpIX fluorescence, first
reported by Stummer et al., [110]. In a commercial fluorescence microscope, blue light
(390-410 nm) is provided through filters using a high power Xe-lamp (~ 400 W). During
the white light mode, the blue part of the illumination is omitted to reduce photobleaching
of PpIX. A long-pass filter (450-720 nm) then omits the blue reflection from the
observation spectra [111]. The general configuration of the microscope is presented in
Figure 14. After fluorescence microscopes became commercially available, several other
groups performed similar clinical studies using the microscope. The healthy tissue is
viewed as blue as a result of the excitation light reflection and the tumor is viewed as pink
or red due to the PpIX fluorescence (Figure 15). The fluorescence in the microscope is
usually evaluated as weak and strong or present and absent. Table 5 summarizes several
major studies conducted using fluorescence guidance and the results achieved. The same
dose of ALA was applied by all groups but different approaches were taken regarding
tumor types, complementary modalities and the evaluation method. It should be
considered that in studies conducted by means of microscopy, in some cases the
fluorescence might have been weaker than the detection threshold of the microscope and
the eye; therefore, classified as negative by the authors. In several of these studies
fluorescence guidance was combined with additional monitoring modalities including
MR, CT, PET, MR based neuronavigation and microelectrode recording (MER).
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Surgeon
Observer
Beamsplitters

CCD/ OR monitor

Long-pass filter
(450-720nm)
Focussing lens

Xe-lamp
Excitation filter
(passes 400 nm)
Object

Figure 14 General configuration of a fluorescence microscope [110, 111]

a)

b)

Figure 15 Image of Glioblastoma IV taken by a Carl Zeiss BLUE 400 microscope: a)
under white light illumination and b) under blue light illumination (Courtesy of
Walter Stummer, M.D., University of Düsseldorf, Düsseldorf, Germany).
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Table 5- ALA based FGR conducted at various centers
Group

Patients

Additional modalities

Results

Stummer 2000[112]

52 pat

-

GTR achieved in 63% of patients

Utsuki 2007[100]

42 pat

-

Sn=100%

Ishihara 2007[97]*

6 pat

-

High sp

Stummer 2008[3]

243 pat

-

GTR=78% with Fl, GTR=44% with
WL

Hefti 2008 [98]

74 pat

Fl microscopy on biopsies

Solid fl: Sp=100%, sn=98%
Vague fl: sp=76%, sn=85%

Nabavi 2009 [105]

36 pat

-

PPV=96.6
TP is higher in strong fl

Feigl 2010[104]

18

MR neuronavigation, MER

GTR achieved in 64% of patients

Widhalm 2010 [103]

17 pat

Co-registered PET+MR in
neuronavigation

Pathology correlates with fl

Panciani 2011 [113]

23pat

Co-registered CT+MR in
neuronavigation

Sn=91.1%, sp=89.4%

DRS

Higher efficiency for spectroscopy
vs. microscopy

Valdes 2011[114]*

14 pat

Combination: improved sp, lowered
sn

*Fluorescence spectroscopy
Definitions: Ppv: positive predictive value, TP: true positives, sp: specificity, sn: sensitivity, Fl:
fluorescence.

4.4.2 Fiber-Optical Based Fluorescence Spectroscopy
Monitoring fluorescence of PpIX in gliomas using a fiber optical probe was thoroughly
investigated by several groups. Ishihara et al. reported on high specificity of fluorescence
spectroscopy on 65 tumor samples (6 patients) in vitro. The signals were quantified then
compared to the macroscopic observation through a long-pass filter. Spectroscopy could
detect weak fluorescence invisible to the eye [97]. Utsuki et al. reported on a
spectroscopy device capable of detecting weak fluorescence invisible to the eye. No
quantification was considered in this work [115]. At Dartmouth, ALA spectroscopy was
compared to microscopy methods. The fluorescence signals were quantified by estimating
the PpIX concentration using combined fluorescence spectroscopy and diffuse reflection
spectroscopy (DRS). The group obtained 66 % efficiency using fluorescence microscopy
and 87 % efficiency using fluorescence spectroscopy [114].

4.5 Fluorescence Intensity and Quantification Methods
Various attempts were made to quantify the tissue fluorescence intensity. The main
concern has been to calculate intrinsic fluorescence for obtaining concentration of the
target fluorophore. Intrinsic fluorescence is the original fluorescence which is not affected
by the absorption and scattering of the medium and reflects the original amount of the
target fluorophore. One other concern has been to cancel out the variation of the
excitation fluence rate due to geometrical properties of the optical probe and the position
of the probe relative to the tissue.
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4.5.1 Fluorophore Concentration and Quantum Yield
Fluorescence intensity is to a great extent affected by its concentration and quantum
yield in the tissue. The quantum yield for PpIX is mentioned as being 0.5% [116, 117];
however, it may vary depending on the environment [64, 118]. The concentration and the
fluorescence intensity of PpIX have shown linear proportionality (R2 = 0.99) when known
amounts of PpIX were mixed with dissolved human GBM tissue in the lab [106]. Kim et
al., also report the PpIX fluorescence intensity and the known PpIX concentration as
being linearly proportional (R2 = 0.64) in the optical phantoms made of intralipid and
food color [116].
4.5.2 Quantification Methods
The intrinsic fluorescence has been calculated by various methods of combining the
fluorescence measurements with reflection spectroscopy, Monte Carlo simulation,
application of optical theories, controlled measurements using specific probe design or
fluorescence-based methods [68]. However, in clinical practice imposing additional
procedures is not desirable and should be implemented only if there is a significant
improvement to the diagnosis. A review on these methods is included in this section.
Theoretical and Monte Carlo Approach
The main goal of the theoretical based methods have been to obtain a transfer function
that calculated the intrinsic fluorescence from the measured fluorescence [68]. This was
done through describing light propagation in the medium using a relevant theory. In
absorption dominant media Beer-Lambert law was used and in the scattering dominant
media (µ´s >> µa) diffusion theory was used. Most of these methods were dependent on
diffuse reflection spectroscopy for deriving the tissue optical properties [119].
Monte Carlo simulations have been used to derive equations describing the
fluorescence attenuation without putting a restriction on the probe geometry, absorption
and scattering properties of the tissue. However, the tissue’s optical properties should
have been previously known, or was extracted by reflection spectroscopy, in addition to
the long simulation times which are not clinically applicable [68, 120].
Combination with Additional Optical Modalities
Diffuse reflection spectroscopy has been commonly used to correct for attenuation
caused in the fluorescence. Different functions are calculated based on fluorescence and
reflectance values at selected wavelengths [121-123]. One other suggested method of
combining fluorescence with reflection is to consider the fluorescence-reflection ratio at a
specific optimum distance. The method is valid over a restricted range of absorption and
scattering coefficients [68, 124].
Fluorescence-Based Methods
To only take advantage of the fluorescence measurements without using additional
modalities, some methods controlled the probe set up to collect the photons which have
taken the least path length and are thus less distorted. Based on this concept, the use of a
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single fiber for excitation and collection, was suggested [125]. A ratio of fluorescence
peak and the reflection of excitation light has also been used for signal quantification
[97]. Further approaches use a ratio of fluorescence signal obtained by a single excitation
source or from two excitation sources for correction of the fluorescence signal [126, 127].
Two simple methods of quantifying the fluorescence signal by defining ratios are
described by Sterenborg using single and double excitation [126]. The main purpose is to
cancel out the effect of variations in the incident excitation fluence rate and have a better
estimation for PpIX concentration in skin. The first method considers taking the ratio of
fluorescence in the red region to the fluorescence in the yellow region (ex= 405nm). A
normalized fluorescence ratio (NFR) is defined as Eq. 11 from which PpIX’s
concentration may be further calculated [127]:

NFR 

( F PpIXpeak / Fautofl ) PpIX present
( Fautofl / Fautofl ) no PpIX

(Eq. 11)

The double excitation method takes the ratio of PpIX/autofluorescence emission
resulting from two different excitation wavelengths (Pålsson: 337 and 405 nm;
Sterenborg: 405 and 435 nm). Laser at 405 nm is chosen for maximum excitation of PpIX
and the second one is chosen at a wavelength where PpIX is low but tissue fluorescence is
high [127]. In Pålsson’s work single and double ratio evaluation do not show a significant
difference in differentiating normal from malignant brain tissue; however, the samples are
too few for a concrete conclusion [128]. Sterenborg claims to omit the skin color effect by
the double ratio evaluation and that the two excitation ratio is only useful for low
fluorophore concentrations. By defining DR (Eq. 12) as a ratio of the collected emission
fluorescence signals excited by the two laser sources, the concentration of the target
fluorophore can be further estimated [126, 127]:

DR 

( FPpIX peak / Fautofl ) ex1
( FPpIX peak / Fautofl ) ex2
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(Eq. 12)

Chapter 5
Aim of the Thesis
The aim of the thesis was to evaluate fluorescence spectroscopy for quantitative
demarcation of glioblastoma. The following points were specifically considered in the
thesis:
‐

Development and evaluation of a system suitable for guided brain tumor resection
in the operating room

‐

Fluorescence signal quantification, identification of and correction for error
sources

‐

Investigation of the photobleaching behavior and adjustment of the system for
introducing minimal photobleaching

‐

Clinical studies and comparison of the quantified fluorescence signals with
diagnosis of the surgeon and the clinical gold standards
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Chapter 6
The Fluorescence Spectroscopy System
A fiber-optical based fluorescence spectroscopy system was developed to excite and
detect the fluorescence of PpIX in the brain tumor. The system is referred to as optical
touch pointer (OTP) throughout the thesis. To meet the requirements of the operating
room, the system was designed to omit the ambient light. In this chapter the system setup,
its technical specifications and optical parameters that affect the fluorescence signals are
described. The system settings were chosen as a compromise between considering
sufficient signal intensity and the results described in Chapter 8 for inducing minimal
photobleaching.

6.1 System Specifications
The system was developed with both continuous wave (CW) and pulsed (PL) operating
modes. A near-UV laser module with nominal wavelengths of 405 nm with the maximal
power of 50 mW (Oxxius SA, Lannion, France) was used as the light source for the
excitation of PpIX. The laser pulses and power are controlled through TTL and analogue
inputs. A fiber-port comprised of a lens and micro-positioner was fixed between the laser
and the fiber connection to focus the laser beam into the fiber (OFR, Inc., Caldwell, NJ,
USA). A spectrometer (EPP 2000, Stellarnet, Tempa, FL, USA) was used for collection
of the fluorescence spectrum. The spectrometer is a 2048 elements CCD with a
wavelength resolution of 3 nm collecting spectra in the wavelength range of 240-850 nm.
To omit the back-reflected laser light from the tissue a long-pass filter with cutoff
wavelength at 475 nm (Schott CG-GG-475-0.50-3, CVI, Melles Griot, Albuquerque, NM,
USA) was mounted in a housing with focusing lenses in front of the spectrometer.
Through a data acquisition card (National Instruments, Inc., Austin, TX, USA) with
triggering alternative, the laser pulses and the spectrometer were synchronized. The
design of the system is shown in Figure 16. All the components were placed in a portable.

Spectrometer

Computer
Power Supply

DAQ

Filter

Port
PL
CW

Fiber

Target
tissue

Laser

Figure 16: Fluorescence spectroscopy system. Copyright (2010) by John Wiley and Sons.
Reprinted with permission from [129].
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6.1.1 Suppression of Ambient Light
The three main light sources in the OR are the fluorescent tubes, surgical lamps and the
surgical microscope (Figure 17). The modulation is done by triggering and synchronizing
the laser pulses with the rising edge of the spectrometer scan signal; the excitation light
pulse width and the spectrometer scanning intervals (integration time) are thus equal
(Figure 18). The system is controlled through a LabVIEW® (Version 8, National
Instruments, Inc, Austin, TX, USA) program and is able to deliver pulses with a width in
the range of 6-6500 ms. At least 2 mJ excitation energy is needed to get a strong enough
fluorescence signal. This amount is set by the laser power and pulse width. The pulses are
delivered with a duty cycle of 50% making equal light and dark pulses. The dark
spectrum is the signal from the surrounding light and the light spectrum is the sum of the
surrounding light and tissue fluorescence. The subtraction of the dark spectrum from the
light spectrum results in a fluorescence signal free of background light disturbance; here
referred to as compensated spectrum (Figure 18).

Surgical lamp
Surgical microscope

Fluorescent tubes

Figure 17 The three main light sources in the operating room: fluorescent tubes, surgical
lamp and the surgical microscope (Neurosurgical OR, Linköping University
Hospital).

Spectrometer

Laser

scan

light spectrum

dark spectrum

light spectrum

dark spectrum

Figure 18 Modulation’s concept for suppression of the surrounding light. The laser
pulses start with the rising edge of the spectrometer scan signal.

32

Fluorescence Spectroscopy System

Examples of light and dark spectra collected on skin under the different light sources in
the operating room, and the subtraction of dark from light spectrum are shown in Figure
19. Fluorescence tubes impose a relatively weak background light which can be totally
suppressed by the system. The surgical lamps and the surgical microscope, however, have
higher light power which cannot be totally suppressed when the measurement is made
during the direct exposure. The reason is the micro-second differences in the light and
dark spectra (Figure 18) due to the spectrometer read-in routines. Therefore, during the
measurements in the OR the microscope light should be either directed away, or the
measurement site should be shaded by hand.
3500

3500
Surgical lamps

3000

Surgical microscope

3000
light spectra
2500

light spectra

2000

Intensity [a.u.]

Intensity [a.u.]

2500
dark spectra

1500
1000

compensated spectra

500
0
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2000
dark spectra

1500
1000

compensated spectra

500
500

550

a)

600
 [nm]
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0
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800

600
 [nm]
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Fluorescence tubes
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light spectra

500
400
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200
dark spectra
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0
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compensated spectra
500
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 [nm]
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Figure 19 Suppression of the main background lights in the OR: a) fluorescent tubes, b)
surgical lamps and c) surgical microscope. Copyright (2010) by John Wiley
and Sons. Reprinted with permission from [129].

6.1.2 Optical Probes
A hand-held fiber optical probe transmitted the light between the tissue and the system.
Several similar probes were used throughout the project time-span. In all of the probes the
excitation light was brought to the measurement site by one single fiber (core = 600 m,
NA = 0.37). Different numbers of collection fibers (core = 200 m, NA = 0.22) were
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used in different probes (Figure 20). The probe shafts had a length of 12 cm and
diameters of 2 or 3 mm with a more than 4 m long cable suitable for the operating room.

a)

b)

c)

d)

Figure 20 Probe configurations used during the study. a) probe 1, b) probe 2, c) probe 3
and d) probe 4.

6.2 Optical Specifications
Optical parameters related to excitation, probe geometry and position influence the
signal collection. Optical parameters of excitation light are important regarding the laser
safety and the amount of fluorophores that are excited in the tissue. The probe geometry,
in addition to distance and angle of the probe relative to the tissue, affect the irradiance of
the light that reaches the tissue and in the same manner the light that is collected from the
tissue. Therefore, these parameters were investigated and are included in this section.
6.2.1 Laser Safety
The applied laser has class 3B which is dangerous for the eye upon direct or indirect
exposure [130]. Since damage to the tissue occurs mainly through heat transfer, the
temperature increase caused by the laser was investigated to consider damage to the skin
and brain. Experimentally, using the IR thermometer (CIR8855, Injektor solutions,
Stockholm, Sweden), the 10 mW laser light (d = 2 mm from surface) causes 1°C
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temperature increase on the back of the finger after 1.5 minutes which is far longer than
the actual measurement time using the optical touch pointer. Proteins in the cells go
through an irreversible change first above 45°C when the temperature is increased within
a few seconds [131]. Therefore, the effect of laser on the skin and the brain was
considered negligible. Radiation of 10 mW blue laser did not cause any type of
recognizable irritation when the skin was not treated with ALA. The same laser power
caused irritation on the ALA treated skin after a few seconds.
6.2.2 Optical Parameters for Excitation
By having the numerical aperture (NA) of the optical fiber and the refractive index of
tissue, n, the angle of light incidence, θ, can be calculated from Eq. 13. Irradiance, I, or
power density which is the laser light power, P, per exposed surface area, SA (Eq. 14), is
then calculated according to Eq. 15 for the specific optical fiber used (Figure 20, Figure
21).

θ  arcsin

NA
n

(Eq. 13)

SA  π ( 0.3  h tan θ ) 2
I

P
π  0.3  h tan θ  2

h

θ

0.6 mm

Figure 21 Corresponding geometry for calculation of the exposed surface area.
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If the probe directly faces the tissue, the exposed surface area will be 0.28 mm2
(28 × 10-4 cm2) and when held at a distance from the tissue in the air (n = 1, θ = 21.7 deg)
the exposed surface area will be a function of the distance (Eq. 14). At 1 mm distance the
exposed surface area will be 1.5 mm2 (150 × 10-4 cm2). Using the estimated exposed
surface area when the probe is in contact with the tissue, the standard optical parameters
[132] were calculated as summarized in Table 6.
Table 6 Parameters used for the excitation of fluorescence in the brain
Parameters
Duration of each treatment
Output power
Frequency
Exposed area
Irradiance/Power density
Dose/Energy density/Fluence
Cumulative dose for each site

Unit
s
mW
Hz
cm2
W/cm2
J/cm2
J/cm2

OTP value
0.4
10
2.5
28×10-4
3.5
1.4
4.2 (3×)

Effect of Angle and Distance Relative to the Tissue
Maximum transmission of light occurs when the probe is vertical and in contact with
the tissue (irradiance = 3.5 W/cm2). At other orientations the light transmission is
presumed to drop according to Eq. 16 (Figure 22-a). Distance from the tissue reduces the
excitation fluence (Figure 22-b). Probe pressure on the skin is reported to change the
fluorescence intensity to 10% [133]. Experimentally, the maximum fluorescence was
collected on the tissue and 0.5 mm above it. Greater distance reduced the collected
fluorescence intensity. Pressing the probe on the tissue increased the fluorescence
intensity up to 30% of its value when it was in a relaxed position on the skin.
Using Snell’s law and by having the refractive indices of medium one and two as n1
and n2, the fraction of the transmitted light, T, and the fraction of the reflected light, R, is
given by:

 n 1 cosθ 1  n 2 cosθ 2
R  1  T  
 n 1 cosθ 1  n 2 cosθ 2






2

(Eq. 16)

where θ1 is the angle of incidence light with the surface normal in the first medium and
θ2= arcsin (n2-1 n1 sin θ1) [48, 50].
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Figure 22 a) Percentage of the transmitted light from air to the tissue (skin) as a function
of the probe angle with the surface normal and b) Irradiance as a function of
probe distance from the tissue.

Effect of Fiber Separation
Experiments were performed on skin to investigate the effect of excitation and
collection fiber separation on the collected fluorescence spectra. Using an array probe
(Figure 23) with fibers (core = 200 m, cladding = 230 m) closely arranged in a row, the
effect of fluorescence change as a result of fiber distances (230 µm, 460 µm, 690 µm)
was studied on the skin. The first fiber was used as the source fiber with an output power
of 10 µW. The second to the fourth fibers were one at a time used as the detection fiber.
The distance from the source fiber affected the intensity of fluorescence but no line shape
alteration was observed (Figure 24-a). In between the measurements; i.e., when the
contacts were decoupled slight changes in the line shape of the spectra was sometimes
observed. A high integration time 10 s was used to allow collection of a strong
fluorescence signal. The excitation signal is however weak and results in a distorted
spectral shape compared to the spectra collected at higher excitation powers.
Figure 24-b shows the spectra collected by the probes with configurations illustrated in
Figure 20. The spectra in this figure are adjusted to show the same level of intensity for
line shape comparison. The spectral difference is considered negligible.
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detection

excitation

Figure 23 Array probe consisted of tightly arranged fibers. The first fiber from the left
was used as source and the other fibers were one at a time used as detection
fibers.
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Figure 24 a) Effect of collection and source fiber separation on the fluorescence intensity
and line shape collected on skin and b) Spectra collected by different probes
showing negligible line shape difference. Intensity is adjusted in the latter case.

6.2.3 Excitation Depth
The tissue volume in which fluorophores were excited was approximated as the volume
in which the excitation light is distributed. Axial and lateral distribution of excitation light
at 405 nm was modeled in gray, white, low grade and high grade glioma based on the
optical properties summarized in Table 1. Monte Carlo simulations were based on the
multilayer MCML (Monte Carlo for Multi-Layered media) program [134] based on the
program from the Lund University [135]. A fiber radius of 0.3 mm, excitation energy of
4 mJ and 106 photons were used for the simulations (Figure 25).
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Figure 25 Distribution of the excitation light in different brain tissue types.
The Monte Carlo simulations in Figure 25 show the distribution of photons in the
tissue; however, the actual excitation occurs in a smaller volume. To have an estimate for
the actual volume, penetration depth of the excitation photons may be approximated
according to Eq. 9 by applying the optical properties of the brain listed in Table 1. The
excitation depth in brain and brain tumor tissue is listed in Table 7.
Table 7 Estimated excitation depth in various brain and tumor tissue types

Excitation depth [mm]

Gray matter

White matter

Glioma III

Glioma II

Meningioma

0.06

0.02

0.11

0.04

0.09

6.3 Combination with Ultrasound-based Neuronavigation
As an alternative method for comparison, and to register the site of measurement, an
ultrasound-based neuronavigation system (Sonowand AS, Trondheim, Norway) was used
in combination with OTP [40]. After the skull was opened, images were taken from the
tumor by the surgeon using an ultrasound transducer (Figure 26-a) connected to the
positioning frame. The positioning frame has several reflecting spheres that allow the
navigation camera to position the probe [136]. The probe was easily calibrated into the
neuronavigation system by holding it at a fixed point (Figure 26-b). During the surgery, at
the point of interest, one fluorescence measurement was performed with OTP followed by
a navigation snapshot. Figure 26 shows the combination of OTP with the navigation
system during the surgical procedure. For a 5 MHz transducer the radial, lateral and depth
imaging resolutions are 0.5, 1 and 2 mm. Examples of ultrasound images and the
registered fluorescence measurement site from the brain tumor are shown in Figure 27.
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Positioning frame

OTP probe
a)

b)
Navigation camera
Surgical
microscope

OTP probe

c)

Figure 26 a) Imaging with the US transducer and calibration of the system; Copyright
(2011) by John Wiley and Sons. Reprinted with permission from [137]. b) The
OTP probe was calibrated into the navigation system and c) Combination of
OTP with the navigation system and the surgical microscope (Neurosurgical
OR, Linköping University Hospital).

a)

b)

Figure 27 Examples of ultrasound images and the registered OTP measurement point on
the image in a) necrosis and b) solid tumor. Copyright (2011) by John Wiley
and Sons. Reprinted with permission from [137].
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Chapter 7
Signal Quantification
To associate the amount of PpIX fluorescence to the malignancy degree of the tumor,
the fluorescence signals were quantified by defining a fluorescence ratio. Interference of
blood as one major challenge for signal quantification was investigated and a
compensation method was developed. The procedure for the intra-operative brain tumor
measurements is explained in Chapter 9.

7.1 Measurements on the Skin
In the laboratory, skin was used as a model for the brain measurements. The skin
autofluorescence has a line shape similar to the brain autofluorescence (Figure 28). PpIX
was induced in the skin by topically administrating Metylaminolevulinat (METVIX®
160 mg/g, Photocure ASA, Norway) cream. Metvix which is methyl-ALA is an esterified
variant of ALA. The cream was applied in a 2-3 mm thick layer on an area of 3 cm2 on
the tape-stripped skin [93, 126] of the forearm 2-5 hours prior to the measurements. The
skin was then covered with a transparent and non-absorbent dressing (Tegaderm™, 3M
Health Care, Germany) and a non-transparent plaster to avoid photobleaching of the
produced PpIX. Measurements were performed on well separated points on the treated
site.
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Figure 28 Autofluorescence spectra of the skin and the brain tissue.
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7.2 Filtering and Calibration
The collected signals were often noisy, which induced some uncertainty when
calculating values of the autofluorescence signal. The noise of the signal was removed
using a low-pass filter. Fluorescence was measured at different power settings (1-10 mW)
on the skin (Figure 29-a) to investigate the change of fluorescence intensity as a function
of excitation energy. Fluorescence intensity (Iλexc) increased linearly with the increased
excitation energy I (λexc); therefore, the proportionality of fluorescence intensity with
laser power was calculated using a linear fit (Eq. 17).

I λ em  a λ I  exc  b λ

(Eq. 17)

where aλ and bλ are coefficients obtained by implementing linear fitting on fluorescence
spectra corresponding to different excitation energies/irradiances. Figure 30 shows the
coefficients for the whole spectral wavelengths in the skin and the brain. bλ is related to
the optical filter in the setup; however, its presence in the model is necessary. Figure 29b, shows the fluorescence spectra excited by low energies. Line-shape of the fluorescence
changes for the laser power of 1 mW using the applied optical fiber; however, they follow
the linear fitting model.
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Figure 29 Fluorescence line shape as a function of excitation light (a) for laser power of
1-10 mW and b) for laser power of 0.1-1 mW.
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Figure 30 Coefficients obtained from linear fitting as a function of wavelength (a) in the
skin and (b) in the brain.

7.3 Fluorescence Ratio
To normalize the PpIX fluorescence intensity, autofluorescence was used as a
reference. Normalization was carried out since the angle and distance of the probe relative
to the tissue within one set of measurements, in addition to a variation of probe
geometries, laser power and pulse width settings used among sets of measurements made
the excitation light delivered be different. The fluorescence ratio (FR) was defined as in
Eq. 18 to quantify the PpIX fluorescence.

FR 

I 635  I autofl(635)
I autofl(510)

(Eq. 18)

where I635 is the PpIX fluorescence peak at 635 nm, Iautofl (510) is the maximum intensity of
the recorded signal, Iautofl(635) is the autofluorescence at 635 nm (Figure 31). Iautofl(635) can
be obtained by interpolating the value at 635 using neighboring fluorescence values at
610 and 730 nm which are the two closest opposite ends where PpIX fluorescence is not
influential.
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Figure 31 Examples of fluorescence ratio measured on the brain tumor and the estimated
Iautofl(635). The dotted line (green) shows the modeled autofluorescence obtained
from Eq. 17 and the dash-dotted line (blue) shows the interpolated line
between data points at 610 nm and 730 nm.

7.4 Blood Interference
During the operation the probe and the measurement site were constantly rinsed with
sterile saline. Moreover, the probe tip was kept in a saline solution in between the
measurements to avoid the adhesion and drying of blood cells on the probe. However, the
problem was still present since even small remnants of the blood distort the collected
signals and fluorescence ratio as a result. To avoid the repetition of measurements during
surgery, the effect of blood interference was modeled and a compensation method was
proposed.

probe
d
3

1

tissue
2

Figure 32 Sketch of model concept and steps: (1) attenuation of the excitation light, (2)
fluorescence emission and (3) attenuation of the fluorescence.
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The model is valid for any type of fluorescence and is based on the assumption that the
blood is an absorption dominant medium (µa >> µs). For this condition, Beer-Lambert law
was used to model the light propagation in the medium. Hemoglobin is the dominant
chromophore in blood and therefore its absorption properties are representative for
absorption of the whole blood. The extinction coefficient of oxy and deoxy-hemoglobin
(HbO2 and Hb) measured by Prahl and Zijlstra et al., [60, 138] were used for comparison;
however, as the data from Zijlstra are not available for the whole required wavelength
range, the data from Prahl were further used. The absorption coefficient, µa, of
hemoglobin was calculated by multiplying the extinction coefficient by 0.0054, as
instructed [60].
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Figure 33 Pattern of blood interference in brain tissue for blood layer thicknesses of a,b)
10 µm and c,d) 300 µm for disturbance from pure hemoglobin and oxyhemoglobin. The dashed signal is the undisturbed fluorescence and the signal
with a solid line is the modeled blood-disturbed signal.
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Blood interference model
The developed model considered the three following main steps: the attenuation of the
excitation laser light when passing through blood from the probe to the tissue, the
resulting fluorescence emission at the tissue and the attenuation of the tissue fluorescence
when passing through the blood (Figure 32). The model for the distorted fluorescence
signal, I (λ, d), is formulated in Eq. 19. aλ is obtained from calibration measurements on
intact cortex. Iλexc is the fluence of excitation light, µa is the absorption coefficient of
hemoglobin and d is the average blood layer thickness in front of the probe.
I ( λ , d )  (a λ I λ

exc

e

 μ a ( λ exc ) d

 b λ )e

μ a ( λ )d

(Eq. 19)

As an input, the fluence of the excitation fluence, I (λexc, d), for each measurement
was added to the model. However, I (λexc, d) was variant and unknown during the
surgery as the probe was not fixed and was therefore held at different positions relative to
the tissue. An estimation of the excitation fluence was therefore used for the
measurements on brain tumor (Paper V). Figure 33 illustrates the model applied to a nondisturbed fluorescence spectrum collected from an intact part of the cortex.

~ 4 µm
~ 20 µm
0 µm

Figure 34. The blood layer thickness measured by confocal microscopy on an area of
650 µm × 650 µm. Using Eq. 19 a blood layer thickness of 5.5 µm was
calculated.

Evaluation using confocal microscopy
Thickness of fresh blood spread on a fluorescent objective slide (Chroma, VT, USA)
and covered with a transparent cover slip (Chance Propper Ltd., Warley, UK) was
measured with confocal microscopy (Zeiss, LSM 700). The microscope was used without
any fluorescence filtration (T-PMT). The fluorescence of the slide provided the
background fluorescence for spectroscopy measurements which were performed in
conjunction with microscopy measurements. An example of the image taken with
confocal microscopy with a surface area of 650 µm × 650 µm is shown in Figure 34. The
estimated blood layer thickness was 5.5 µm as estimated by OTP using the theoretical
model. The blood layer had different thicknesses on various spots on the measurement
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site, thus the total thickness is presumed to be an average of the layer over the
measurement area.
Correction of fluorescence ratio in the clinical measurements
Blood distortion induced an overestimation in the fluorescence ratio calculated. This
was compensated by defining a correction factor (CF) obtained from the blood
interference model. The correction factor was calculated as in Eq 20:

CF 

I ( λ 635 , 0 ) / I ( λ 510 , 0 )

(Eq. 20)

I ( λ 635 , d ) / I ( λ 510 , d )

where I(λ635,0), I(λ510,0), I(λ635,d) and I(λ510,d) are the fluorescence intensity values
calculated from Eq. 19. The estimated blood layer thickness, d, was obtained by matching
the model with the distorted signal. The corrected fluorescence ratio was then obtained by
multiplying the correction factor by the fluorescence ratio of the measured signal.
The model was evaluated for fluorescence signals with PpIX (n = 6) and without PpIX
contribution (n = 14). The correction factor may be calculated for both signal types;
however, it is only meaningful for the PpIX-containing signals. The distortion models for
two PpIX containing signals are shown in Figure 35. The model tended to have a higher
agreement with the signal with a low contribution from PpIX. This deviation was
associated with the autofluorescence decrement in the presence of relatively high amounts
of PpIX relative to the considered PpIX-free autofluorescence in the model.
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Figure 35 Examples of compensation for blood interference in the presence of PpIX a)
With a correction factor of 0.92, the fluorescence ratio (0.76) can be corrected
to 0.69. The blood layer thickness is 5.1 µm. b) With a correction factor of
0.60, the fluorescence ratio (0.75) is corrected to 0.45. The blood layer
thickness is 15.7 µm.
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Chapter 8
Photobleaching Dynamics
Dynamics of photobleaching is important regarding the decaying rate of fluorescence
and the parameters that affect the photobleaching. For this thesis photobleaching behavior
was studied on the skin and the brain tumor tissue in two series; once to adjust the system
settings (Paper III) and once in continuation of the first study, to develop a dynamic
model using principal component analysis (PCA) for additional investigation on the
photobleaching behavior and to predict the induced photobleaching (Paper IV) before the
start of a measurement. The procedure was approved by local ethics committee
(No: M139-07 with complementary permission T83-09) and written informed consent
was received from the volunteers.
Data were collected from the skin and the brain in both the CW and PL mode. The
brain measurements were performed in vivo (n = 9) and ex vivo (n = 22) on fresh tumor
samples. No statistical difference was observed between the in vivo and ex vivo brain
measurements with the same excitation settings, thus the data are not presented
separately. Figure 36 shows photobleaching over the whole fluorescence spectrum for a
brain tumor sample.
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Figure 36 Photobleaching in brain tumor sample: a) Photobleaching shown in the whole
fluorescence spectrum and b) Change of autofluorescence at 510 nm and PpIX
peak at 635 nm versus time. Excitation was applied at 5 mW in continuous
wave mode.

8.1 Dynamic Model of Photobleaching
A series of measurements was carried out on the forearm skin of four volunteers on
non-treated (n = 90) and ALA treated (n = 129) skin sites. The measurements were
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performed on an approximately 3 cm2 area when ALA was applied, each at a new point
about 3 mm2 apart from the other measurement points. The measurement site was covered
from light before the measurements and during the measurements. Only in between the
measurements, were lights briefly turned on to shift the probe position. The probe was
applied with the same amount of pressure throughout all the measurements.
Measurements were performed with integration time (pulse width) of 0.2 s. A range of
50-200 spectra was collected on each measurement point.
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Photobleaching series were analyzed by PCA to obtain the main contributing
components to the fluorescence intensity. The number of main contributing components
was obtained from eigenvalues with greatest value (Figure 37-a). The components were
rotated to gain their maximum contribution (Figure 37-b). A total of three spectral
components were sufficient to describe the sequences: autofluorescence, PpIX and blue
shift. A dynamical model was developed based on the principal components and the
fluorescence decay rates to calculate the initial amount of fluorescence. Using this model
spectral composition of one instant was calculated from the previous instant. The same
fluorescence ratio, but with the principal component values for PpIX and
autofluorescence, was used to evaluate the amount of fluorescence.
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Figure 37 Principal component analysis of a skin fluorescence sequence. a) The
eigenvalues of PCA, for this sequence there are two main contributors by
which the signal may be described. b) The spectral shape of the first two
components representing autofluorescence and PpIX fluorescence.

8.2 Parameters Influencing Photobleaching
Different time points that fluorescence reached a certain percentage (90%, 37% and
10%) of its initial value was calculated for a range of signals. The mean ± standard
deviation (m ± SD) values are presented in Table 8. These values are all a measure of the
photobleaching rate.
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8.2.1 Effect of Photobleaching on Autofluorescence and Blue-Shift
When PpIX was present, autofluorescence increased in both the skin and brain while
PpIX was photobleached (~4.2%). Autofluorescence did not increase on non-treated skin
or after PpIX was photobleached. This phenomenon was mainly caused due to the change
of absorption properties of the tissue in the presence and absence of PpIX. Kim et al
report a < 2% increase in the absorption coefficient of their PpIX-containing phantom
[116]. Blue shift was derived as one of the components of PCA analysis and was
interpreted as the shift of autofluorescence peak value. Blue-shift, when present,
increased as a result of photobleaching.
8.2.2 Effect of Excitation Power and Modulation on Photobleaching
The effect of excitation power was studied for powers 1-10 mW. At higher excitation
powers photobleaching lifetimes were shorter (Table 8). After a certain power,
photobleaching showed a saturated behavior suggesting that at high excitation powers did
not significantly increase the photobleaching (Paper IV, Figure 8).
A faster photobleaching (p < 0.05) was observed in the brain when pulse widths of
0.5 s at 5 mW power were applied. Similarly, a faster photobleaching was seen in the skin
when modulated excitation was applied (Table 8). This observation was associated with
the diffusion of oxygen during the dark pulses. CW versus PL excitation did not appear to
have influenced the blue shift.
Several pulse widths (0.2, 0.4, 0.5, 1 and 1.5 s) were applied to the skin with two power
settings of 5 and 10 mW and duty cycles of 50% (Figure 28). At 5 mW, for pulses of 0.4 s
wide a statistical difference from the CW excitation was observed (p < 0.05). At 10 mW,
the statistical difference was only observed for 0.5 s pulse widths.
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Figure 38 Median of the time that initial fluorescence reaches 37% of its initial value
(t 37%) as a function of different pulse widths for excitation powers of a) 5 mW
and b) 10 mW. Copyright (2009) by SPIE. Reprinted with permission from
[139].
51

Quantitative Demarcation of GBM

Table 8 Photobleaching of PpIX in skin and brain in terms of the time fluorescence
reaches 90%, 37% and 10% of its initial value. Copyright (2009) by SPIE.
Reprinted with permission from [139].
Power

n

PPIX PHOTOBLEACHING IN SKIN
t (90%)
t (37%)
m ± SD
m ± SD
[s]
[s]

t (10%)
m ± SD
[s]

Continuous
1 mW
7
5 mW
11
10 mW
8

0.3 ± 0.6
0.3 ± 0.2
0.2 ± 0.1

17.4 ± 11.7
8.8 ± 5.4
4.1 ± 2.0

48.5 ± 33.4
42.6 ± 17.0
19.8 ± 8.6

Pulsed
1 mW
5 mW
10 mW

0.3 ± 0.3
0.2 ± 0.1

4.8 ± 1.8
2.3 ± 0.9

12.5 ± 3.5
8.7 ± 2.9

0
5
6

PPIX PHOTOBLEACHING IN BRAIN
t (90%)
t (37%)
m ± SD
m ± SD
[s]
[s]

t (10%)
m ± SD
[s]

Power

n

Continuous
1 MW
5 MW

9
7

5.1 ± 7.6
2.5 ± 2.2

36.5 ± 22.5
42.2 ± 24.0

75.3 ± 31.3
66.5 ± 16.8

10 MW

2

1.7 ± 0.0

26 ± 5.7

42.5 ± 3.5

Pulsed
1 MW
5 MW
10 MW

1
11
0

1.6
1.1 ± 1.1

7.4
20.2 ± 14.1

50
33.6 ± 14.7
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Chapter 9
Clinical Evaluation
9.1 Clinical Procedure and Data Collection
Patients with suspected glioblastoma tumor were considered (n = 22); 12 males, 11
females, aged 47-78 years. A dose of 5 mg/kg bodyweight ALA was dissolved in orange
juice and orally administered 2-3 hours prior to craniotomy. The procedure was approved
by the local ethics committee (No: M139-07 with complementary permissions T110-08
and 2010/70-32) and written informed consent was received from the patients for the
intra-operative measurements.
Of the twenty two patients five were excluded due to the absence of PpIX fluorescence
in the tumor (Figure 39). One patient had an abscess and the remainder had tumors
diagnosed to be of type recurrent GBM, recurrent glioma grade II, malignant astrocytoma
and metastases. In two patients only photobleaching was studied and in one patient ALA
was not administered to search for the presence of endogenous PpIX in tumor. Data from
the remainder of the patients were further analyzed by comparing the fluorescence ratio to
visual diagnosis, histopathology examination and ultrasound navigation.

22 patients
studied

5 excluded

1 abscess

2 photobleaching

45 biopsy
samples

4 showed no PpIX

Figure 39 Patient data included in the thesis.
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14 further
analyzed

1 without ALA

339 visual
inspections

30 ultrasound
snapshots
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Measurements
All the measured points were intra-operatively categorized by the surgeon into healthy,
tumor, necrosis, gliosis and tumor margin. Some points with no possible diagnosis were
grouped as unclassified. The points which had no noted diagnosis and points with
disturbed signals were excluded. In total 339 points were further analyzed. Forty five of
these points were examined for histopathology. In total 30 snapshots were taken with the
ultrasound navigation system, 19 of which had either a pathology diagnosis (n = 8) or a
definite diagnosis by the surgeon (n = 11).
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Figure 40 Fluorescence spectra on a site before and after resection. The biopsy showed a
grade III malignancy. Copyright (2010) by John Wiley and Sons. Reprinted
with permission from [129].

Histopathological examination
Approximately 1-2 mm large biopsies were taken in the operating room. The samples,
either fresh or in formalin, were sent to the pathological department. In the pathological
examination routine at the Department of Neurosurgery Linköping University Hospital,
the samples were paraffin embedded and fixated. Using a microtome 4 micrometers
sections were cut and put on objective slides. The samples were subsequently examined
under the microscope determining the presence of necrosis, gliosis and tumor.
malignancy was typed (i.e., astrocytoma, oligodendroglioma, glioblastoma) and graded
according to WHO as grade II, grade III, grade IV [1] . If conclusive grading could not be
made, the sample was classified as a high or low malignant tumor. Three neuropathologists were involved and each sample was analyzed by at least one of them.

9.2 Statistical Analysis and Clinical Performance Measures
The fluorescence ratio was calculated for all the collected spectra. The measurements
with distortion from the operating room lamps or movement or blood were excluded from
the statistical analysis. The data were statistically analyzed once based on the
fluorescence ratio in Eq. 18 (quantified approach) and once based on the presence and
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absence of PpIX peak (binominal approach). For the binominal data, Fisher’s exact test
with double-sided 95% confidence interval was used. The quantified data groups had a
non-normal distribution; therefore, non-parametric statistical methods (Mann Whitney Utest) were applied.
In some surgeries, the measurement time was delayed which extended the time
between ALA administration and measurements up to nine hours. No correlation between
ALA administration time and maximum fluorescence intensity level was seen (r = -0.03,
p-value > 0.05). The maximum fluorescence ratio is plotted vs. the time interval of ALA
administration in Figure 41. PpIX could be detected between 2.5-9 hours after ALA
administration. Longer and shorter intervals were not tested.
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Figure 41 Fluorescence range of the collected data compared on the basis of ALA
administration time. Each point corresponds to the maximum fluorescence
ratio detected in one patient. The horizontal axis shows the measurement time
of the maximum fluorescence ratio value.

9.2.1 Quantified Approach
The fluorescence ratio varied to a great amount among the patients which made the
absolute value definition a difficult task. The intra and inter patient variation was also
observed when the actual concentration of the PpIX was calculated [106]. To avoid
calculating noise as PpIX, the ratios were set to zero when (I635 – Iautofl (635)) > 20. Figure
42 shows the box plots with 25% and 75% percentile of the fluorescence ratio categorized
based on visual diagnosis. By performing the Mann-Whitney U-test, statistically
significant difference was observed between non-tumor and tumor groups (p < 0.001).
The median fluorescence ratio was lower in the margin (0.6) than the tumor (1.9). Median
of fluorescence ratio was zero for gliosis and necrosis.
Figure 43 shows box plots with 25% and 75% percentile of the fluorescence ratio
categorized based on the results from histopathological examination. Low grade
malignancies (0.3) showed a lower fluorescence than high grade malignancies (2.4)
(p < 0.05). Gliosis (1.6) and necrosis (1.0) showed a moderate fluorescence ratio.
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Figure 42 Comparison of fluorescence ratio with visual diagnosis of the surgeon. A total
of 339 samples were included.
Histopathological examination
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Figure 43 Comparison of fluorescence ratio with histopathological examination. The
median values are stated. A total of 45 samples were included.
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9.2.2 Binominal Approach
The binominal approach was based on the presence or absence of PpIX fluorescence.
The limit was defined the same as the quantified approach; i.e., (I635 – Iautofl (635)) > 20
represented the presence of PpIX. Table 9 shows the fluorescence response of tumor
tissue type based on visual diagnosis of the surgeon and Table 10 shows the fluorescence
response of each histology-based tissue sample.
Table 9 Binominal coding of the fluorescence based on availability of the PpIX peak and
visual diagnosis of the surgeon.
Tissue type
non-tumor
gliosis
margin
tumor
necrosis
unclassified

Visual diagnosis
Fluorescence absent Fluorescence present
64
30
5
3
29
54
19
87
2
1
15
30

Total
94
8
83
106
3
45

Table 10 Binominal coding of the fluorescence based on availability of the PpIX peak and
histopathological examination results.
Tissue type
necrosis
gliosis
LGT
HGT
healthy

Histopathological examination
Fluorescent absent Fluorescent present
1
6
2
6
1
2
0
25
1
1

Total
7
8
3
25
2

To assess the diagnostic performance, parameters of sensitivity, specificity, positive
predictive value (PPV), negative predictive value (NPV) and test efficiency were
calculated [140]. The values corresponding to the OTP outcome are included in Table 11.
Presence of PpIX in necrosis, low and high grade tumor is taken as true indication of
malignancy and presence of PpIX in the gliosis and healthy tissue is taken as false
indication of malignancy.
Table 11 Diagnostic performance of OTP. TP: true positives, TN: true negatives, FN:
false negatives and FP: false positives.
TP TN FN FP total
2
7
45
Count 33 3
Sensitivity

Specificity

PPV

NPV

Test efficiency

TP/(TP+FN) TN/(TN+FP) TP/(TP+FP) TN/(TN+FN) (TP+TN)/(TP+FP+TN+FN)
0.94

0.30

0.83

0.60
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Count

A total of 19 ultrasound snapshots were collected and compared to the fluorescence
measurements and the histopathological results, or the definite diagnosis of the surgeon if
the histolopathological examination had not been performed. Values of zero and one were
assigned to false and correct results obtained from US and OTP. For the combination of
the methods a logical ‘or’ was used; therefore, if any of the methods showed a malignant
tissue, the final result was considered as a malignant. As shown in Figure 44, when a
combination of the OTP and US is used, the true positives (TP), false negatives (FN) and
false positives (FP) improved in a favorable direction, but the true negatives (TN)
dropped unfavorably.
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TP

TN

US
OTP
FN

FP

Figure 44 Diagnostic performance of OTP, ultrasound navigation (US) and their
combination.
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Chapter 10
Review of the Papers
Paper I- Optical touch pointer for fluorescence guided glioblastoma resection
using 5-aminolevulinic acid
The paper described the system setup, concept and signal quantification used
throughout the following publications and the thesis. A fiber-optical fluorescence
spectroscopy system was set up for recording and quantifying the fluorescence signals. A
minimum of 2 mJ (0.4 s and 5 mW) excitation energy was needed to collect an acceptable
fluorescence signal from the brain; thus, the laser power and pulse width were in this
study set to 5 mW and 0.4 s (Irradiance = 1.78 W/cm2). The heat generated by these laser
settings is negligible and thus no potential damage to the tissue is estimated.
The system is specifically developed for performance in the OR by reducing the
surrounding light from the collected signals. To serve this purpose two spectra with the
same pulse width are recorded at each measurement point, one with laser excitation (light
spectrum) and one without (dark spectrum). By reducing the dark from the light
spectrum, the fluorescence signal is extracted from the total fluorescence and surrounding
light.
One purpose of the system is to record and quantify the fluorescence signals. The
collected fluorescence is a sum of the tissue autofluorescence and the fluorescence of
PpIX, in case it is present. Signal quantification is initially done by using a number
referred to as the fluorescence ratio or ratio number. This number is obtained by dividing
the pure effect of PpIX fluorescence by the maximum autofluorescence. Examples of
fluorescence measurements in the healthy and malignant brain tissue and the
corresponding fluorescence ratio are included in the paper.

Paper II- Fluorescence spectroscopy measurements in ultrasonic navigated
resection of malignant brain tumors
In this paper, the performance of the fluorescence spectroscopy system and the
quantification method was evaluated on nine patients undergoing tumor resection,
practically and statistically. The quantified fluorescence signals (explained in Paper I)
were compared based on the surgeon’s visual diagnosis, histopathological examination
and ultrasound-based navigation system. A total of 20 biopsy samples, 30 ultrasound
images and 180 visual diagnosis points were included.
5-ALA (5 mg/kg body weight) dissolved in orange juice was orally administered 2-3
hours prior to craniotomy. The patients underwent the conventional surgical procedure.
Standard white light microscopy and ultrasound navigation was used in addition to the
OTP measurements. The OTP probe was set into the navigation system. The
measurement points were visually diagnosed as healthy, gliosis, margin, necrosis and
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tumor. At some points fluorescence measurement was performed directly after
registration of the probe location on the ultrasound image and thereafter a biopsy sample
was taken. Tissue type on the ultrasound image was categorized as tumor core and in/out
margin and biopsy samples were classified as necrosis, gliosis and tumor.
Fluorescence data were coded in two ways of the presence and absence of PpIX
(binominal approach) and actual calculated fluorescence ratios (quantified approach). The
median values for the visually distinguished groups of tumor and healthy tissue showed a
statistical difference using both the coding methods. Fluorescence was zero in necrosis,
low in the margin and gliosis, and higher in the tumor. Using OTP, differentiation of
necrosis, healthy and tumor tissue is possible; however, combined fluorescence and
ultrasound-based navigation may improve the tumor diagnosis.

Paper III- Photobleaching behavior of protoporphyrin IX during 5aminolevulinic acid marked glioblastoma detection
This paper aimed at one of the major challenges of fluorescence quantification,
photobleaching. Photobleaching and its effect on autofluorescence and PpIX fluorescence
peak were studied in the skin and brain tumor using the continuous and pulsed
modulation of the OTP system versus several power and pulse width settings. The
calculations were implemented in the system to reduce the photobleaching induced by the
laser excitation light.
No photobleaching of the autofluorescence was observed in the absence of ALA in the
tissue. However, when PpIX was present the autofluorescence increased approximately
5 % due to the photobleaching of PpIX. Photobleaching is proportional to the power of
the excitation light. Total photobleaching of the PpIX in the skin is faster than in the brain
tumor. For the excitation power of 1-10 mW, the time of photobleaching was 20-50 s in
the skin and 40-80 s in the brain.
Using the pulsed modulation a range of pulse widths were applied on the skin. Some
pulse widths induced a faster photobleaching than the continuous excitation. In the brain,
modulated excitation induced faster photobleaching than the continuous mode. In
conclusion, to keep the photobleaching induced by the system at minimum, the time of
exposure was adjusted to the time when only 10% of the fluorescence was reduced (two
pulses at 5 mW and 0.5 s).

Paper IV- Photobleaching-insensitive fluorescence diagnostics in skin and
brain tissue
In this paper, photobleaching was studied in a continuation of Paper III using principal
component analysis (PCA). Photobleaching accompanies surface fluorescence
measurements specifically when the brain tissue is exposed to the strong light of the
surgical lamps and microscope in the operating room. As the fluorescence signal
quantification in many cases is expected to be affected by photobleaching prior to the
start of the measurement, it was of interest to develop a method to predict the initial value
of fluorescence. In this regard, a dynamic model was developed to predict the
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photobleaching behavior based on convergence and decay rates of fluorescence from long
measurement series at each point. Measurements were performed on the skin of
volunteers (n = 4) and brain tumors (n = 2), respectively.
By applying PCA to the photobleaching sequences on each measurement site, a
spectral component for each of the autofluorescence, PpIX fluorescence, blue shift and
noise was obtained. A system matrix was then defined using the fluorescence decay rates
from which spectral composition at infinity was derived. Fluorescence quantification was
performed on the principal components of the initial and estimated infinity signals. The
same fluorescence ratio defined in the earlier publications was used on the components.
The fluorescence ratio obtained for initial moment and the infinity show a high
correlation in the skin suggesting the potential of the method for correcting the
photobleaching effect.
The influence of excitation power and modulation was investigated on the defined
PpIX ratio, blue shift ratio and the PpIX fluorescence lifetime. Modulation did not show
any influence on the blue shift but it resulted in a faster photobleaching. In agreement
with Paper III, excitation power resulted in a faster photobleaching; however, at higher
excitation powers photobleaching was saturated.

Paper V- Compensation for blood interference in the tissue fluorescence application in fluorescence guided brain tumor resection
Blood often disturbed the fluorescence signals during the intraoperative measurements.
In this case, blood interfered with optical signals and affected the quantification of the
signals in the presence of PpIX. Blood was frequently rinsed with saline during the
surgery but still many signals were distorted as a result of blood being in front of the
probe. In this paper, this problem was investigated by developing a theoretical model
based on Beer-Lambert Law and linear fitting of fluorescence versus excitation fluence,
to model the pattern of blood interference. Intraoperative measurements were
experimentally re-produced in the laboratory by placing blood drops on the skin. Both
models showed a good agreement with the data collected from brain tumor resection. To
evaluate the estimated amount of blood by the model, confocal microscopy was used.
According to the theoretical model, the optical signal to and from the tissue is blocked
by an approximately 300 µm blood layer. The model showed an overestimation in the
fluorescence ratio calculated from the distorted signal. Distortion was corrected for the
blood layers thinner than 50 µm by defining a correction factor multiplied by the
fluorescence ratio. The correction factor was calculated based on the developed
theoretical model. Compensation performed on blood-distorted signals from one patient,
showed a reduction in the median of the fluorescence ratio but there was no significant
statistical difference between the distorted and corrected data sets.
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Chapter 11
Discussion and Conclusions
In this thesis, fluorescence spectroscopy was evaluated as an intraoperative guiding tool
for resection of the most malignant brain tumor, glioblastoma. In addition to system
development, challenges of intraoperative measurements and signal quantification
including photobleaching and blood interference were addressed throughout the thesis.
The issues regarding the applied techniques, diagnostic performance, comparison of
similar observations by other research groups and the future steps are discussed in this
chapter.
Suppression of the Operating Room Lamps
Any type of optical source interferes with fluorescence signals. Ideally, the operating
room should be darkened during the measurements; however, this is difficult since having
a proper view of the surgical area is necessary. In an earlier generation of the system, the
light has been suppressed by a plastic funnel at the tip of the probe [141]. The funnel
proved to be successful in obstructing the light from the fluorescence spectrum; however,
it blocked the surgeon’s view from the measurement location.
Suppression of the ambient light by system modulation was adequate when applied to
lamps of low optical power; i.e., fluorescent tubes in the laboratory and in the operating
room. High optical power lights were to a great extent omitted; however, the total
omission in the direct focus of the light was not possible as the scans generated by the
spectrometer did not have perfectly equal integration times (pulse widths) and differed for
several microseconds. Therefore, during the operation, the surgical microscope was
shaded by the hand of the surgeon when holding the probe. A system that collects a few
individual spectral bands by using photodiodes or photomultipliers instead of a
spectrometer will be able to generate pulses in the kHz range. Elimination of high power
light sources in the operating room may be possible with this design.
Signal Quantification and Diagnostic Performance
To obtain an absolute value for the PpIX fluorescence ratio which corresponds to a
specific tumor or malignancy is a challenging task as the values vary to a great deal
within one patient and among patients. One argument on the variability of ALA is the
time of application. This was however not considered to affect the fluorescence intensity
within 2-9 hours (Figure 41). Other arguments put forward photobleaching and individual
tumor uptake of ALA.
Blood was a major challenge for fluorescence measurements that caused
overestimation in the calculated fluorescence ratio. The correction of the distorted signals
made the retrieval of the signals otherwise excluded from the quantification analysis
possible. As the method was developed in the later phase of the thesis, the calibration
measurements were only performed in one patient and the blood distorted signals were
excluded from the data included in Chapter 9. In future clinical measurement routines,
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calibration measurements are recommended for each surgical procedure to allow
compensation for blood interference.
The implemented fluorescence ratio was considered superior to the ratio suggested in
Eq. 11 [127] for quantification of fluorescence since it showed a higher test efficiency.
The ability of the fluorescence ratio to classify the degree of malignancy (low or high)
was evaluated by discriminant function analysis. The data collected were insufficient for
reliable discriminant training; however, a test efficiency of 100% and 50% was obtained
for confirmed low and high grade glioma biopsies, respectively.
The measurement on one confirmed high grade glioma did not reveal any native PpIX
although reported differently in the literature [69]. Therefore the effect of endogenous
PpIX was not supposed to affect the quantification. Two tumors with confirmed high
malignancy grade did not show any fluorescence. The reason is unknown; however, the
fact that the corresponding measurements were performed in the early stage of the study
for training, might have affected the indications. The method has so far been aimed at the
highly malignant GBM and recurrent GBM; however, as reviewed in Chapter 4 (Table 4),
several other tumor types have responded positively to ALA. One study in the future
could be to investigate the response of tumor types other than GBM to ALA.
The diagnostic performance of the system was evaluated by binominal categorization
of PpIX fluorescence (Table 11). A larger dataset is required to confirm the values;
however, the evaluation was included to give an overall view of the performance of the
method. A high sensitivity and test efficiency is obtained by OTP but the specificity was
low due to the fact that biopsies were taken from the suspected malignant tumors rather
than suspected healthy tissue. Other groups who investigated the fluorescence response of
the tumor report on high performance values (Table 5). At the next step for diagnostic
performance evaluation, the entire resection could be guided based on the OTP. The
outcome could then be compared to the extent of resection calculated from the preoperative and post-operative MR images.
Distribution pattern of PpIX fluorescence at cellular level may explain the reason for
fluorescence variation among samples. The fluorescence at the cellular level can be
monitored using two main methods of confocal fluorescence microscopy or flow
cytometry. Flow cytometers are suitable for measuring the fluorescence intensity of each
cell and in advanced equipment may be combined with cell imaging options where
fluorescence inside the cell structures may be imaged [142, 143]. Confocal fluorescence
microscopy however offers the simultaneous pathological examination of the cells; i.e.,
each cell can at the same time be diagnosed for its pathology and fluorescence intensity. It
has been reported [144] and seen in test measurements at Linköping University Hospital
(unpublished data) that not all of the high malignant GBM cells fluoresce. It is of interest
to investigate the causes behind this observation.
Photobleaching
As described in Chapter 8 and Paper III photobleaching due to the excitation light of
the OTP was calculated and set to be minimal; thus the photobleaching induced by the
OTP system was insignificant. However, PpIX is photobleached as a result of being
exposed to the surgical lamp and the surgical microscope when the measurements are
performed on tissue surface. The commercial surgical microscopes adapted to detect
fluorescence, filter the blue part of the light (below 440 nm) when the microscope

64

Discussion and Conclusions

operates in the white light mode. This is done to prevent rapid photobleaching of the
PpIX as it has high absorption in the blue region; nevertheless, the PpIX is still
photobleached by longer wavelengths. The time that fluorescence photobleaches to 36%
of its intensity is reported to be 25 minutes and 87 minutes respectively for the blue and
white light microscopy at 20 mg/kg [42]. Photobleaching lifetime was much shorter (less
than one minute) for OTP using 5 mg/kg ALA. Since photobleaching is dependent on the
concentration of oxygen and photosensitizer [66], the different excitation power of the
microscope, the higher ALA dose or the starting point of measurements are the possible
causes for this difference in fluorescence lifetime.
The PCA-based dynamic model (Paper IV) suggested a method to predict the initial
amount of fluorescence from the photobleached fluorescence spectra. This method was
however not applicable to the current generation of the system in the operating room as a
large number of spectra at each point was needed. Excitation power and pulsation settings
influence the photobleaching lifetime. To precisely associate the pulse settings with
photobleaching and taking into consideration the oxygen diffusion time in the tissue,
more investigation on the duty cycle and the pulse width is needed.
Comparison of Fluorescence Spectroscopy with Fluorescence Microscopy
The first clinical trials for ALA-guided brain tumor surgery were performed by
fluorescence microscopy. The fluorescence microscopes are rapidly replacing the
conventional neurosurgical microscopes for clinical use in many countries. In Europe it is
used in clinic routines since 2007 while in some other countries including the USA,
Australia and some Asian countries it is at the stage of clinical trials prior to approval.
Fluorescence microscopy provides an overview of the tumor; however, it is restricted
in several other aspects. One main limitation of microscopy is the high detection
threshold which results in missing the weak fluorescence signals. Combined fluorescence
spectroscopy and microscopy measurements showed that some points which appeared to
be blue (normal) in the microscope, were detected as fluorescent using OTP (unpublished
data). Consistently, Valdes et al., obtained higher test efficiency (87% versus 66%) with
the spectroscopy method than with microscopy method [114]. Moreover, fluorescence
detection using microscopy is subjective and based on the surgeon’s categorization of the
fluorescence intensity as vague or solid.
Using a probe for fluorescence spectroscopy gives the advantage of examining the
tumor extent in depth by inserting the probe in the tumor while microscopy is limited to
the surface view only. Also to consider is the post-op patient care and ALA costs imposed
on clinics when a 20 mg/kg dose is used. The 24-48 hours incubation in a dark room [42]
may not be a burden as the patients stay at post-op care routinely. However, no skin
sensitization is induced when a 5 mg/kg ALA dose is administered (unpublished data).
Complimentary Technologies
Fluorescence spectroscopy was compared to ultrasound-based navigation as a reference
method and for registering the location of the measurement site on ultrasound images at
the same instant it was measured. Complementary performance of fluorescence
spectroscopy and ultrasound-based navigation was evaluated as positive. However, the
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OTP and US are both unable to detect the tumor cell infiltrations and might both indicate
gliosis as a tumor [40].
Various optical modalities have been developed for non-invasive in vivo screening of
surface malignancies (e.g. skin tumors) based on tissue functionality, metabolism or
structure. However, few of these modalities have been used during actual surgical
procedures mainly due to limitations of device-tissue interface, bulky instrumentation,
long measurement time and off-line data processing requirements [145]. Optical methods
that have so far been implemented for in vivo human brain studies are fluorescence
microscopy [43, 146] and a feasibility study with a hand-held confocal microscope [147].
Integration of other optical methods with the fluorescence spectroscopy is possible
through the addition of extra optical fibers in the probe. Optical coherence tomography
(OCT) and DRS are the only optical methods available in the fiber-optical form as of
today. Results from DRS although indicative, are not reliable for clinical diagnosis [76].
OCT is a potential complementary method to fluorescence spectroscopy as it provides
high resolution (~1 µm) images of the tissue microstructures 2-3 mm deep. Feasibility of
OCT for human brain tumor detection has been investigated in one study so far [148].
The multiphoton fluorescence imaging method is compatible with ALA properties [149]
and is useful in terms of inducing less photobleaching and deeper penetration in blood
and tissue due to the longer excitation wavelengths used. However, it is not yet available
in the fiber-optic mode [150].
Conclusion
Fluorescence spectroscopy was evaluated as being a feasible technique for quantitative
demarcation of glioblastoma. Fluorescence signals were quantified and the technical
challenges including photobleaching and blood interference were studied. Photobleaching
sequences were explained by three major components using principal component
analysis. Different system settings were found to influence the fluorescence lifetime.
Blood absorption caused an overestimation in the fluorescence ratio and the error was
corrected based on a theoretical model. Ultrasound-based neuronavigation was considered
a complementary technology for fluorescence point measurements. Clinical evaluation of
the method showed that the presence of fluorescence was associated with the tissue
pathologically diagnosed as malignant. Fluorescence ratios were indicative of tumor
tissue malignancy degree.
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