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Abstract 

Background and Objective: Fluorescence spectroscopy is a potential tool for brain tu-

mour resection surgery. The main advantages of fluorescence spectroscopy are the ob-

jective fluorescence detection, possibility to quantify the signals and high sensitivity for 

instance to distinguish between healthy and neoplastic tissue. This distinction is a difficult 

task attributed to the diffuse growth pattern of brain tumour. A low dose of 5- ami-

nolevulinic acid (5- ALA) is given orally to the patient. 5- ALA promotes accumulation of 

protporphyrin IX (PpIX) in the tumour cells which is a fluorescing substance. To measure 

the fluorescence emission the neurosurgeon examines the brain tissue with the help of 

an optical probe and spectroscopy system developed at the Department of Biomedical 

Engineering at Linköping University. The aim of this study was to develop an optical phan-

tom which mimics brain tumour tissue. The phantom allows measuring and performing 

characterisation experiments in a controlled environment.  

 

Material and methods: To develop the tissue simulating phantom black ink and 20 % 

intralipid was used to obtain the optical properties of high grade glioma brain tumour. The 

optical properties of each substance were measured with collimated transmission spec-

troscopy and compared to the data reported in the literature. Agar gel was used to obtain 

similar photobleaching properties of tissue. Different PpIX concentrations were added to 

the phantom and fluorescence characterisation measurements were performed. Fluores-

cence quantification and the photobleaching as a function of concentration were investi-

gated. An algorithm was established to predict the fluorescence concentration in the phan-

tom based on the photobleaching decay characteristics. 

 

Results: An optical phantom with an error of ± 4 % was developed for the specified wave-

length. The fluorescence ratio measurements showed a power and integration time inde-

pendent relationship while they were linearly correlated (R2 = 0.79) with the PpIX concen-

tration which could be quantified with a resolution of 4 μg ml-1. The fluorescence ratio 

values showed among the concentrations significant differences (p < 0.001) by using the 

Kruskal-Wallis. Three parameters of laser light pulsation, initial concentration of the fluor-

ophore and excitation power affected the photobleaching proportionally. The developed 

algorithm can predict the fluorophore concentration in the phantom with an error of 9.2 %. 

The decay times for 63 % for loss of the initial intensity in the phantom (9 s - 43 s) were 

comparable with clinical data (19 s - 39 s). With the assumption that the photobleaching 

characteristics were the same in brain tumour tissue as in the phantom an already photo-

bleached clinical measurement was reconstructed and the initial PpIX concentration was 

predicted. 

 

Conclusion: This study provides insight into a detailed development process of a brain 

tumour simulating optical phantom. The fluorescence ratio measurements showed a sig-

nificant difference (p < 0.001) among different PpIX concentrations. Furthermore, the flu-

orescence ratio measurements showed a power and integration time independent linear 

relationship (R2 = 0.79) to quantify the PpIX concentration with a resolution of 4 μg ml-1. 

Additionally, main excitation parameters which affected the photobleaching kinetics in vivo 

were investigated in the phantom. The developed method to predict the fluorescence con-

centration in the phantom, based on the photobleaching measurements, was feasible to 

predict the initial intensity from a clinical measurements in a reasonable range but further 

investigations are required. 
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Zusammenfassung 

Das Thema dieser Arbeit widmet sich der "Fluoreszenz gestützten Gehirntumor-

Resektion". Die Methode ist ein potenziell hilfreiches Instrument durch die erschwerte 

Detektion und die heikle Tumor-Entfernung. Aufgrund des infiltrierenden 

Wachstumsmusters des Tumors ist es äusserst schwierig, den Unterschied von 

gesundem zu krankem Gewebe festzustellen. 5- Aminolävulinsäure (5- ALA) zeichnet 

sich durch seine Selektivität zu Tumorgewebe aus und fördert die Produktion eines 

fluoreszierenden Stoffes. Der Stoff überwindet die Hirnblutschranke und fördert die 

Produktion von Protoporphyrin IX (PpIX) in neoplastisches Gewebe, dadurch ist es 

möglich, gesundes Gewebe von Tumorgewebe zu unterschieden. Ein Spektroskopie 

System, entwickelt am Institut für Medizintechnik an der Linköping Universität, ermöglicht 

es dem Neurochirurgen während der Operation die Fluoreszenzstoffemission im Tumor 

zu messen. Das Ziel dieser Arbeit ist es die Entwicklung eines optischen Phantoms, das 

die gleichen optischen Eigenschaften aufweist wie Gehirntumorgewebe, um kontrollierte 

Fluoreszenzmessungen zu ermöglichen und eine charakterisiereng des Phantoms 

durchzuführen. Das Phantom wurde mit optischen absorbierenden und zerstreuenden 

Stoffen versetzt, um die spezifischen optischen Eigenschaften von Gehirntumorgewebe 

zu erhalten. Die Substanzen wurden anhand der Transmitter-Spektroskopie untersucht 

und das Schwächungsverhalten gegenüber Strahlung im UV-Bereich charakterisiert. 

Zudem wurde Agar verwendet, um Diffusions-Bewegungen im Phantom zu verhindern. 

Dem Phantom wurden verschiedene Fluoreszenzstoff-Konzentrationen hinzugefügt und 

die Fluoreszenz-Charakterisierungsmessungen wurden durchgeführt. In einem weiteren 

Arbeitsschritt wurden die Fluoreszenz-Quantifizierungs-Methode (als eine Funktion der 

Konzentration) und das Photobleaching-Verhalten untersucht. Auf Basis der 

Photobleaching-Messungen wurde ein Algorithmus entwickelt, mit dem die Konzentration 

des Fluoreszenzstoffes im Phantom berechnet werden konnten. 

Ein optisches Phantom mit einem Fehler von ± 4 % konnte  für die spezifizierte 

Wellenlänge entwickelt werden. Die Fluoreszenz-Ratio-Messungen zeigte eine 

Anregungs-Leistungs- und Integrationszeit unabhängiges Verhalten, verbunden mit einer 

linearen Korrelation (R2 = 0.79) gegenüber der PpIX Konzentration, die mit einer 

Auflösung von 4 μg ml-1 differenziert werden konnte. Der Kruskal-Wallis Test zeigte eine 

statistische Signifikanz (p < 0.001) bezüglich den Ratio Werten und den dazugehörigen 

Konzentrationen. Drei Parameter wurden evaluiert die das Photobleaching Verhalten 

proportional beeinflussten, dies wären die Anregung Licht Leistung, die Konzentration des 

Fluoreszenzstoffes und die Licht Pulsation. Der Entwickelte Algorithmus, basierend auf 

den Photobleaching Messungen, kann die Konzentration des PpIX im Phantom mit einem 

Fehler von 9.2 % berechnen. Die Zerfallszeiten für das Erreichen von 63 % der Initialen 

Intensität des Phantoms (9 s - 43 s)  wurden mit klinischen Daten (40 s) verglichen. Diese 

liegen in einem ähnlichen Rahmen. Unter der Annahme das Photobleachingverhalten in 

Tumorgewebe sei das gleiche wie das im Phantom, wurde eine klinische Messung 

rekonstruiert und versucht die initiale Intensität zu bestimmen. 

Die Studie gewährt Einsicht in einen detaillierten Entwicklungsprozess eines optischen 

Phantoms, das die optischen Eigenschaften von Gehirntumorgewebe simuliert.  

Die Fluoreszenz Ratio Messungen zeigten eine statistische Signifikanz (p < 0.001) 

zwischen verschiedenen PpIX Konzentrationen. Im Weiteren zeigte die Messung eine 

Auflösung von 4 μg ml-1 unabhängig von Anregung Licht Leistung und Licht Pulsation. 

Zusätzlich wurden Einstellungsparameter im Phantom untersucht die das Photobleaching 

in vivo beeinflussen. Die entwickelte Fluoreszenz- Quantifizierungs- Methode, basierend 

auf den Photobleaching- Messungen, schien fähig die initiale Intensität einer klinischen 

Messungen in einen möglichen Bereich zu rekonstruieren.  
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1. Introduction 
Currently the standard procedure to evaluate the tumour malignancy and margin extents 

is based on white light microscopy, supporting imaging and navigation systems. Due to 

the high complexity of surgical microscopy there is a high demand for alternatives. Fluo-

rescence methods have been recently introduced to mark the tumour during the operation. 

Fluorescence spectroscopy is a potential tool that provides an alternative method to detect 

the fluorescence in the tumour due to the poor detection and the difficulty in resection of 

high grade malignant gliomas. The main advantages of the spectroscopic method are the 

objective fluorescence detection, higher detection sensitivity and possibility to quantify the 

signals. A fluorescence spectroscopy system has been previously developed at the De-

partment of Biomedical Engineering, Linköping University, Sweden (1). The system is 

used to detect the fluorescence of protoporphyrin IX (PpIX) that accumulates in the brain 

tumour cells which is promoted from the photosynthesizer 5- aminolevulinic acid (5- ALA). 

The group showed that the fluorescence spectroscopy is a technique to characterise the 

tumour border and malignancy during the resection (2). Amongst other examinations the 

group investigated the dynamic behaviour of the system in vivo like the photobleaching 

dynamics to achieve an improved data evaluation (3). 

The aims of this study are the development of a brain tumour tissue like fluorescence 

phantom and accomplish fluorescence characterisation measurements with PpIX as the 

fluorescence agent. The Phantom is developed to test the performance and optimise the 

clinical measurements under a controlled environment to avoid the uncertainties during 

clinical measurements for example photobleaching. In order to analyse the clinical data 

with higher accuracy, we would like to investigate factors that affect the measurements 

like the excitation power, integration time of the system or the fluorophore concentration 

in the tissue simulating phantom. At the beginning a short theoretical background is given 

about biooptics, the optical properties of brain tumour tissue, and the fluorescence kinet-

ics. The development process of the optical phantom is described which is substantial to 

acquire representative characterisation measurements. To investigate the correlation be-

tween the PpIX concentration and fluorescence ratio, measurements were done on sev-

eral phantom mixtures with different fluorophore concentrations. In addition the photo-

bleaching behaviour in the tissue simulating phantom was investigated. Based on these 

measurements an algorithm was developed to predict the initial PpIX concentration in the 

phantom. The measurements were compared to clinical data to evaluate parity between 

the clinical and the tissue phantom measurements. At the end the gained knowledge was 

used to predict the initial intensity from a clinical measurement which was already photo-

bleached.  
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2. Theoretical Background 
The focus of this section is to illustrate the theoretical background and give insight into the 

principle theories of the main concepts. Firstly a short introduction to the anatomy of the 

brain and the brain tumour is described. In the second part the fundamental physical the-

ories of optics and fluorescence are reviewed. 

2.1. Brain Anatomy 

The brain contributes an essential part to our being. It is one of the most important organs 

of the human body even though it takes just two per cent of our bodyweight. As illustrated 

in Figure 1, it is structured into four main areas, the cerebellum, the limbic system, the 

brainstem and the cerebrum. Its ingenious structure enables to pack a relatively big 

amount of mass into a small volume and use the space in an efficient way. The tissue 

mainly consists of glial cells and neurons which all have the same maturity. 

Cerebellum

Cerebrum

Brainstem 

with midbrain

Limbic system 

(thalamus, etc.)

 

Figure 1. The different sections of the brain (4) 

2.1.1. Brain Tumour 

Brain tumours are categorized in two types of metastatic and primary tumours. Gliomas 

are primary tumours that originate from the glial cells and may be of low grade (LG) or 

high-grade (HG) malignancy. Brain tumours are diagnosed through the symptoms affect-

ing a specific brain region followed by medical imaging. Headaches, loss of language, 

confusion, seizure chronic or sub-acute symptoms can originate from a brain tumour. 

Nowadays the advanced medical imaging systems like magnet resonance imaging (MRI) 

and computed tomography (CT) help to identify the position of the tumour and during a 

surgery a biopsy is taken for confirmation. 

High-grade gliomas are the most aggressive tumour types. The tumour is classified by the 

origin of the glial cells in a WHO classification. Grade I-II tumours are LG gliomas whereas 

grade III-IV are HG gliomas. As studies have shown the tumour cells originate from brain 

tumour stem cells. The glioblastoma is the most malignant glioma and has a portion up to 

60 - 70 %. Standard therapy procedures consist essentially of surgical removal of the 

tumour followed by radio and chemotherapy. Studies have shown a relation between the 

complete resection of the tumour and the survival rate. However, it is difficult to distinguish 

healthy tissue from tumour tissue due to the infiltrative growth pattern of tumour tissue. 

Resection of healthy tissue is not desired and can result in neurological defects and can 

lead to neurological ability loss. This leads to a demand for new diagnostic tools and 
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methods to support the neurosurgeon for distinguishing tumour from the healthy brain 

tissue. (5) 

2.1.2. Fluorescence Guided Brain Tumour Resection 

Currently the standard procedure of tumour resection is visual inspection with light mi-

croscopy, supporting imaging and navigation systems. As supplementary support the flu-

orescence microscopy has been recently introduced. As an additional alternative which is 

in development the fluorescence spectroscopy may be used. Fluorescence spectroscopy 

has several advantages including objective fluorescence detection, high detection sensi-

tivity and possibility of quantifying the fluorescence signals. 

 

Figure 2. Spectroscopy measurement with an optical touch pointer in situ: Copyright (2011) by Wiley 

Periodicals, Inc. Reprinted with permission from John Wiley and Sons (2). 

At Linköping University Hospital a fluorescence spectroscopy system called optical touch 

pointer (OTP) is used in the routine for surgical guidance (1). A low dose of 5- ami-

nolevulinic acid (5- ALA) is given orally to the patient. 5-ALA accumulates in the tissue 

and promotes the production of protporphyrin IX in the tumour cells which is a fluorescing 

substance. The neurosurgeon examines the tumours margins with the optical touch 

pointer to detect the fluorescence containing sites (Figure 2). The fluorescence signals 

are quantified to assess the tumour. Thus the neurosurgeon is able to distinguish between 
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tumour tissue and healthy tissue. The distinction between healthy and tumour tissue is 

crucial because of the diffuse and infiltrative growth pattern. 

However, the quantification in the clinical situation are affected by uncontrolled parame-

ters like probe distance, excitation settings or photobleaching. Photobleaching occurs by 

the high power surgical lamps and affect the quantification substantially. As it is possible 

to quantify the fluorescence signals obtained by the spectroscopy system, the preliminary 

studies has been performed to relate the quantified fluorescence values to the malignancy 

grade of the tumours. (2,6,7) 

2.2. Biooptics 

This section highlights the propagation of light in tissue. The term light refers to the spec-

tral range which includes the ultraviolet, the visible and the near infrared and the so called 

therapeutic window which is important in biomedical photonics. The wave-particle duality 

of light is essential to enable an energy exchange between light and matter and defines 

the theoretical basis for molecular spectroscopy. In contrast to the electronics whereas 

the current is thought as a flow of charge, the quantum nature of electrons are required in 

biooptics. 

The duality of light describes the light as an electromagnetic wave with a range of energies 

which is often called the classical theory. The quantum model delineates light as a wave 

of energy packages called photons. The energy of the photons is proportional to the fre-

quency of the electromagnetic wave. Additionally the quantum model introduces the idea 

of energy exchange between light and matter as photons. Light propagation through tis-

sue considers both theories. The classical theory describes the dynamics of the light 

transport mathematically. The quantum theory defines the transmission through tissue 

and its effects such as absorption, luminescence or Raman scattering. 

The radiation theory ignores some complex wave phenomenon like polarisation or inter-

ference and considers only the transport of light energy in the medium. However it in-

cludes wave properties implicitly through the material parameters in the fundamental 

equations. The relation between strongly scattering optical medium and the radiation the-

ory is described empirically and the link to the fundamental laws of electromagnetism has 

been shown. This model allows to characterise the light propagation through biological 

tissue with fundamental optical properties such as the index of refraction, the scattering 

coefficient, the absorption coefficient and anisotropic factor. (8) 

2.2.1. Optical Properties of Tissue  

Incident light on tissue can be described as a specific stream of photons over time. These 

photons can migrate in the biological tissue. There are several essential interactions be-

tween the photons of light and biological tissue. The photons of light targeted at human 

tissue can be reflected or transmitted into the tissue, the transmitted photons may be 

scattered or absorbed in the tissue (Figure 3). The optical properties are given through 

the blood vessels, chromophores and pigments. Each substance/tissue type has its own 
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optical property and described by the absorption, scattering, anisotropic factor and refrac-

tive index. (9,10) 

 

Tissue

Incident light

reflection

scattering

absorption

 

Figure 3. Interaction between incident light and tissue 

2.2.2. Index of Refraction 

Refraction is a consequence of the wave nature of the light and refers to the change of 

light direction when the light propagates from one medium to another. It refers to the speed 

of light in the medium of the respective tissue. The index of refraction for tissue is approx-

imated by the volume weighted average of the values of its constituent parts. When light 

enters a medium where it has a lower speed relative to its previous medium it refracts to 

a direction closer to the surface normal. Due to the fact that a big portion of the cells is 

water and the cell membrane mostly consists of lipids the refractive index for soft tissue, 

for instance brain tissue, is approximately 1.4. 
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To calculate the refractive index nm for the specific medium two invariants are needed 

such as the speed of light in the medium v and the speed of light in vacuum cm which is 

delineated in Equation 1. 

nm =
cm

v
 

Equation 1 

As a consequence of the changed refractive index between the cell and membrane scat-

tering, reflection and refraction occurs. Angle of refraction, Ɵ2, can be calculated from 

Equation 2. Ɵ1 is the angle of light with the surface normal in the medium. 

nm1 sin(Θ1) = nm2 sin(Θ2) Equation 2 

2.2.3. Scattering and Anisotropy Factors 

In biooptics scattering is an important effect and is used in diagnostic as well as in thera-

peutics. Scattering occurs when there is a mismatch between the refractive indices e.g. 

in tissue between the sub cell organelles and the surrounding cytoplasm. However, the 

particle dimension relative to the wavelength of the incident light has an essential contri-

bution to the scattering process. The incident light hits the scatterer and gets redirected 

in a range of angles θ.  

Considering the wave characteristic of light the scattering can be calculated from the re-

fractive indices and the scatterer’s shape. The scattering is quantified by the scattering 

cross section. The wave hits the scatterer with a certain amount of energy I0, some power 

Pscatt gets spatially redirected. 

σs =
 Pscatt

I0
 

Equation 3 

If the scattering cross section and the density of scatterers are known the scattering co-

efficient μs can be calculated from Equation 4. This is valid if the compound has a uniform 

distribution of identical scatterers ρ. 

μs =  ρ ∙ σs Equation 4 

The reciprocal describes l, the free mean path which corresponds to the path length be-

tween each scattering event. 

l =  μs
−1 Equation 5 

Scattering is a dominant effect in biological tissue that affects the light propagation. The 

effect can be divided to two main categories: 

- Rayleigh Scattering 

- Mie regime Scattering 

The different types are defined by the properties of the incident wave like wavelength and 

size. Rayleigh scattering describes the process of reflecting and refracting light rays at the 

obstacle boundaries. It is used when the wavelength of the incident light is much smaller 

than the scattering structures like cell membranes or sub compartments of cells. 

In the intermediate range of the particle size to wavelength ratio the Mie regime scattering 

is used. The Mie theory describes the scattering of incident light on a spherical scatterer 

for any size to wavelength ratio. It is essential in biomedical optics attributable to the size 

of organelles or extracellular components are in the range of 500 to 1000 nm. Although, 

the shape is not exactly spherical the Mie theory can be used for arbitrary shaped objects. 

If the absorption is low enough and the bigger part of the incident light scatters into the 

tissue scattering is the dominant process. In this case μa << μs as a result the mean free 

path of the absorption is lower and allows the light penetrate into the tissue. The diffusion 
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limit is important due the fact that photons can travel through the tissue although the dom-

inant scattering. The scattering dominant limits are described by the diffusion limit,  

D =
cm

3 (μa + μs(1 − g))
 

Equation 6 

The random dispersion, also known as isotropic scattering, is a result of the mainly forward 

directed scattering of the photon. More precisely the photon loses its original direction 

after a few collisions. The angular dependence of light scattering is parameterised by the 

anisotropy factor, g. 

g = ⟨cos (Θ)⟩ Equation 7 

g describes the average cosine of the scattering angle θ. The anisotropy parameter g 

varies between 0 to1. A value of 1 refers to total forward scattering (Mie scattering), a 

value of 0 corresponds to diffuse scattering (Rayleigh scattering). The reduced scattering 

coefficient µ’s describes the isotropic scattering and implies the anisotropic scattering pa-

rameter g. 

μs
′ = (1 − g) ∙ μs Equation 8 

The reduced scattering coefficient delineates the number of anisotropic scattering steps. 

Tissue has a g value in the range of 0.4 to 0.99. This follows in isotropic dispersion of 

photons. The reciprocal describes the pathway length between the isotropic scattering 
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events called mean free path. Equation 9 summarises the before mentioned characteris-

tics such as the ratio between the scatterer’s particle dimension and the wavelength,  

μs
′ (r, λ, m, ρs) = 3.28 ∙ π ∙ r2ρs (

2 ∙ π ∙ r

λ
)

0.37

(m − 1)2.09 
Equation 9 

r is the radius of the spheres with a specific volume density ρs. λ is the wavelength and m 

is the ratio between the refractive index of the scatterer particle and the ground matter 

(8,11). 

2.2.4. Absorption 

The main effect of absorption is to transform the kinetic energy stored in an incident pho-

ton into a photon with lower energy as a consequence of the atomic or molecular structure. 

The kinetic energy may accelerate an electron to a higher energy band. The shift from a 

lower to a higher energy orbital is called transition and involves excitation. 

hv = ∆E Equation 10 

The absorption is quantified in the same manner as the scattering i.e. by the absorption 

cross section, σa. The initially uniform plane wave hits the absorber with a certain amount 

of energy I0 and some power Pabs is absorbed. 

σa =
 Pabs

I0
 

Equation 11 

The absorption coefficient characterises a medium with a uniform distribution of identical 

absorbing particles with ρ is the density of absorbers by equation, 

μa = ρ ∙ σa Equation 12 

The absorption coefficient can also be stated as a product of the molar extension coeffi-

cient ελ at a specific wavelength and Cx is the molar concentration of the absorber x. This 

implies a wavelength dependency to the absorption process. 

μa(λ) =  ελ ∙  Cx Equation 13 

Applied to the Beer-Lambert law, 

I =  I0e(−μa(λ) ∙ z) Equation 14 

Sometimes only the attenuation characteristics of the function are desired. The attenua-

tion i.e. A absorbance describes the intensity decrease over distance, 

A = log10 (
I0

I
) = ελx  ∙  Cx  ∙ z 

Equation 15 

where I is the intensity of the incident intensity I0 traversing a thickness z through a ho-

mogenous medium with absorption coefficient µa. The reciprocal of µa estimates the av-

erage distance travelled by a photon before the absorption occurs. The absorption and 

scattering often occur together thus the attenuation coefficient consists of the factors µs 

and µa. It can be written as µt (λ)= µa (λ) + µs (λ) and be applied to the Beer Lambert law, 

I =  I0e(−μt(λ) ∙ z) Equation 16 

The main absorbing components in human tissue are oxy-haemoglobin, deoxy-haemo-

globin ( Figure 4), lipid and melanin and water. As a result of the wavelength dependent 
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absorption coefficient the penetration depth of light in the tissue is wavelength dependent. 

(10,11) 

 

 Figure 4. Molar extinction coefficent as a function of the wavelength (12). 

2.3. Optical Properties of Brain Tissue 

The optical properties of brain tumour tissue are needed to gain knowledge about the light 

propagation into the tissue. There are detailed in vitro studies of several anicteric brain 

tissue types like grey matter, white matter, cerebellum, pons and thalamus tissue as well 

as native neoplastic tissue like brain tumour tissue grade II to IV. Optical properties of 

cerebellum, grey and white matter are included in Table 1. 

λ 405 nm µs µ’s µa g 

Grey matter 30.375 mm-1 2.43 mm-1 1 mm-1 0.92 

White matter 167.6 mm-1 8.38 mm-1 0.9 mm-1 0.95 

Cerebellum 233.33 mm-1 70 mm-1 1 mm-1 0.7 

Table 1 shows the reduced scattering and absorption coefficient for different types of brain tissue 

(13,14) 

With these coefficients it is possible to estimate the light propagation through the tissue. 

All brain tissue types have close absorption properties at a wavelength of 405 nm. The 

wavelength dependent absorption coefficient for wavelengths under 600 nm shows a mix-

ture of oxy and deoxy-haemeglobin absorption spectrum which refers to blood vessels in 

the brain tissue sample whereas above 900 nm the absorption is increased as a conse-

quence of a high amount of water in the tissue. As other studies have shown, with increas-

ing wavelength the scattering coefficient decreases while the anisotropy factor increases. 

This effect can be ascribed to the contribution of Rayleigh scattering and Mie scattering. 

(9) 

2.3.1. Optical Properties of Brain Tumour Tissue 

As previous studies have investigated the scattering coefficient of brain tumour tissue 

ranges from 10 to 25 mm-1 and the absorption coefficient is about 1.3 mm-1 whereas the 

anisotropy factor varies in a small range from 0.83 to 0.86. The refractive index of brain 

tumour tissue is approximately η = 1.4 (13). 
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λ = 405 nm µs µ’s µa g Cited 

Glioma Grade IV 25.87 mm-1 3.88 mm-1 1,35 mm-1 0.85 (13) 

Brain tumour tissue Grade III 7.86 mm-1 1.1 mm-1 1.1 mm-1 0.86 (15) 

Brain tumour tissue Grade II 21.41 mm-1 3.64 mm-1 1.5 mm-1 0.83 (14) 

Table 2 contains the optical properties for the brain tumour tissue (13–15). 

As shown in Table 1 and Table 2 the tumour tissue has a slightly higher reduced scattering 

coefficient and a smaller anisotropic factor compared to grey matter as a consequence of 

a less macroscopically homogenous structure. As a result the scattering coefficient is sig-

nificantly lower in tumour compared to the healthy tissue. The Absorption coefficient is 

slightly higher due to an increased blood vessel appearance. (7,9,13–15) 

2.4. Fluorescence 

A wide range of biomedical applications are based on fluorescence. Fluorescence is a 

phenomenon where a substance emits light from an electronically excited state. Lumines-

cence is the generic term and it is divided in phosphorescence and fluorescence. The 

distinction between fluorescence and phosphorescence depends on the excitation states 

and lifetime properties of the fluorophore. Fluorescence describes a phenomenon where 

a photon with a specific wavelength λx gets absorbed and an emission of a photon with a 

longer wavelength λm occurs. The absorption of the incident light excites a photon which 
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is converting to a higher energy state S1 or S2 illustrated in the Jablonkski diagram Figure 

5. 

Absorption
(Energy 
transfer)

Ground state

Higher energy states

Fluorescence

Phosporescen
ce

Triplet state

S2

S1

S0

T1

 

Figure 5. Basic concept of a Jablonkski diagram 

This energy transfer between S1 and S2 is called internal conversion. The relaxing from 

the higher energy state S1 to the ground state occurs with a loss of energy and is accom-

panied by an emission of light called fluorescence. Excited molecules in S1 can undergo 

a spin conversion and shift into the triplet state this process is called intersystem crossing. 

The triplet state is long lived and chemically more reactive for instance photobleaching 

can occur in this state. Every fluorescence compound has its specific position and energy 

level however the energy of the emission is typically less than the absorbed energy which 

is described by the Stokes shift. Fluorescence can be characterised by three parameters, 

- Excitation and emission wavelengths 

- Lifetime 

- Quantum yield  

The excitation occurs at any absorbing wavelength and the emission is specific of the 

fluorophore disregarding of the excitation wavelength. 

The lifetime and the wavelength is a characteristic incident of the luminescence emission 

process which defines if it is a matter of fluorescence or phosphorescence. Whereas flu-

orescence has a short life time in the range of 10-9 s to 10-7 s phosphorescence has a 

lifetime between10-3 s to seconds. Lifetime defines the time spent in excited state which 

is connected to the available time for the fluorophore to undergo absorption.  

The intensity of the fluorescence emission coheres with the quantum yield, Q. The quan-

tum yield describes the ratio between the number of absorbed and emitted photons as in 

delineated the Quantum yield is the amount of radiative decayed photons Γd divided by 

the radiative decayed photons and nonradiative decayed photons k. 

Q =  
Γd

Γd + k
 

Equation 17 

The Quantum yield includes the non-radiative decay and if this decay is much smaller 

than the radiative decay the quantum yield gets close to units (Q < 1). (8) 

2.4.1. Autofluorescence 
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Biological tissue contains endogenous fluorescence substances in the cell and other bio-

logical compounds (collagen, amino acids).The concentration of the endogenous fluoro-

phores, like collagen, NADH or protoporphyrins to name just a few, depends on several 

factors like tissue type, tissue layer, depth, age and others. The emissions of these sub-

stances are mainly in the visible blue-green region (16). 

The main endogenous fluorophores in brain tumour tissue are NADH, tryptophan, colla-

gen and others. A study by A. Corce et al. showed that the autofluorescence of brain 

tumour tissue lies between 350 to 700 nm and its peak is around 500nm if the tissue is 

excited with a light source of 405 nm. Studies have shown a relation between the neo-

plasticity and the autofluorescenceintensity. This can be attributed to the increased activity 

of the mitochondria in tumour tissue (17). 

2.4.2. Protporphyrin IX 

Five-ALA is a biomarker with a strong selectivity to brain tumour as a consequence of 

disrupted blood brain barrier and the enzymatic differences between the tumour and the 

healthy cells (18). The 5- ALA promotes the production of endogenous protoporphyrin 

which naturally exists in the haem system. The 5- ALA leads to an intracellular accumu-

lation of PpIX in malignant gliomas. Thus, the margins of the tumour are detectable with 

fluorescence spectroscopy and make the 5- ALA a useful a biomarker for malignant glio-

mas. A study by A. Johansson et al. showed the measured PpIX concentration in brain 

tumour tissue varies in a range of 0 to 18 µg ml-1 when high doses of 5- ALA were used 

(6). Figure 6 shows the absorption and emission bands of PpIX measured with the spec-

tral collimated spectroscopy described in section 3.3. PpIX has a narrow absorption profile 

with highest absorption at the wavelength of 405 nm. The characteristic emission lies in a 

range of 600 nm to 730 nm, where the highest peak has a wavelength of 636 nm.  

 

Figure 6. Absorption and the emssion bands of protoporphyrin IX  

2.4.3. Photobleaching of Protoporphyrin IX 

Photobleaching describes the process of loss of the ability to fluorescence in connection 

with permanent photochemical destruction of the fluorophores. When the fluorescence 

dye is excited and could shift in the triple state, it is very reactive and might interact with 

other molecules and develop irreversible bindings. As previous studies have shown pho-

tobleaching in tissue is dependent on the initial concentration, light fluence and in vivo 

studies shown the partial pressure of oxygen has an impact as well. This phenomenon 
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complicates the quantification of protporphyrin IX during clinical measurements substan-

tial. A distinction must be made between the photobleaching and another phenomenon 

called quenching which reduces the fluorescence emission as well. Quenching is caused 

due to a non-radiative energy transfer between distinct molecules. Although these phe-

nomena are not desired usually there are some measurement techniques which use these 
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effects of quenching or photobleaching. (fluorescence recovery after photobleaching). 

(16,19) 

2.4.4. Fluorescence Spectroscopy 

Spectroscopy methods are used to qualitatively or quantitatively characterise based on 

optical principles. A spectrometer is used to measure the light intensity at different wave-

lengths. Photomultiplier tubes are used in a spectrometer to measure and quantify the 

collected light (16). Fluorescence spectroscopy uses an excitation light and a spectrome-

ter to excite the fluorophores and record their fluorescence emission. 

2.5. Optical Phantoms 

Optically calibrated phantoms are demanded as the biological tissue is not always avail-

able. Optical phantoms are used to calibrate the measurement system and the measure-

ment performance must be evaluated. To enable controlled and stable measurements 

phantoms with accurately determined optical properties are necessary. As no standard 

fluorescence phantoms are available the phantom must be developed in the laboratory 

and the development process must be reproducible to obtain the same optical parame-

ters. Often the shape and the chemical compounds differ from the real anatomic proper-

ties. The functionality of the phantom must be defined and the stability over time must be 

considered. To obtain long term stable phantoms polymers can be used but if the phantom 

is for temporary usage water or gel based phantom can be utilised. However the polymer 

based phantoms have limitations for instance they cannot contain fluorescence agent due 

to the hydrophobic behaviour. To imitate the properties of tissue the phantom should con-

sist of a scattering agent, an absorbing agent and a matrix composition which holds the 

scatterers, absorbers and other additives like fluorophores or organic compounds. In-

tralipids, microspheres, polystyrene beads or white metal oxide powder are used for scat-

tering due to their tissue like characteristics. Food colours or ink are used as the absorbing 

agents. Purified water, agar or silicone can be used as the matrix composition (20,21). 

2.6. Quantification and Concentration Estimation Methods 

There are several approaches for quantification of fluorophore concentration as applied 

by Kim et al., Müller et al. and Wu et al to name just a few. In many cases the diffuse 

reflectance is used together with fluorescence spectroscopy. The objective is to quantify 

the fluorescence in absolute units and to relate the PpIX concentration to the recorded 

fluorescence during ALA-PpIX brain tumour resection.  

The method used from Kim et al is based on a fluorescence model. The model inputs are 

the optical properties of tissue, the diffuse reflectance and the fluorescence spectrum at 

the excitation wavelengths. The model has a relationship between the fluorescence spec-

trum and the optical attenuation to determine the fluorophore concentration. 

The quantification model can be described as a function of the excitation wavelength λx 

and the emission wavelength λm, 

f(x, m) =  (
μa,x

1 − Rt,x
) ∙ (

Fx,m

Rm
) 

where µa,x delineates the absorption coefficient at the excitation wavelength λx. Rt,x de-

scribe the total diffuse reflectance and includes the refractive index between the tissue 

and the external medium. The measured fluorescence is given through the parameter 

Fx,m. The diffuse reflectance at the emission wavelength is included through Rm. 
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The model seems accurate but has limitations as it has a high dependency on the Input 

values. (3) Underestimating the absorption coefficient results in an underestimated fluo-

rescence concentration. It is more suitable where haemoglobin is the major absorber as 

other chromophores interfere with the model’s accuracy (22). 

To avoid additional measurements with the diffuse reflection spectroscopy during the op-

eration it is preferable to base the quantification method on the fluorescence signal. One 

method for such a quantification is to use the fluorescence ratio (1) which is explained in 

chapter 3.6.1. 
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3. Materials and Methods 

3.1. Optical Phantom 

The purpose of the optical phantom is to mimic malignant glioma grade IV tumour tissue. 

Thus, the phantom should have the same absorption and scattering properties as the 

tissue, mentioned in Table 2. In the phantom intralipid is used to mimic the tissue scatter-

ing properties. A Solution with 200 mg l-1 intralipids (Intralipid 20%, Fresnius Kabi) is used. 

As the absorbing agent black ink (Pelikan Quink Ink) was chosen due to the high absorp-

tion only a small amount was needed. 

All agents were diluted in purified water and the phantom was poured into a 96-wells array 

for the measurements. Agar was added to the compound to obtain a gel-(agar) based 

phantom and to restrict diffusion in the phantom to achieve photobleaching similar to tis-

sue. The agar concentration was preliminarily chosen as 0.6 % w / v according to the 

mechanical properties of brain (23,24). A solvent was added to dissolve the PpIX which 

consisted of a mixture of dimethylsulfidoxide (DMSO), purified water and sodium hydrox-

ide (NaOH). The Phantom thickness was chosen to 1.75 mm (0.06 ml) due to the light 

penetration depth of the phantom and adjustment with the autofluorescence model which 

was placed under the samples. 

3.1.1. Calculations of Optical Properties 

To gain the exact scattering and absorption characteristics in the phantom the concentra-

tions of the intralipid 20 % solution, black ink, agar and purified water was exactly calcu-

lated. To measure the optical properties of each ingredient collimated transmittance spec-

troscopy was used. To measure the coefficient the laser with an excitation wavelength of 

405 nm was utilised and in addition the measurements were repeated with a white light 

lamp to obtain a broad spectrum. The values were then compared to the literature. 

 

Calculations for the absorption properties 

Firstly, it was assumed that all substances affected the absorption behaviour shown in 

Equation 18. µa,x is the specific absorption coefficient for the substance x and ρx is the 

volume concentration of substance x.  

μa = μa ink ∙ ρink + μa il ∙ ρil + μa H20 ∙ ρH2O + μa Aga ∙ ρAga Equation 18 

However, to simplify the calculation it was assumed that the absorption coefficient     
µa Agar(ρAgar)  and µa H2O(ρH2O)  were negligible compared to the absorption coefficient of ink 

µa ink(ρink)  as also reported in the literature (25–27). The absorption characteristics of in-

tralipids are not considered as the absorption is negligible compared to the scattering (27–

29) 

 

Calculations for the scattering properties 

Similar to the absorption calculation µs,x is the specific scattering coefficient for the sub-

stance x and ρx is the volume concentration of substance x. 

μs = μs il ∙ ρil + μs Aga ∙ ρAga +  μa H20 ∙ ρH2O Equation 19 

As for the absorption boundaries can be set out to simplify the calculation for the exact 

concentrations for each scattering ingredient. 

The scattering characteristics of ink were not considered due to the significantly higher 

absorption. Due to the marginal scattering behaviour of water compared to intralipid the 



Fluorescence Phantom Development and Experiments  18.10.2013 17/71 

water can be neglected (30). The scattering of agar is neglected due to the low concen-

tration of less than 0.6%. The scattering coefficient for the intralipid 20% in purified water 

mixture were measured at λ405 as the main scattering ingredient of the phantom. (31). 

Summarising Table 3 shows the optical properties of the ingredients found in the literature. 

λ = 405 nm µs µ’s µa g η Cited in 

Intralipid 20% 248 mm-1 negligible 46,7mm-1 0.8 - (30) 

Ink negligible 250mm-1 negligible - - (27) 

Agar negligible negligible negligible - - (27) 

Water negligible negligible negligible - 1.33 (25,26) 

Table 3. Different optical properties for the used substances 

Measurements of purified water, agar and dimethylsulfidoxide (DMSO) were done as well 
to verify the assumption that the attenuation the substances are marginal. The corre-
sponding graphs are illustrated in Figure 42, Figure 43 and Figure 44 in the Appendix. As 
a result the total attenuation of the phantom can be estimated by  

μt phantom(ρ ink , ρ il) = μa phantom(ρ ink )+μs phantom(ρ il) Equation 20 

µt Phantom expresses the total attenuation coefficient of the phantom calculated from the 
absorption µa Phantom and the scattering µs Phantom coefficient with a specific volume of ink 
ρink  and intralipid ρil.  

3.1.2. Optical Properties of Protoporphyrin IX 

The optical properties of four different PpIX (Protoporphyrin IX Disodium Salt, MP Bio-

medicals) concentrations were measured. Before the evaluation of the properties of the 

PpIX can be evaluated the fluorescence agent had to be solved in a standard solution. 

According to the instructions of the manufacturer PpIX was dissolved in a 50:50 

DMSO/purified water and a 0.1 mM NaOH base solution. A minimum DMSO amount of 

10 mg ml-1 must be taken to dissolve the PpIX properly. 

For getting a better manageability a higher PpIX concentration was solved. This solution 

was diluted to obtain the desired smaller concentrations. To calculate the exact dilution 

Equation 21 is used and solved for Cafter  whereas Vafter must be chosen, 

Vbefore ∙ Cbefore =  Vafter ∙ Cafter  Equation 21 

Vbefore describes the volume which is taken with the concentration Cbefore. Vafter is the volume 

with the desired concentration Cafter 

The concentrations were examined with the collimated transmission spectroscopy and the 

optical properties were estimated. For all concentrations the absorption coefficient and 

absorbance were evaluated. The measurements lead to a relationship between the con-

centration and the absorption coefficient as for the other substances. 

3.1.3. Development Process 

Firstly the shape of the phantom was defined by using a 96 wells array. For the phantom 

development a concentration of 210 μg ml-1 PplX was utilised and then diluted to the de-

sired concentration of 18 μg ml-1, 14 μg ml-11, 10 μg ml-1, 6 μg ml-1 and 2 μg ml-1. The 

amount of the concentrated PpIX part defines the maximum phantom volume and is 

shown in the appendix Table 10. Secondly, to retrieve a reproducible optical phantom with 

the desired optical properties the following development process was defined: The spe-

cific ratio between agar and water for each phantom was diluted in a volume of 10 ml of 

purified water. The mixture was heated up to 70 degrees Celsius. Hence, it was imperative 

to ensure no vaporisation occurred. To compensate the vaporisation the agar water mix-
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ture was weighted after the heating process. The solution was stirred to obtain a homo-

geneous distribution of the agar in the solvent. The specific amount of the agar/ water 

compound was mixed with the phantom ingredients which means the mixture was cooled 
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down and the specific parts of intralipid and ink were added to the specific amount of 

water/agar solution. The final part was to add the PpIX solution and stir it for 5 minutes. 

VTotal= 210 µg ml
-1
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 VPpIX ml 

.
 X

-1
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-1
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Figure 7. Development process of the phantom for each concentration 

A volume of 60 µl was taken and poured into the wells as a consequence a phantom 

thickness of 1.76 mm was obtained. The compound was left 15 minutes in the air to get 

the jellification. To ensure the other sample do not undergo any photobleaching all sample 

holders around the phantoms were filled with food colour to absorb the laser light from the 

surrounding wells. 

1 2 3 4 5 6 7 8 9 10 11 12

A

B

C

D

E

F

G

H

Phantom food color

1.) B3 = 10mW,600ms

2.) B5 = 10mW,400ms

3.) B7 = 10mW,200ms

4.) B9 = 10mW, CW

5.) D3 = 7.5mW,600ms

6.) D5 = 7.5mW,400ms

7.) D7 = 7.5mW,200ms

8.) D9 = 7.5mW, CW

9.) F3 = 5mW,600ms

10.) F5 = 5mW,400ms

12.) F7 = 5mW,200ms

13.) F9 = 5mW, CW  

Figure 8. Alignment of the phantoms, food color and the arrangement of phantom samples   

For each concentration 12 phantoms were poured into the wells array and the measure-

ments were performed for example started at samples B3 to B5 to B6 as in right hand side 

of Figure 8 illustrated. 

3.2. Labratory Equipment 

Pipettes 

To combine the different ingredients in exact proportions different pipettes (Labsystems 

Finnpipette 4500) were utilized. The pipettes were suitable for measures of 1 to1000 µl.  

Scale 

To measure the weight a scale with following specification was used: 

 

Model: HRZ-200-EC, A and D Insturments 
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Minimum weight: 10 mg 

Minimal digit: 0.1 mg 

Repeatability: 0.1 mg 

Standard devitation: 0.2 mg 

Linearity:  0.2 mg 

 

Magnetic stirrer and heater 

To stir the phantoms and heat the agar a heating and magnetic stirrer was utilized (ARED 

Heating an stirrer, Wilten and Co.). 

3.3. Collimated Transmission Spectroscopy 

To characterise the optical properties of each ingredient of the phantom collimated trans-

mission spectroscopy was used (Figure 9). The 405 nm laser was run in continuous wave 

mode with an excitation power of 10 mW. In addition the measurements were performed 

with a white light lamp to obtain a broad spectrum. The light was guided with an optical 

fibre to an emitting lens. An in-height adjustable lens which is placed into the sample 

guided the laser ray. The distance between the sample dish bottom and the lens (sample 
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thickness) determines the intensity which was measured with a detector under the sam-

ple. The distance is adjusted manually with a micro positioner with a minimal step of 5 µm.  

 

Light source

Adjustable

Iris

Micro 
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Detector

Specific distance

(tissue thickness)
Sample holder

Sample
Adjustable Iris

 

Figure 9. Measurement setup for the collimated transmission spectroscopy system 

Important to emphasize is the fact that with spectrally collimated transmission cannot dis-

tinguish between absorption or scattering. This method measures only the attenuated in-

tensity which can be attributed to the scattering or the absorption for the specific ingredi-

ent. The equation of the Beer Lambert law can be used and solved for μt to obtain the 

attenuation as a function of the distance. 

ln(P) = −μt ∙ d + ln (P0) Equation 22 

where ln(P) is the natural logarithm of the measured intensity and d the distance between 

the lens and the sample, ln(P0) expresses the intensity at the beginning. The slope µt 

describes the attenuation coefficient. This equation can be solved for different concentra-

tions to evaluate a relationship between the concentration of the compound and the at-

tenuation coefficient. 

μρx = μt ∙ ρx + C Equation 23 

where µρx is the attenuation coefficient for the specific concentration. µt is the attenuation 

coefficient for the specific ingredient and ρx is the concentration that was used for the 

substance. The aim was to derivate the attenuation coefficient value as a function of the 

concentration whereas the slope µρx defines the value of the absorption coefficient. This 

was done for ink, intralipid and PpIX. Multiple measurements from different batches were 

done for each substance to prove the reproducibility and accuracy of the development 

process.  

Firstly, the coefficient for ink was measured at the 405 nm. Therefore the concentrations 

in a range of 0.7 % up to 1.5 % in steps of 0.01 % were measured. For Intralipid two parts 



Fluorescence Phantom Development and Experiments  18.10.2013 22/71 

were measured. The first part is in a range of 0.1 % up to 2 % in 0.01 % steps. The second 

range varies from 7 % to 12 % in 1 % steps. (32)  

3.4. Equipment for Fluorescence Measurements 

To measure the fluorescence a setup previously developed at the Department of Biomed-

ical Engineering, Linköping University was used (1) The setup consisted of a fibre optical 

probe, a light emitting source, a spectrometer and a computer interface (Figure 10). Lab-

View programs were available for storing the data and Matlab was used for signal analysis 

and calculations. More precisely the setup consisted of the following parts: 

 Fibre optical probe 

 The spectrometer (EPP 2000, Stellarnet) 

 The light source laser (Oxxius SA, 10 mW) 

 Laptop 

 NI DAQ Interface 

 Software (LabView, Matlab 2012b) 

 

 

 

 

 

 

 

 

 

 

Figure 10. Fluorescence spectroscopy system and the fibre optical probe  

Fibre-optical probe 

The fibre optical probe had seven fibres, six emitting and one detecting fibre. The laser 

light was transmitted through the emitting fibres to the tip of the probe. The detecting fibres 

sent the collected light through the optical fibres to the spectrometer. The fibres had a 

diameter of 0.4 mm. The numerical aperture of the fibres was 0.22 which results in ac-

ceptance angle of θ=12°. The angle θ describes the half angle to the maximum cone of 

light that can enter or exit the probe. 

 

Spectrometer and excitation light source 

The spectrometer (EPP2000, Stellarnet) operated with a 2048 element CCD in the range 

of 240-850 nm wavelengths with a resolution of 3 nm. To eliminate the reflected excitation 

light a longpass filter with a cut-off at 475 nm (Schott CG-GG-475-0.50-3,CVI, Melles 

Griot,) was placed in front of the spectrometer. A laser with an emitting light ray in the near 

UV at 405 nm is used. The laser had a maximal power of 40 mW and could be run in 

continuous or pulsed mode. For instance if an integration time of 200 ms was selected the 

laser emits for 200 ms and for 200 ms the laser was deactivated. The spectrometer de-

tected the emission spectrum at the moment when the laser emits and the dark spectrum 

was measured when laser was switched off. Thus the dark spectrum can be subtracted 
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Optical fibre 
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from the emission spectrum to obtain the compensated spectrum. This results in a spec-

trum without the ambient light spectrum from the environment respectively the operating 

room lamps or lab lamps. Equation 24 describes the pulsation concept: 

compensated spectrum (n) = emission spectrum(n) − dark spectrum(n) Equation 24 

3.5. Experimental Setup 

To obtain reproducible measurements a setup with a 96 sample holder wells array, a mi-

cro positioner and a sample carrier were utilised. For every measurement the same vol-

ume of 60 µl of the phantom with the specific PpIX concentration was used. The amount 

of the phantom disposed in the sample holder defines the phantom respectively the tissue 

thickness. The optical probe excited and detected the fluorescence in the tissue phantom. 

The optical probe was mounted on a micro positioner to ensure the same distance for 

every measurement. The autofluorescence model was placed under the sample holder 

and a black plate was underneath them to eliminate back scattering from the surface as 

shown in Figure 11. 

3.6. Characterisation Measurements on the Phantom 

Measurements on the phantom were used to evaluate the fluorescence quantification 

method (fluorescence ratio), to characterise the photobleaching and to develop an algo-

rithm to quantify the fluorophore concentration in the phantom and comparison with clini-

cal data. The data were recorded with LabView (V 8.0) and all measurements were ana-

lysed in Matlab (version 2012b). All measurements with the white light lamp have to been 

post processed due to the persistent noise in the signal. To smooth the signal a butter-

worth lowpass filter was applied with a cufoff frequency of 15 Hz. The fluorescence meas-

urements were not filtered as the post processing is no part of this thesis. 

3.6.1. Fluorescence Ratio 

Fluorescence emission intensity of PpIX is affected by various factors can affect the PpIX 

intensity like the alignment of the optical probe to the tissue, the varying output power from 

the power source or the distance between the probe and the tissue during the surgery.  

The mentioned factors have an influence on the autofluorescence of the tissue as well; 

Figure 11. Measurement setup with all used devices and a detailed view of the autofluorescence model 
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therefore, a ratio of PpIX intensity and autofluorescence intensity is used to correct for the 

mentioned factors. The fluorescence ratio is calculated as below, 

Fratio(Iλ636(CPpIX), 𝐴𝑓̅̅̅̅
λ(530−550), Afλ636

) =
(Iλ636(CPpIX) − Afλ636

)

𝐴𝑓̅̅̅̅
λ(530−550)

  

 

Equation 25 

where Iλ636(CPpIX) is the highest intensity at the emission wavelength of 636 nm. Afλ(530-550)  is 

the mean of the intensity in the autofluorescence range between 530 nm and 550 nm to 

reduce the persistent noise. Afλ636 is the calculated intensity at the emission wavelength 

of the PpIX peak i.e. 636 nm. The impact of the laser power on the ratio was examined 

with different excitation powers 5 mW and 7.5 mW, 10 mW. To calculate the autofluores-

cence Afλ636 at the emission peak Iλ636(CPpIX the autofluorescence signal was examined 

separately in the range of 500 nm to 750 nm without the PpIX emission peak. For the 

autofluorescence model a third order polynominal was applied to fit the autofluorescence. 

This gave the autofluorescence base at the PpIX emission wavelength. In conjunction 

with the fitting function the base peak could be evaluated using the following equation, 

Afλe
=  λe

3a + λe
2a + λeb + c , 500nm < λe < 750nm Equation 26 

This model suits for all measurements and is used for every fluorescence calculation. 

Measurements with a too low autofluorescence signal were omitted. To assess for the 

statistically significance difference between high and low concentrations a Kruskal-Wallis 

test was applied. To test the correlation between the concentrations and the fluorescence 

ratio a linear regression test was applied. 

3.6.2. Characterisation of Photobleaching 

Due to the strong surgical lamps in the operating room fluorescence signals are commonly 

photobleached before the measurements. To investigate the photobleaching behaviour 

different parameters were chosen. The photobleaching is examined for each PpIX con-

centration with a pulse width of 600 ms, 400 ms, 200 ms and the continuous wave. In 

addition the laser power was adjusted to different power levels 10 mw, 7.5 mw and 5 mW. 

The decay of the fluorescence intensity was investigated over a minimum of 300 seconds 

for each pulse width and each laser power, 

I (n) =
(Iλ636( t=n sec)−Af636( t=n sec))

(Iλ636( t=0) − Af636( t=0))
 , n ∈ [1,500] 

 

Equation 27 

Iλ636(t=0) was taken as the base intensity on timestamp t = 0 substracted by Afλ636(t=0) the 

autofluorescence intensity at the wavelength of 636 nm. Every intensity on Iλ636(t=n sec) was 

divided by the base intensity over a time of n. n was varied in a range of 500 for an inte-

gration time of 600 ms, 750 for an integration time of 400 ms and 1000 for an integration 

time of 200 ms to obtain always an exposure time of a minimum of 200 seconds. The 

results will be investigated for a relationship between the pulse width and decay rate in 
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addition to the relation between the laser power and the decay rate. To evaluate the pho-

tobleaching parameters the measurements were characterised with four decay parame-

ters. The time was examined for the decay of 10 % t90, 50 % t50 67 % t67 and 90 % t10. 

yfit(t) = a ∙ e−bt + c ∙ e−dt Equation 28 

To extract these parameters a two term exponential function was taken according to the 

literature (33). This fitting function was applied to all phantom measurements and the clin-

ical data. 

3.6.3. Quantification Based on Photobleaching  

To quantify the PpIX concentration the fluorescence ratio can be retrieved. As a conse-

quence of photobleaching the quantification of the fluorescence concentration is not trivial 

due to the reduction of the fluorescence intensity. Attributed to the intensity reduction the 

fluorescence ratio underestimates the fluorescence concentration. A method was devel-

oped which is based on the photobleaching measurements to predict the initial intensity. 

For the development process the fitted photobleaching curves were evaluated which were 

recorded with excitation power of 5 mW and in continuous wave mode. The goal was to 

develop an algorithm with the ability to predict the initial fluorescence in spite of photo-

bleaching. 

The first step was to take the gradient of the fitted curves. The fitted curves were chosen 

to eliminate the noise in the fluorescence signal. As described in Equation 30 the gradient 

was taken from the fitted curve (Equation 29 / Equation 28) which is shown in Figure 12. 

This was done for all concentrations to investigate a relationship between the 

concentration and the gradient. 

 

Figure 12 Gradient from the fitted photobleaching measurements  

It was assumed the gradient of the curve from the fluorescence signal over time is a first 
order exponential decay because parameter d in Equation 29 is marginal compared to 
parameter b for all measurements. Based on this assumption the natural logarithm was 
taken from  
Equation 30 to obtain a parameter to distinguish each concentration. However the real 
part of the natural logarithm does not show the expected linear result. 
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Figure 13. Real part of the natural logarithm of the fluoresence intensity over time from a phantom 

with a PpIX concentration of 6 μg ml-1 

As Figure 13 shows there is a linear relationship between the natural logarithm of the 

gradient from the fitted fluorescence intensity over time in the time range of 0 to 60 s and 

150 s to 300 s. This relationship can be described as in Equation 31 and Equation 32. 

ℜ [ ln( ∇ I(∆t) )] = αt + β,         t < 75 s   Equation 31 

ℜ [ ln( ∇ I(∆t) )] = γt + δ , 150s < t Equation 32 

Accordingly α respectively γ changed in a linear behaviour among the concentrations the 
gradient was taken to obtain an algorithm that could predict the fluorophore concentration 
in the phantom despite of photobleaching. 

CPpIX(= v ∙ ∇(ℜ [ ln( ∇ I(∆t) )]) − u Equation 33 

With this relation it was possible to establish an equation for the initial concentration using 

the gradient of the natural gradient of the logarithm of the fitted fluorescence intensity 

decay over time (Equation 33) which is illustrated in Figure 14 (R2 = 0.99 ) and Figure 15 
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(R2 = 0.94) and delineated in Equation 34 for the 5 mW and continuous wave mode fitting 

curves.  

CPpIX = −1805 ∙ ∇(ℜ [ ln( ∇ I(∆t) )]) − 64.46 , −3 > ℜ [ ln( ∇ I(∆t) )] > −6.5 Equation 34 

CPpIX = −7230 ∙ ∇(ℜ [ ln( ∇ I(∆t) )]) − 17.66, −7.5 > ℜ [ ln( ∇ I(∆t) )] Equation 35 

 

Figure 14 PpIX concentration as a function of the natural logarithm of the gradient from the 

fluorescence signal over time in a range of values for the natural logarithm of-3 to -6.5 

 

Figure 15 PpIX concentration as a function of the natural logarithm of the gradient from the 

fluorescence signal over time in a range of values for the natural logarithm smaller than -7.5 

To combine these two relationships the equation below was obtained, 

CPpIX

=  {
−1805 ∙  ∇(ℜ [ ln( ∇ I(∆t) )]) − 64.46 , −3 > ℜ [ ln( ∇ I(∆t) )] > −6.5

−7230 ∙ ∇(ℜ [ ln( ∇ I(∆t) )]) − 17.66, −7.5 > ℜ [ ln( ∇ I(∆t) )] > −∞
 

 

Equation 36 

 

With Equation 36 it is possible to predict the fluorophore concentration in the tissue phan-

tom in a specific range and for a specific excitation power (5mW, CW) as the fluores-

cence’s initial intensity can be predicted from a measurement which is already bleached 
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out. This linear behaviour was observed for all excitation powers and integration times 

therefore a second equation was developed to universalise the first equation. 

CPpIX 

 = {
α1(exPw) ∙ β1(iTime) ∙ ∇(ℜ [ ln(∇I(∆t))])

α2(exPw) ∙ β2(iTime) ∙ ∇(ℜ [ ln(∇I(∆t))])
 

 −γ1(exPw) ∙ δ1(iTime) ,             − 3 > ℜ [ ln(∇I(∆t))] > −6.5 

 −γ2(exPw) ∙ δ2(iTime) ,             − 7.5 > ℜ [ ln(∇I(∆t))] > −∞ 

where αx(exPw) and γx(exPw) include the influence of the excitation power and βx(iTime), 

δx(iTime) include the dependency of the integration time. However, the exact values for 

αx(exPw) and γx(exPw) must be evaluated as in this study just the values for the 5 mW 

and continuous wave mode were determined. 

3.7. Comparison with Clinical Data 

The photobleaching behaviour from clinical data and the phantom measurements were 
compared at the first spectrum. To compromise the decay characteristics the decay times 
were examined. As for the photobleaching characterisation in the phantom the same 
equations were used for the clinical data  
Equation 27, Equation 28). The fitting coeffcients were checked for parity to the phantom 
measurements.  

3.8. Statistical Analysis 

To evaluate statistically significance two tests using Minitab software were used to exam-

ine the data. The Kruskal Wallis test was applied to compare the difference of the fluores-

cence ratio among the different PpIX concentrations. It is a parameter free statistical anal-

ysis which examines multiple independent entities concerning an ordinally scaled variable 

for equal distributed origin. This test was chosen as several groups with a non-normal 

distribution were compared. The Null-Hypotheses says there is no significant difference 

among the groups. The test delivers a p value where a value of p < 0.05 points to a sig-

nificance in a 95 % interval. The regression analysis test was used to evaluate correlations 

between the fluorescence ratio and the PpIX concentrations. Goodness of fit was evalu-

ated by the R2 value. 
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4. Results 

4.1. Phantom Development 

4.1.1. Optical Properties of Ink and Intralipid 

Figure 16 shows the absorption coefficient for ink as a function of concentration measured 
with collimated transmission spectroscopy. A linear fitting is applied to obtain an approxi-
mation to the measurements. The measurements show a small variance whereas the 
highest variance has a value of ±0.16-1 and the normalised residuals of the fitting function 
have a mean value of 0.136. 

 

 

Figure 16. Ink attenuation coefficient as a function of concentration 

The measurements were performed on n samples (n= 3) and were repeated three times 

to prove the accuracy of the development and measurement process. To calculate the 

desired concentration in the phantom Equation 37 is used where ρink is the concentration 

of ink in the solution. 

μa phantom(ρ ink) = 146.6 mm−1  ∙ ρ ink − 0.229 

ρ ink ϵ [0,1] 

Equation 37 

In addition the absorption spectrum for a 1 % ink solution was measured. Figure 17 shows 

the relationship between the wavelength and the absorption coefficient for a 1 % ink so-

lution. Thus the absorption for each wavelength can be examined and the impact can be 

estimated. The spectrum shows a lower absorption between 400 nm to 550 nm. The high-

est absorption is between 550 nm to 600 nm whereas no absorption could be measured 

in the wavelength region from 700 nm to 850 nm.  
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Figure 17. Absorption spectrum of a 1% ink diluted with purified water  

Figure 18 shows the results and the absorption coefficient for a 20 % intralipid solution. 

Similarly to the ink a linear fitting is applied to find a curve that fits best to the measured 

data points. Two parts were measured. In the range of 0.1 % up to 2 % the fitting function 

is linear without an ordinate offset whereas in the range from 7 % to 12 % the ordinate 

offset of the linear fit increased with higher concentrations. 

 

Figure 18. Relationship between the concentration of intralipid in purified water solution and the 

attenuation coefficient. 

The highest deviation has a value of ±1.3 mm-1 and the normalised residuals have a mean 

value of 2.1. The measurements originate from n samples and were done three times to 

prove the reproducibility. 
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the applied fitting function and the concentration. The equation is used to calculate the 
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desired concentration in the final phantom where ρ il is the concentration of intralipid 20% 

in the solution. 

μs il(ρ il) = 222.1 mm−1 ∙ ρ il + 0.3155  Equation 38 

These measurements lead to the final Equation 41 used for the phantom development 

calculations, 

μa phantom(ρ ink) = 141.9 mm−1  ∙ ρ ink − 0.163  Equation 39 

μs Phantom(ρ il) = 222.1 mm−1 ∙ ρ il + 0.3155  Equation 40 

μt phantom(ρ ink , ρ il) = μa phantom(ρ ink )+ μs phantom(ρ il)  Equation 41 

4.1.2. Proportion Calculations 

To calculate the concentration of each substance Equation 39 and Equation 40 are used. 

The fraction of the concentration of agar is given by 0.6% (w/v).To calculate the concen-

trations for each substance linear algebra was used. 

AAttenuation coefficient matrix ∙ Cconcentraions = bdesired attenutaion vector Equation 42 

Cconcentraions = [

ρil

ρink

ρAgar+H20

] = [
0.118
0.011
0.871

] 
Equation 43 

 

Matrix AAttention coefficient matrix contains the attenuation coefficients for the specific substance 

in mm-1. Vector Cconcentrations contains the specific concentration of each substance. 

bdesired attenuation vector represents the desired optical properties in mm-1. Table 4 shows the 

resulting proportions in the phantom for intralipid, ink, agar and purified water considered 

in the phantoms. 

Substance Concentration [%] 

Intralipid 20 % 11.8  

Black ink 1.1  

Agar 0.6 % 0.6  

Table 4. Calculated concentration of each substance 

4.1.3. Optical Properties of Protoporphyrin IX 

Figure 19 presents the attenuation coefficient of PpIX as a function of wavelength for each 

concentration. With decreasing concentration the value of the attenuation coefficient de-

creased. 
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Figure 19. Absorption spectra for four different PpIX concentrations 

The relationship between the PpIX concentration and the absorption coefficient are illus-

trated in Figure 20. Four different concentrations were measured and evaluated. The at-

tenuation coefficient was obtained by using a white light source and the excitation light 

with a wavelength of 405 nm. 

 

Figure 20. Absorption coefficient of PpIX as a function of PpIX concentration 

As the measurements in Figure 20 show there is a linear relationship between the con-

centration of the PpIX and the attenuation coefficient.  

μa PpIX(ρ PpIX) = 0.3 ∙ ρ PpIx + 0.0042 Equation 44 

The measurements using the 405 nm laser were repeated three times. The maximal 

standard deviation for the laser measurements is ± 0.26 mm-1 and the linear normalised 

residuals showed a mean value of 0.26. The white light measurements differ from the 

laser measurement however they are located in the range of the laser with a deviation of 

maximal 0.35 mm-1 to the laser measurements. 

4.1.4. Phantom Measurements 

After the reproducibility measurements the final compound for the brain tumour tissue 

phantom without the fluorescence agent were created according Table 4. The optical 
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properties of the phantom were examined at the excitation wavelength of 405nm, and at 

the emission wavelength of PpIX. The PpIX was added in five different concentrations and 

the total attenuation coefficient was measured. Due to the high noise in the range of 

400 nm to 500 nm only the laser light measurement could be retrieved for the wavelength 

of 405 nm. 

Attenuation Desired properties Phantom properties 

μλ405 27.2 mm-1 27.74 mm-1 ± 1 mm-1 

μλ505 18.1 mm-1 21.2 mm-1 

μλ636 16.1 mm-1 12.1 mm-1 

4.2. Fluorescence Quantification 

Results from the PpIX fluorescence and fluorescence ratio measurements with variation 

of different integration times and different excitation powers are included in this section. 

4.2.1. Spectral Measurements 

Figure 21 depicts five spectra with five PpIX concentrations measured with 10 mW and in 

continuous mode (600 ms). As visible the PpIX fluorescence intensity is lower for a lower 

PpIX concentration. The autofluorescence emission is not stable and no influence at the 

Table 5. Measured coefficients for the phantom mixture at 𝛌 = 𝟒𝟎𝟓𝐧𝐦 𝐚𝐧𝐝 𝛌 = 𝟔𝟑𝟔𝐧𝐦 
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autofluorescence intensity caused by the PpIX concentration can be observed in the over-

all measurements. 

 

Figure 21. Fluorescence spectra for different PpIX concentrations 

4.2.1. Effect of Integration Time 

To evaluate the dependency of the integration time on the PpIX fluorescence intensity 

Figure 22 was plotted. It is visible that the integration time has an influence on the fluo-

rescence intensity of PpIX. A higher integration time resulted in higher fluorescence inten-

sity. 

 

Figure 22. Fluorescence intensity of PpIX for all concentrations when different integration times are 

used 

Figure 23 shows the relation between the integration times and the fluorescence ratio. 

The integration times 600 ms and 400 ms with an excitation power of 10 mW were com-
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pared. The relationship was linear and integration time independent. There was one out-

lier at a concentration of 6 µg ml-1, however the remaining measurements had a small 

standard deviation of 0.2-0.7 µg ml-1. 

 

Figure 23. Relationship between the concentration and the fluorescence ratio for different integration 

times and an exciation power of 10 mW 

Figure 24 shows the same relationship measured with the excitation power of 7.5 mW. 

The relationship was linear and integration time independent. 

 

Figure 24. Relationship between the concentration and the fluorescence ratio for different integration 

times and an exciation power of 7.5 mW 

The same relationship was established for an excitation power of 5 mW which is illustrated 

in Figure 25. The measurements appear with a high variance. The relationship looks linear 
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but the differences between the two fitting functions compared to Figure 23 or Figure 24 

are higher. 

 

Figure 25. Relationship between the concentration and the fluorescence ratio for different integration 

times and an exciation power of 5 mW. 

4.2.2. Effect of Excitation Power 

Figure 26 illustrates the effect of the excitation power on the PpIX fluorescence intensity 

for all concentrations. A higher excitation power caused a higher PpIX fluorescence emis-

sion as it is shown in the figure. 

 

Figure 26. Influence of the excitation power on the fluorescence emission 

The relationship of the fluorescence ratio for the excitation powers 10 mW, 7.5 mW and 

5 mW with an integration time of 400 ms are demonstrated Figure 27.As visible the rela-

tionship is linear but the measurements have a high variance. The values for the different 

measurements at the same concentration the standard deviation range from 0.25 up to 3. 
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Figure 27 Relationship between the concentration and the fluoresence ratio for different excitation 

powers using an integration time of 400 ms 

Figure 28 shows the relationship between the fluorescence ratio and the PpIX concentra-

tion. The measurements were done with three different excitation powers, 10 mW 7.5 mW 

and 5 mW and an integration time of 600 ms. The relationship between the fluorescence 

ratio and the concentration was linear and power independent with a small ordinate offset 

for the 5 mW measurements. The standard deviations between the measurements were 

in a range of 0.3 to 1 except for the measurement for 6 mgl-1 which had a value of 2.08. 

 

Figure 28 Relationship between the PpIX concentration and the fluorescence ratio for different 

excitation powers using an integration time of 600 ms 
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4.2.3. Evaluation of the Fluorescence Ratio 

Figure 29 shows the relationship between all integration times and all excitation powers 

in a box plot. Of all 60 measurements, 48 measurements were included in the boxplot. 

Twelve measurements had to be excluded because of a too low autofluorescence signal. 

A detailed list is given in Table 6.  

Concentration 18 mgl-1 14 mgl-1 10 mgl-1 6 mgl-1 2 mgl-1 Total 

number  9 9 8 11 11 48 

Table 6 Amount of measurements per concentration which were used in Figure 29 and statistically 

tested 

As in Figure 29 the relationship of the median of each measurement and the concentration 

is linear. The upper and lower quartiles do not intersect each other with a resolution of 

4 μg ml-1 except for the 18 μg ml-1. The variance is higher at higher concentrations com-

pared to the lower concentrations. 

 

Figure 29. Relationship between the concentration and the fluorescence ratio over all integration 

times and all excitation powers 

Kruskal-Wallis test was applied to evaluate the statistically significant difference among 

the concentrations and the fluorescence ratio results for each concentration. The test re-

sulted in a p value of p < 0.001 which refers to a significant difference and the Null hy-

pothesis could be rejected. In addition a regression analysis was applied. The test showed 

a linear correlation among the PpIX concentration and the fluorescence ratios (R2=0.79). 

4.3. Photobleaching Measurements  

To characterise the photobleaching behaviour in the phantom the fluorescence emission 

was observed over a time of 300s. Measurements were performed in continuous mode 

and pulsed mode with different pulse widths, three different excitation powers and for each 

PpIX concentration. To characterise the photobleaching the time for the decay of 10%, 

67% and 90% of the initial intensity was calculated from the fitted curves.  
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4.3.1. Fitting Function 

The applied fitting function (Equation 28) can be seen in Figure 30. Eight out of 60 fitted 

measurements started at a value greater than 0.92 but not exactly at a value of 1. However 

the fitting is accurate at a time of 50% and 37% of the initial intensity and the highest 

residual is 0.95. As Table 15 (Appendix) shows there is a relationship between the fitting 

parameters and the concentration which means that the parameter b and c decreased 

with a higher PpIX concentration whereas parameter and d increased. This relation is true 

for all excitation settings and was observed for 80% of all fit coefficients. 

 

Figure 30. Applied fitting function for measured data 

4.3.2. Effect of Excitation Settings on Photobleaching 

In Figure 31 the concentration and the excitation powers were compared according the 

time for a loss of 63% of the initial intensity for the measurements with the continuous 

wave. The relationship between the concentration and the fluorescence loss is linear. A 

higher PpIX concentration resulted in a faster decay. The behaviour concerning the exci-

tation power is congruent to the concentration which means a higher excitation power 

causes a faster decay. This can be observed for all excitation light modes (See the ap-

pendix).  

 

Figure 31 Impact of the PpIX concentration and excitation power on the photobleaching behaviour 
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The fitted measurements for the 18 mg l-1 phantom with an excitation power of 10mW are 

depicting in Figure 32. This was done for all measurements and the figures and tables for 

the other concentrations can be found in the appendix. The relationship between the de-

cay of the fluorescence and the laser mode (pulsed or CW) is shown in Figure 32. As in 

Figure 32 can be seen the laser mode has an impact at the decay time of the fluorescence 

intensity. When the excitation light is run in a CW mode the decay is slower compared to 

an excitation light run in pulsed mode. The differences between the pulsed modes with 

different pulse widths are marginal. This was observed for all PpIX concentrations. Addi-

tional tables can be found in the appendix 10.5.  

 

Figure 32. Fitted curves for the pulsed and continuous wave mode measurements for 10mW excitation 

power on the phantom with a concentration of 18 mg l-1 

Figure 33 demonstrates a slower decay for 63% of the initial intensity for the CW meas-

urement and lower PpIX concentrations opposed to the pulsed measurements and the 

higher PpIX concentrations which decayed quicker. However the differences between the 

pulsed measurements are marginal for each concentration.  

 

Figure 33. Decay times for different pulse widths and the continuous wave measurements 
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Table 7 gives all decay characteristics for three excitation power levels, three pulse widths 

for pulsed measurements and a corresponding continuous wave measurement for a phan-

tom with 18 µg/ml PpIX. The times are listed for the decay time where the intensity has 

reached 90%, 37% and 10% of its initial intensity. The tables for the other concentrations 

can be found in appendix 10.5. 

Laser 

Power 
Pulse width[ms] t 90% [s] t 37% [s] t 10% [s] 

10mW 600 0.77 9.93 36.99 

7.5mW 600 0.97 12.44 53.05 

5mW 600 1.61 24.97 128.75 

10mW 400 0.64 9.95 37.37 

7.5mW 400 0.71 10.68 49.92 

5mW 400 0.58 16.33 69.75 

10mW 200 0.43 8.65 31.40 

7.5mW 200 0.56 10.09 44.01 

5mW 200 0.99 14.65 67.02 

10mW CW 0.58 12.64 51.73 

7.5mW CW 1.10 17.33 75.55 

5mW CW 1.28 26.51 132.83 

Table 7 Decay properties of the phantom with a concentration of 18 µg/ml PpIX 

A correlation test was applied to test the relationship between the initial concentration and 

the time for 63% of loss of initial intensity. Only the measurements were taken with the 

CW mode. The test delivered R2 values above 0.8 for different concentrations. 

4.4. Prediction Algorithm 

4.4.1. Preditction of Unknown Concentration 

To test the developed method in chapter 3.6.3 the photobleaching fitting functions were 
examined over a range of 1 s at an unknown point and unkown time stamp from an un-
known concentration. Equation 31 and Equation 32 were applied to the unknown data 
points and the gradient was taken. The values are indicated in Table 8 as “gradient”. As 
it can be seen in table the standard deviation was in the range of 0.15 - 4.5 %. However, 
when ∆t was chosen to be a higher value the error decreased. 

Number Gradient Predicted CPpIX 
[mg l-1] 

Original CPpIX 
[mg l-1] 

Deviation 
[mg l-1] 

1 0.0381 4.32 6 1.68 

2 0.043 13.1 14 0.9 

3 0.0377 3.5 2 1.5 

4 0.0396 7.01 6 1.01 

5 0.048 22.1 18 4.1 

6 0.0032 5.4 2 3.4 

7 0.0039 10.5 6 4.5 

8 0.0044 14.15 14 0.15 

9 0.0049 17.76 18 0.24 

Table 8. The predicted concentrations and the original concentration from the unknown spectra 
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4.5. Prediction of Photobleaching in the Clinical Data  

Figure 34 shows an example spectrum of a fluorescence signal recorded on brain. Com-

pared to a phantom measurement spectrum like in Figure 23 the spectrum from the clinical 

measurement showed a higher emission at the wavelengths in between 640 nm and 

700 nm. The autofluorescence peak had a shift about 50nm to 500 nm compared to the 

phantom measurements. The autofluorescence signal was weaker compared to the phan-

tom and had a value of 50 a.u. intensity. 

 

Figure 34. First spectrum of a brain tumour tissue measurement 

Table 9 gives the decay times for four brain tumour tissue photobleaching data sets. As it 

can be seen in Table 9 the measurement with an excitation power of 10 mW is faster than 

the measurement with an excitation power of 5 mW. Interesting is the decay comparison 

between measurement (a) and (c) which have almost the same initial intensity but the 

37 % decay time is twice as fast for the measurement (c). 

In-

dex 
Laser 

Power 
Mode 

t 90% 

[s] 

t 37% 

[s] 

t 10% 

[s] 

Initial  

inten-

sity 

Fluorescence 

ratio 

(A) 10 mW CW 1.35 19.32 53.42 974 19.7 

(a) 5 mW CW 1.36 39.64 118.33 196 6.7 

(b) 5 mW CW 0.6 21.67 72.81 549 16.6 

(c) 5 mW CW 0.83 21.19 59.73 188 11.2 

Table 9. Characterisation parameters for several clinical data. 

Figure 35 illustrates a photobleaching decay curve for a measurement made on brain 

tumour tissue (A). The same fitting curve as for the phantom measurements were applied. 
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The clinical data were recorded with an integration time of 500 ms and an excitation power 

of 10 mW in continuous wave mode. At a time of 40 seconds an abrupt decline is visible. 

 

Figure 35. Fluorescence decay in brain tissue with an integration time of 500 ms and an excitation 

power of 10 mW 

The clinical data shown in Figure 36 were recorded with an integration time of 500 ms and 

an excitation power of 5 mW (Table 9 (a)). The fitting function was valid and the residuals 

were 0.98. However the fitting started at a value of 0.96 and not at an exact value of 1. 

 

Figure 36. Fluorescence decay in brain tissue with an integration time of 500 ms and a laser power of 

5 mW 

4.5.1. Comparison of Photobleaching 

In this comparison it is assumed that the clinical data (A) had not undergone any photo-

bleaching. Figure 37 depicts the decay over time for one clinical measurement of brain 

tumour tissue and three phantom measurements with concentrations of 14, 10 and 

2 μg ml-1. The decay characteristics of the clinical data were slightly different. The decay 

was slower between 30 and 100 seconds and the decay was steeper at the ending at the 
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clinical data compared with the phantoms. However the phantom had a steeper decay at 

the beginning of the curve which can be seen in the fitting parameters. 

 

Figure 37. Decay of brain tumour tissue and phantom measurements with a PpIX concentration of 

14 μg ml-1, 10 μg ml-1 and 2 μg ml-1. 

Three different phantom concentrations and a clinical data set with an excitation power of 

5 mW and CW are depicted in Figure 38. The clinical data matches in the first 10 seconds 

with the phantom measurements for 14 µm ml-1. After 10 seconds the clinical data bleach-

ing is smoother and has a slower decay as the phantom measurements. The decay time 
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for 63 % loss of the initial intensity looks comparable with the phantom measurement for 

2 μg ml-1.  

 

Figure 38. Decay curves for brain tumour tissue and three phantom measurements  

4.5.2. Initial Intensity Prediction 

Due to the strong surgical lamps the fluorescing substance undergoes photobleaching 

during fluorescence guided brain tumour resection. To predict the initial intensity of an 

already photobleached clinical measurement it was tried to use the method which is based 

on the photobleaching measurements (Section 3.6.3) for the clinical data. The assumption 

was made that the photobleaching behaviour was identical to the investigated phantom 

behaviour. 

 

Figure 39. Clinical data (a) which is assumed no photolbeaching occured and clinical data from a 

already photobleached fluorescence signal from brain tumour tissue ((a)Table 9) 

The gradient of the photobleaching curve for the first clinical measurement 5 mW (a) Table 

9 illustrated in Figure 40 suggests no photobleaching or only a small amount of photo-

bleaching in the data. The same assumption is made for the second clinical data 5 mW 

(b) in Table 9 due to the similar decaying characteristic. 
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Figure 40. Natural logarithm of a clinical fluorescence measurement 5 mW (a) Table 9. It is assumed 

that no photobleaching previously occurred. 

The values in Equation 45 and Equation 46 are chosen as one part of a basis. 

𝛻 ℜ [ ln( 𝛻 𝐼(∆𝑡) )] = −0.132  ,        − 2 > ℜ [ ln( 𝛻 𝐼(∆𝑡) )] > −4.5 Equation 45 

𝛻 ℜ [ ln( 𝛻 𝐼(∆𝑡) )] = −0.013 ,         − 5.5 > ℜ [ ln( 𝛻 𝐼(∆𝑡) )] Equation 46 

The values in Equation 47 and Equation 48 are evaluated from the second clinical data 

(b) and serve as a second basis.  

𝛻 ℜ [ ln( 𝛻 𝐼(∆𝑡) )] = −0.146 , −3 > ℜ [ ln( 𝛻 𝐼(∆𝑡) )] > −4.5 Equation 47 

𝛻 ℜ [ ln( 𝛻 𝐼(∆𝑡) )] = −0.025  , −5.5 > ℜ [ ln( 𝛻 𝐼(∆𝑡) )] Equation 48 

In section 3.6.3 a linear relationship was established with Equation 45 and Equation 47 

for the range of −3 > ℜ [ ln( 𝛻 𝐼(∆𝑡) )] > −4.5 and Equation 46 and Equation 48 for the range 

of −5.5 > ℜ [ ln( 𝛻 𝐼(∆𝑡) )] to obtain a linear relationship between the gradients and the ini-

tial intensity in the clinical data as it was done for the phantom in Equation 34 i.e. Equation 

35. A short part in the time range of 0 - 20 s and a ℜ [ ln(𝛻𝐼(∆𝑡))] beginning at a value of 

approximately 4 or 5 suggests a photobleached measurement. The initial ℜ [ ln(𝛻𝐼(∆𝑡))] 

value is dependent on how much PpIX was already bleached out. This was observed for 

the third clinical measurement (c) and the gradient were taken and delineated in Equation 

49.The slope in the range of −5.5 > |ln(∇𝐼(∆𝑡))| is steeper in contrast to the slope in Figure 

40 i.e. Equation 46. A steeper slope refers to a faster decay which in turn results from a 

higher concentration, 

𝛻 ℜ [ ln( 𝛻 𝐼(∆𝑡) )] = −0.034  , −5.5 > ℜ [ ln( 𝛻 𝐼(∆𝑡) )] Equation 49 

The higher ℜ [ ln(𝛻𝐼(∆𝑡))] (Equation 49) value and the faster decay time for the clinical 

data set (c) in Table 9 suggests the initial intensity must be higher than 188. 

As is shown in Figure 26 a linear relationship between fluorescence intensity and the 

concentration was observed. A linear relationship was established with the clinical meas-

urement (a) and (b) between the initial intensities and the values from Equation 46 and 

Equation 48 similarly for the prediction algorithm in the phantom (Equation 35). 

0 50 100 150 200 250 300
-9

-8

-7

-6

-5

-4

-3

time [s]

ln
(

 I
(

t)
)

 

 



Fluorescence Phantom Development and Experiments  18.10.2013 47/71 

With these relations it was possible to predict the initial intensity from the third clinical data 

(c) from Table 9 to a value around 700. This seems logical due to the higher slope and 

the higher fluorescence ratio which leads to a faster decay for the already bleached out 

data set (c). A faster decay leads to a higher concentration which turns to higher intensity 

compared to the not bleached out data with an initial intensity of 196. The parameters for 

the fitting curve a, b, c and d were limited due the assumptions done in section 4.3.1 and 

Table 15 and the fitting parameters obtained from clinical measurement (a) and (b). With 

these five relations and the assumption that behaviour of the photobleaching in brain tis-

sue is similar to the phantom it was tried to reconstruct the photobleaching curve for data 

set (c) which is demonstrated in Figure 41. The result lies in a possible range and the 

reconstructed curve has a small residual. 
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5. Discussion 
In this thesis a phantom with optical and fluorescence properties of highly malignant brain 

tumour tissue was developed and evaluated. Fluorescence characterisation measure-

ments were performed on the phantom under controlled conditions. In this chapter differ-

ent issues and future improvements of the phantom are discussed. 

Optical properties of brain tissue 

The optical properties of brain tissue are not congruent and they vary in different literature 

sources. They may come from post mortem tissue samples where the histological process 

for extracting the tissue sample has a strong impact on the optical properties; for example, 

if the blood vessels were removed a significant change to the absorption properties should 

occur. Also the optical measurement technique has an impact to the extracted coeffi-

cients. As shown in Table 1 and Table 2 tumour tissue has a slightly higher reduced scat-

tering coefficient and a smaller anisotropic factor compared to grey matter as a conse-

quence of a less macroscopically homogenous structure. As a result the scattering coef-

ficient is significantly lower in tumour compared to the healthy tissue. The high scattering 

coefficient of healthy tissue is caused by the large amount of lipids in the myelin sheath 

attributed to the different refractive indices. The high absorption of haemoglobin in the UV 

wavelength region which can be seen in  Figure 4 increases the absorption of the tissue 

substantially connected with a low light depth penetration. Compared to healthy tissue the 

absorption is higher due to the infiltrative growth pattern of the tumour and the increased 

blood vessel appearance. As other studies have shown, with increasing wavelength the 

scattering coefficient is decreasing as the anisotropic factor is increasing. This effect can 

be ascribed to the contribution of Rayleigh scattering and Mie scattering (9). 

Phantom development 

An optical phantom was developed which had the same optical properties of brain tumour 

tissue glioma grade IV for the wavelength of 405 nm. The phantom was developed with 

intralipids as scattering ingredient, black ink as absorber and agar to get a solid optical 

phantom. Intralipid was chosen due to its similarity to the bilipid membrane of cells, their 

reproducibility and their long term stability (weeks) (20). However after two weeks the 

intralipid seemed to deteriorate due to the suspicious scent. To establish the relationship 

between the concentration and the scattering coefficient, the sample thickness is a crucial 

part according the mean free path. The high scattering coefficient of 25.87 mm-1 results in 

a small path length (Equation 5) of 0.0346 mm and have to be taken into account by set 

the overall sample thickness for the collimated transmittance spectroscopy. The meas-

ured scattering coefficient correlated with the values found in the literature with a deviation 

of approximately 10%. The deviation can be attributed to the manually adjusted distance 

with a resolution of 5 µm and to the differences between the intralipid batches. In addition 

an amount of 12% of intralipid resulted in a different behaviour of the scattering agent due 

to the clustering and therefore a non-uniform distribution of lipid particles. Interesting is 

the higher ordinate offset for a fit curve which included only the higher concentrations in 

Figure 18. It is assumed this effect is a result of smaller free mean path respectively clus-

tering with a higher intralipid concentration i.e. which will lead to a weaker attenuation as 

considered by Mie scattering. The same behaviour was noted by other peer groups 

(34,35). To reduce the concentration of the scattering agent while keeping the same prop-

erties microspheres may be used. Microspheres are used by most other peer groups due 

to their manageability and the close g value to brain tumour. 

The absorption property was achieved with Black Ink. The ink was diluted in purified water 

and a homogenous mixture was obtained. As firstly assumed black ink does not provide 
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a flat absorption. The black colour suggests most wavelengths get absorbed whereas the 

absorption is more Gaussian-like in a bluish range (Figure 17).  

The measurements illustrated in Figure 16. Ink attenuation coefficient as a function of 

concentration gave a linear relationship between the absorption and the volume concen-

tration. This behaviour was in accordance with results of other studies (27,29). However, 

there are significant difference of the optical properties of ink (36). Zaccanti et al investi-

gated the difference between different ink brands and found significant deviations (37). 

Unfortunately no references could be found for black ink in the ultraviolet region and for 

the used brand. As an alternative to ink red food colour was tested due to the low absorp-

tion it was dropped and not used. As shown in Figure 20 the PpIX concentration affected 

the absorption properties of the phantom by a factor of five to two which reduced the 

penetration depth of the laser light. This must be taken into account for the autofluores-

cence model. 

To limit diffusion in the liquid phantom agar gel was used. The quick jellification of agar 

impairs the dosage of the phantom and results in different tissue thicknesses which affect 

the autofluorescence intensities. The attenuation properties of agar, DMSO and purified 

water were assessed as marginal (Figure 42, Figure 43 and Figure 44). The property of 

agar was measured in the liquid state as the solid state could not be measured with colli-

mated transmission spectroscopy. As the liquid fluorescence measurements show in Fig-

ure 45, agar had a big influence on the photobleaching by changing diffusion properties 

of the phantom. 

It should be considered that the optical properties of a tissue simulating phantom can only 

be set for one wavelength and thus the phantom does not simulate the precise properties 

of tissue at the emission wavelength of PpIX (635 nm) whereas as illustrated in Table 5 

the properties at a wavelength of 405 nm are in a small error range of ± 4%.  

Measurement setup 

The distance between the fibre optical probe and the tissue phantom are parameters that 

affect the measurements. The fluorescence intensity and the autofluorescence intensity 

were proportional to the distance between the probe and the phantom. A distance of 1 mm 

was chosen to obtain a proper autofluorescence signal and fluorescence intensity. Clinical 

measurements are performed with and without distance between the tissue surface and 

the probe. A persistent noise with an intensity of approximately 10% of the autofluores-

cence intensity was included in all fluorescence measurements. It was tried to smoothen 

the noise with simple filtering methods. However, it was not possible to filter the noise 

without impairing the important signal parts.  

Fluorescence ratio 

The ratio analysis establishes a relationship between the autofluorescence and the PpIX 

fluorescence emission peak. As Figure 29 illustrates the relationship between the ratio 

and the concentration was linear. A correlation test was applied and a high linearly corre-

lation with a value R2 = 0.79 was evaluated. A linear relationship between the fluorescence 

intensity and the PpIX concentration was observed by other peer groups (6) (22). The 

fluorescence ratio measurements included all excitation settings depicted in Figure 29 

showed a power and integration time independent linear behaviour. To assess for a sta-

tistically significance difference among the concentrations and their fluorescence ratio 

Kruskal-Wallis test was applied where the results showed a statistically significant differ-

ence (p < 0.001). The same comparison for the PpIX fluorescence only showed a linear 

correlation with the PpIX concentration but the linearity was not the same for different 

excitation settings (Figure 22 / Figure 26). These results emphasize the potential of the 

method to estimate the tumour’s malignancy grade or boundaries. Furthermore, the quan-

tification of the PpIX was possible with a resolution of 4 μg ml-1. However, 20 % of the 
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measurements could not be used due to a low autofluorescence signal. The high vari-

ances are a result of the limitations of the autofluorescence model as mentioned before. 

Another invariant affecting the autofluorescence intensity is the tissue phantom thickness. 

As the yellowish slide is placed under the sample holder several optical interface need to 

be overcome such as sample holder, phantom before the emission could be measured. 

To achieve the same thickness the same phantom volume must be poured into the sample 

holder for every measurement. As the phantom contains agar and the jellification process 

of agar is quick the precise dosage is difficult to attain. 

Although the autofluorescence emission was expected to increase over time as a previous 

clinical studies has shown (38) this cannot be observed in all measurements due to the 

noise in the signal. Nevertheless it seems that the autofluorescence does not change over 

time. To achieve a more tissue like autofluorescence, the autofluorescence model could 

be replaced with the tissue fluorophores such as flavin, NADH, lipopigments, etc ((39), 

(40)). Another peer group has shown it was possible to obtain the tissue like autofluores-

cence with inclusion of organic chromophores that emit in that range of endogenous fluor-

ophores (40). Inclusion of the autofluorescence in the phantom such as tissue fluoro-

phores will increase the manageability and the fluorescence ratio measurements will be 

closer to the real tissue. The fluorescence signals from the phantom were similar to the 

spectra collected from brain tumour. The peak of PpIX of both the phantom and tumour 

was at 636nm. However, the autofluorescence had a 50 nm shift in the phantom due to 

the model used. 

Photobleaching in the phantom 

To evaluate the photobleaching characteristics the fitting function was chosen according 

to Moan et al (33). The sum of two first order exponential decay fitting function correlates 

with the measured photobleaching data with a mean of residuals value of 0.96. There are 

parts where the applied fitting function does not match exactly for instance with an exci-

tation power of 10 mW the value is not always at an exact value of one whereas the 

applied fitting function matches for 50 % and 37 % of the initial intensity. Another fitting 

function with a four term exponential decay function was tried. Although reasonable re-

sults were obtained the data analysis using this function was complicated as for each 

curve specific boundaries must be set. As the results show in Figure 31 and Figure 33 the 

initial concentration, a higher excitation power and a pulsed measurement result in a faster 

photobleaching. Other studies showed similar effects in vivo concerning the influence of 

excitation power and the pulsed measurement (38) and the initial concentration (33). The 

investigated photobleaching characteristics of the phantom led to a relative near in vivo 

properties in the phantom. The phantom has its limitations and not all parameters could 

be covered such as oxygen and PpIX diffusion shown by B. McIlroy et. al (41). 

Photobleaching in the brain tumour 

The photobleaching comparison was done with the assumption that the decay curves had 

not lost a large amount of the initial fluorescence intensity due to photobleaching. The 

results showed a comparable decay of the fluorescence intensity over time in vivo as in 

the tissue phantom. The decay curves from the clinical data have a smoother decay which 

can be explained by the diffusion in the living tissue. Improvements of diffusion properties 

in the phantom was not further investigated. Nevertheless the decay times for the clinical 

data compared with the tissue simulating phantom are in a similar range whereas the 

decay curve shapes have a slightly different characteristic. 

Prediction algorithm based on photobleaching 

To enhance the quantification and concentration prediction an algorithm was developed 

to predict the PpIX concentration in spite of photobleaching. The algorithm is based on 
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photobleaching measurements and uses the differences between the decay characteris-

tics and the PpIX concentrations. The advantage is the feasibility of algorithm on an al-

ready bleached out measurement. To evaluate the algorithm data from an unknown spec-

trum over 1 second from the fitted curve were taken which is demonstrated in Table 8. As 

the results show it is possible to predict the PpIX concentration based on photobleaching 

with a standard deviation of 0.1. The algorithm enables the concentration quantification in 

the phantom and the error decreases with a higher ∆t. An inherent limitation of the algo-

rithm is the specific range where the algorithm can be applied (Equation 31 and Equation 

32). As previous studies have shown the initial intensity has an impact on the photobleach-

ing decay times. The method could so far distinguish between a higher and a lower con-

centration presuming that the photobleaching kinetics are the same as in the phantom. 

However, to calculate the initial intensity and PpIX concentration of an already bleached 

out fluorescence measurement a minimum of two clinical measurements which are not 

bleached out are needed to establish the essential linear relationship. 

Reconstruction of clinical photobleaching data 

It was tried to reconstruct a clinical measurement attributed to the knowledge about the 

photobleaching gained through the measurements. As the characterisation measure-

ments have shown faster photobleaching decay times refer to a higher initial concentration 

which is related to a higher initial intensity. The results of this study and the fluorescence 

ratio values in Table 9 support the assumption that the clinical measurement (c) Table 9 

with the lowest measured initial intensity contained a higher PpIX concentration compared 

to measurement (a) and (b) and therefore a higher initial intensity. The developed method 

was applicable to clinical data and the reconstructed clinical data illustrated in Figure 41 

lied in a possible range. Nevertheless, the systematic approach needs further investiga-

tion for the clinical application. 
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6. Conclusion  
This study provides insight into a detailed development process of a brain tumour simu-

lating optical phantom. The absorption and scattering properties of the tumour was accu-

rately modelled in the phantom for the specified wavelength. As the results showed diffu-

sion has an influence on the characterisation measurements hence agar was utilised to 

prevent these. Furthermore, characterisation measurements were performed on the phan-

tom. The fluorescence ratio measurements showed a statistically significant difference 

(p < 0.001) among different PpIX concentrations. Independent of integration time and ex-

citation power the amount of PpIX could be predicted with a resolution of 4 μg ml-1. These 

results emphasize the potential of the method to estimate the tumour’s boundaries or ma-

lignancy grade. The photobleaching measurements revealed faster fluorescence intensity 

decay for higher excitation power, higher initial concentration and pulsed excitation light. 

The photobleaching characteristics of the phantom suggested a relatively close approxi-

mation to the real tumour tissue. The quantification approach based on the influence of 

the concentration on the photobleaching can predict the PpIX concentration in the phan-

tom with an error of 9.2 %. The fluorescence emission decay times for the clinical data 

(40 s) compared with the tissue simulating phantom (10 – 43 s) are in the same range, 

however the decay curves have a slightly different shape. The developed method to pre-

dict the fluorescence concentration in the phantom seemed feasible on clinical data but 

further investigations are required. 
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9. Abbreviations 
 

FHNW Fachhochschule Nordwestschweiz 

a.u. Arbitrary units 

HGG High grade glioma 

LGG Low grade glioma 

RT Radio therapy 

PpIX Protoporphyrin IX 

DMSO Dimethylsulfidoxide  

CW Continuous wave mode 

5-ALA 

NaOH 

5- aminolevulinic acid 

Sodium hydroxide 
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10. Appendix 

10.1. Additional Absorption Properties of Phantom 

Purified Water 

 

Figure 42 Absorption of purified water over 0.18 mm 

Agar diluted in purified Water 

 

Figure 43 Aabsorption of agar dilluted in purified water over 0.1 mm in a fluid state 

Pure DMSO 

 

Figure 44 Absorption of pure DMSO over 0.45 mm 
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10.2. Phantom Development 

Phan

tom 

𝐕𝐓𝐨𝐭𝐚𝐥  𝑪𝑷𝒑𝑰𝑿  𝐕𝐏𝐩𝐈𝐗(𝟐𝟏𝟎𝐦𝐠/𝐥)  𝐕𝐈𝐧𝐭𝐫𝐚𝐥𝐢𝐩𝐢𝐝  𝐕𝐈𝐧𝐤  𝐕𝐀𝐠𝐚𝐫  𝐕𝐇𝟐𝐎 

I 2.33 𝑚𝑙 18 𝑚𝑔 𝑙−1 0.2 𝑚𝑙 0.280 𝑚𝑙 0.026 𝑚𝑙 0.014 𝑚𝑙 2.01 𝑚𝑙 

III 3 𝑚𝑙 14 𝑚𝑔 𝑙−1 0.2 𝑚𝑙 0.360 𝑚𝑙 0.033 𝑚𝑙 0.018 𝑚𝑙 2.389 𝑚𝑙 

V 2.1𝑚𝑙 10 𝑚𝑔 𝑙−1 0.1 𝑚𝑙 0.250 𝑚𝑙 0.023 𝑚𝑙 0.013 𝑚𝑙 1.714 𝑚𝑙 

VII 3.5 𝑚𝑙 6 𝑚𝑔 𝑙−1 0.1 𝑚𝑙 0.420 𝑚𝑙 0.038 𝑚𝑙 0.021 𝑚𝑙 2.921 𝑚𝑙 

VIII 5.25 𝑚𝑙 2 𝑚𝑔 𝑙−1 0.05 𝑚𝑙 0.630 𝑚𝑙 0.058 𝑚𝑙 0.031𝑚𝑙 4.481 𝑚𝑙 

Table 10. Used volumes of each ingredient for each phantom  

10.3. Photobleaching  

10.3.1. Photobleaching Decay Times 

Decay Characterisation for 14 μg ml-1 

Laser 

Power 
Pulse width [ms] t 90% [s] t 37% [s] t 10% [s] 

10mW 600 0.58 9.14 31.33 

7.5mW 600 0.74 10.84 39.31 

5mW 600 1.03 19.3 73.93 

10mW 400 0.86 9.8 34.85 

7.5mW 400 0.856 11.53 42.15 

5mW 400 1.16 17.64 60.25 

10mW 200 0.61 10.56 36.66 

7.5mW 200 0.61 10.40 40.98 

5mW 200 0.54 16.04 65.85 

10mW CW 1.10 13.4 47.15 

7.5mW CW 1.12 17.45 71.9 

5mW CW 0.8 26.78 122.79 

Table 11 Decay times for the phantom with a PpIX concentration of 14 μg ml-1 
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Decay Characterisation for 10 μg ml-1 

Laser 

Power 
Pulse width[ms] t 90% [s] t 37% [s] t 10% [s] 

10mW 600 0.83 11.16 37.7 

7.5mW 600 1.19 13.97 47.40 

5mW 600 2.04 21.14 73.4 

10mW 400 0.86 10.7 41.5 

7.5mW 400 0.98 14.87 48.57 

5mW 400 2.54 21.88 73.89 

10mW 200 0.72 10.7 37.76 

7.5mW 200 1.04 15.87 58.29 

5mW 200 1.79 19.63 68.88 

10mW CW 1.18 17.06 60.06 

7.5mW CW 1.57 19.91 81.07 

5mW CW 2.45 28.4 267.41 

Table 12. Decay times for the tissue phantom with a PpIX concentration of 10 μg ml-1 

 

Decay Characterisation for 6 μg ml-1 

Laser 

Power 
Pulse width[ms] t 90% [s] t 37% [s] t 10% [s] 

10mW 600 1.21 12.17 37.88 

7.5mW 600 1.01 12.37 37.39 

5mW 600 3.41 25.29 78.35 

10mW 400 1.23 11.78 37.01 

7.5mW 400 1.81 14.55 45.47 

5mW 400 1.88 19.36 63.97 

10mW 200 2.78 10.5 38.26 

7.5mW 200 1.34 13.9 51.34 

5mW 200 0.27 19.95 69.95 

10mW CW 1.15 16.7 57.03 

7.5mW CW 1.71 21.13 85.28 

5mW CW 3.36 33.63 209.04 

Table 13. Decay characterisitics for a phantom with 6 μg ml-1 PpIX 
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Decay Characterisation for 2 μg ml-1 

Laser 

Power 
Pulse width[ms] t 90% [s] t 37% [s] t 10% [s] 

10mW 600 1.89 14.29 45.75 

7.5mW 600 2.07 17.77 53.77 

5mW 600 2.78 26.81 112.95 

10mW 400 1.72 15.94 47.35 

7.5mW 400 2.9 17.32 54.67 

5mW 400 1.97 23.09 117.12 

10mW 200 0.46 13.49 42.53 

7.5mW 200 0.3 15.44 46.42 

5mW 200 2.02 23.25 0 

10mW CW 2.09 19.83 109.59 

7.5mW CW 3.3 28.44 210.01 

5mW CW 2.66 43.85 757.1 

Table 14. Decay characterisitics for a phantom with 2 μg ml-1PpIX 

Photobleaching fitting parameters 5 mW, 600 ms 

Concentration a b c d 

18 μg ml-1 0.735 -0.058 0.23 -0.0066 

14 μg ml-1 0.758 -0.067 0.19 -0.0097 

10 μg ml-1 0.83 -0.061 0.17 -0.0086 

6 μg ml-1 0.9 -0.05 0.14 -0.0067 

2 μg ml-1 0.86 -0.048 0.15 -0.0039 

Table 15. Fitting coeffcients for the measurements with an excitation power of 5 mW and an 

intentration time of 600 ms 

10.3.2. Photobleaching of a liquid phantom 

 

Figure 45. Photobleaching measurement on a fluid phantom 

 

0 50 100 150 200 250 300

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

time [s]

fl
u
o

re
s
c
e
n
c
e
 i
n
te

n
s
it
y
 [
a
.u

.]

 

 
measured data

Fit



Fluorescence Phantom Development and Experiments  18.10.2013 61/71 

References 
1.  Haj-Hosseini N, Richter J, Andersson-Engels S, Wårdell K. Optical touch pointer 

for fluorescence guided glioblastoma resection using 5-aminolevulinic acid. 

Lasers in surgery and medicine [Internet]. 2010 Jan [cited 2013 May 5];42(1):9–

14. Available from: http://www.ncbi.nlm.nih.gov/pubmed/20077492 

2.  Richter JCO, Haj-Hosseini N, Andersson-Engel S, Wårdell K. Fluorescence 

spectroscopy measurements in ultrasonic navigated resection of malignant brain 

tumors. Lasers in surgery and medicine [Internet]. 2011 Jan [cited 2013 May 

6];43(1):8–14. Available from: http://www.ncbi.nlm.nih.gov/pubmed/21254137 
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