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Fluorescence spectroscopy is widely used for biomedical optical diagnosis and surgical resection of tumours. This work investigates laser-
induced fluorescence spectroscopy of fluorescence inclusions that are embedded in turbid media. 405 nm laser diode is used for exciting
buried protoporphyrin- (PpIX) based inclusions in brain-like optical phantoms. Effects of scattering and absorption of the turbid
medium on the recorded fluorescence signal and depth-resolved fluorescence were studied. Results show that optical properties of the
surrounding turbid medium influence the intensity of the fluorescence signal. Absorption coefficient of the surrounding medium is the
major contributor to the fluorescent signal. Analysis of the recorded fluorescence spectra shows that the effect of absorption coefficient is
larger than the effect of scattering coefficient on the fluorescence intensity by nearly fivefold. The findings indicate that the fluorescence
signal could be used as a biomarker of optical property variations through different stages of malignancy. This can enhance the

detectability of malignant tissue for diagnostic and surgical purposes as well.

1. Introduction

Surgical removal of tumour mass is the most commonly
used approach in the management of cancer [1]; however,
precision and effectiveness of these procedures have in-
creasingly become challenging in medicine [2]. Locations of
tumours might be determined intraoperatively by visual
inspection under bright light and information provided by
advanced surgical navigation systems including computed
tomography (CT), magnetic resonance imaging (MRI), and
intraoperative ultrasound [3]. However, the accuracy of
these conventional imaging techniques is not adequate for
localizing tumours and buried tumours in particular [4].
Therefore, there is a pressing need for the development of an
effective tool that allows intraoperative detection of em-
bedded tumours with high sensitivity and specificity. Over
the past two decades, there has been a growing interest in
optical measurements for tumour localization owing to its
safety and efficiency [5]. Several optical spectroscopy-based
techniques have been developed and tested to meet this need

[6]. Fluorescence spectroscopy is one of the promising
optical modalities for this purpose [7]. It is a noninvasive
technique in terms of excitation and detecting the remitted
signal on the surface. The measured signal contains infor-
mation about the concentration and the location of the
target fluorophores of interest with which functional and
physiological characteristics of the underlying tissue can be
quantitatively determined. Thus, fluorescence spectroscopy
provides a potential optical technique for discriminating
healthy and tumour tissues [8].

Fluorescence spectroscopy has been highly developed for
tumour surgery using the optical contrast provided by
protoporphyrin IX (PpIX) that is endogenously synthesized
in tumour cells following administration of the prodrug
d-aminolevulinic acid (ALA), whereas PpIX is a natural
substance in the heme cycle which is rapidly eliminated from
the tissue [9]. Laser wavelength at 405nm is absorbed by
protoporphyrin IX. The molecules of PpIX re-emit the
fluorescence spectrum with pronounced peaks at 635nm
and 704 nm [10]. Therefore, protoporphyrin IX (PpIX) is a
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FIGURE 1: Overview of the optical setup used for recording fluorescence spectra emanated from buried fluorescence inclusions in the brain

tissue-like optical phantom.

photosensitizer and fluorophore of interest both for ex-
perimental photo-based therapies and for diagnostic as-
sessment of suspicious tissue during surgery [11].

Nonetheless, much of the previous research has focused
on developing optical methods for superficial tumours in
order to delineate the borders between normal and can-
cerous tissue during tumour resection [12]. In contrast, a few
studies have investigated the fluorescence spectroscopy for
subsurface tumours and the effect of medium’s optical
potteries of the fluorescence signal. Swartling et al. [13]
studied the spectral changes of the fluorescence signal em-
anated from the subsurface fluorescence layer in an optical
phantom. Modelling of spectral changes using Monte Carlo
due to embedded fluorescent inclusions has also been in-
vestigated by Svensson and Andersson-Engels [14]. More
recently, macroscopic optical imaging techniques have been
devised for estimating the fluorescence depth in the optically
tissue-mimicking turbid medium [15] as a 635 nm laser diode
was used for excitation.

To the best of our knowledge, the effect of the sur-
rounding optical properties on the detected fluorescence
from subsurface tumours has not been thoroughly inves-
tigated; hence, the independent effect of optical coefficients
need not be independently quantified.

The aim of the present work is to experimentally in-
vestigate depth-resolved fluorescence spectroscopy in tissue-
simulating optical phantoms containing embedded PpIX-
based fluorescent inclusions located at different depths
under the surface. Effect of absorption and scattering co-
efficients on the fluorescence signal is discussed.

2. Materials and Methods

A schematic drawing representing the optical instru-
mentation for fluorescence measurements is depicted in
Figure 1. Fluorescence inclusion was made of a cylindrical

plastic tube filled with PpIX solution with a concentra-
tion of 3 mg/mL. The cylindrical inclusion has a length of
5mm and diameter of 2 mm. The inclusions were buried
in the turbid medium at different depths. All optical
phantoms in this study were arranged in the 12-well
microwell.

The light source was 405 nm fibre-coupled diode laser
(0405 nm 13A, Integrated Optics Inc. Lithuania), and laser
power was delivered to the sample in the CW mode with a
power of 20 MW. For collecting the emitted fluorescence
signal, a collection fibre (Ocean Optics Inc.) with a di-
ameter of 400 yum was used. The fibre is coupled to a
miniature spectrometer (USB4000, Ocean Optics Inc.
USA). The spectrometer is connected via an USB cable to
the computer for acquiring fluorescence spectra. Recod-
ing data and signal processing of the collected spectra
were controlled by SpectraSuit software (Ocean Optics
Inc., 2011).

Two main sets of optical phantoms mimicking the op-
tical properties of biological tissues were investigated in
order to quantify the effect of optical properties on fluo-
rescent intensity. The optical properties were defined to
cover the corresponding values of healthy and cancerous
brain tissue. For the effect of absorption coefficient of the
surrounding medium, four sets of phantoms were built. The
values of absorption coefficient ranged between 0.5 and
2mm™". For each one of the absorption coefficient values, a
subset of 5 optical phantoms was fabricated corresponding
to five depths of the PpIX inclusion, that is, 1, 3, 5, 7, and
10 mm. Similarly, for quantifying the scattering effect of the
surrounding medium, another four sets of optical phantoms
were constructed. The values of scattering coefficient ranged
between 10 and 50 mm™". For each one of the scattering
coefficient values, a subset of 5 optical phantoms was fab-
ricated corresponding to five depths of the PpIX inclusion,
that is, 1, 3, 5, 7, and 10 mm.
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FIGURE 2: Recordings of fluorescence spectra for different values of scattering coefficient.
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FIGURE 3: (a) Recordings of fluorescence spectra for different depths of the PpIX inclusion. (b) Fluorescence intensity at 635 nm for different
depths of the PpIX inclusion in the optical phantom. Fitted curve shows exponential behaviour of the fluorescence intensity as a function of

the depth.

3. Results and Discussion

All PpIX inclusion fluorescence measurements were carried
out in dark laboratory setting. As a preliminary measure-
ment, five scattering coefficient values ranged from 1 to
100mm™" were constructed and arranged in a microwell
followed by measuring the fluorescence spectra of the

embedded inclusion. Figure 2 shows the fluorescence spectra
for different values of scattering coeflicient.

The intensity of the fluorescent signal is directly pro-
portional to the scattering power of the optical phantom. It
can be seen from Figure 2 that the intensity of fluorescence
for 50 and 100 mm ™" is approximately the same. That is, the
fluorescence signal may reach a saturation level for higher
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FIGURE 4: (a—e) Mean values and standard deviations of fluorescence intensity at 635 nm as a function of absorption coefficient for different

depths.

values of the scattering coeflicient. Figure 3(a) shows the
fluorescence detected for different depths of the PpIX in-
clusion inside the optical phantom. The depth of inclusion
ranged from 1 mm to 10 mm. In this case, one can notice that
the fluorescence intensity is inversely proportional to the
depth. This decline in intensity can be fitted to the expo-
nential curve as displayed in Figure 3(b).

All PpIX fluorescence spectra showed distinctive peaks
at 635 and 704 nm, and thus, fluorescence intensity values at
these specific wavelengths were used in further analysis of
the measured spectra. Mean values and standard deviation of
fluorescence intensities are plotted for different depths and
for a range of absorption coefficients (from 0.5 to 2mm™") as
can be seen in Figures 4(a)-4(e). All produced curves show
noticeable decline in fluorescence intensity for all studied
depths. This decrease in fluorescence intensity can be
explained by the decrease in the number of photons reaching
the PpIX inclusion due to absorption.

In addition, mean values and standard deviation of
fluorescence intensities are plotted for different depths and

for a range of scattering coefficients (from 10 to 50 mm™) as
presented in Figures 5(a)-5(e)). All produced curves show
marked increase in fluorescence intensity for all investigated
depths of PpIX inclusion. This increase in the fluorescence
signal can be attributed to the increased number of photons
exciting the PpIX inclusion due to scattering.

It is noteworthy to say that all curves in Figures 4 and 5
show nonlinear behaviour of fluorescence variation as a
function of absorption and scattering coeflicients. This is in
agreement with prior studies [16].

In a study conducted by Markwardt et al. [17], the effect
of photobleaching on the recorded fluorescence signals was
avoided by limiting the excitation time. In this study, each
optical phantom contained a cylindrical inclusion that had
been excited with a set length of excitation time; hence, the
effect of photobleaching is standardized for all samples.

Furthermore, it is of great importance to quantify the
effect of variation in optical properties on the recorded
fluorescence signal. To achieve that, the variation effects of
scattering and absorption were analysed independently.
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FIGURE 5: (a-e) Mean values and standard deviations of fluorescence intensity at 635 nm as a function of scattering coefficient for different

depths.

First, for absorption coefficient, attenuation in fluorescence
intensity at 635nm over the abovementioned range of ab-
sorption coeflicients was calculated for each depth based on
the following equation:

_Fabs

Ha (min)

Fabs

1a (max)

x 100%,

(1)

Variation,, ; =
thard
* F abs

o (max)

where Variation, , is the variation in intensity at 635 nm for
a given depth of the PpIX inclusion, F abs, is the fluo-
rescence intensity in the absorbing medium with the
maximum absorption coeflicient used in this study, that is,
corresponding to the value of 2mm™', and Fabs,. o 19 the
fluorescence intensity in the absorbing medium with the
minimum absorption coeflicient used in this study, that is,
corresponding to the value of 0.5mm™'. The variation
percentages for absorption are presented in Figure 6(a).
Second, for scattering coefficient, elevation in fluores-
cence intensity at 635 nm over the abovementioned range of

scattering coefficients was calculated for each depth as
expressed by the following equation

-F scat,

F scat, 4s (min)

1tg (max)

x100%,  (2)

Variation,, 4 =

SCaty (max)

where Variation, ; is the variation in intensity at 635 nm for
a given depth of the PpIX inclusion, Ficat, iy 18 the
fluorescence intensity in the scattering medium with the
maximum scattering coefficient used in this study, that is,
corresponding to the value of 50 mm ™', and Ficat, o 18 the
fluorescence intensity in the scattering medium’ with the
minimum scattering coefficient used in this study, that is,
corresponding to the value of 10mm™". Figure 6(a) dis-
plays the variation percentages due to scattering for all
depths.

Overall quantification of variation can be evaluated by
taking the average value for all corresponding depths as
shown in Figure 6(b).
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FIGURE 6: (a) Variation in fluorescence intensity at 635 nm due to scattering and absorption for different depths. (b) Average variation

percentage over all depths for scattering and absorption.

It can be clearly noticed that both variations for ab-
sorption and scattering are comparable (44% for absorption
vs. 55% for scattering). However, the corresponding ranges
for scattering and absorption coefficients are different.
Thus, we can say that the effect of absorption coefficient
of the medium on the measured fluorescence has far
greater than the effect of the scattering coefficient. In
other words, fluorescence spectra for embedded inclu-
sions are more sensitive to the variation in absorption
coefficient.

Taking into account the nonlinear trend of the variation
in fluorescence intensity for both scattering and absorbing
media, the relationship between fluorescence intensity and
optical properties can be transformed to a linear one by
taking the logarithm of the measured quantity, i.e., the
recorded fluorescence. As a result, we deduce that the
logarithm of fluorescence intensity is inversely proportional
to the change in absorption coefficient, and likewise, the
logarithm of fluorescence intensity is directly proportional
to the change in scattering coeflicient. Consequently, based
on ranges in optical properties used in this study, an in-
crement of 1mm™" in absorption coefficient leads to de-
crease in fluorescence intensity by 18%. In contrast, an
increment in scattering coefficient of 1 mm™" corresponds to
increase in the fluorescence signal by 4%. That is to say, the
effect of absorption coefficient is larger than the effect of
scattering coefficient on the fluorescence intensity by nearly
fivefold.

Stepp et al. [18] measured the optical properties of brain
tissue through different stages of tumour development in
rats, and they found that absorption coefficient is largely
affected over the development process of tumours. This
indicates that the fluorescence signal could be used as a
biomarker of optical property variations through different
stages of malignancy.

Analytical method for estimating the depth of fluores-
cence inclusions was also derived [19]. This method requires
prior knowledge of optical properties of the turbid medium.
However, in clinical applications, fluorescence concentra-
tion and optical properties are unknown and hence the
potential contribution of this study in correlating the
fluorescence intensity with optical properties.

Another area for future work could take into account
other excitation wavelengths that are being used [20] for
exciting biological fluorophores.

One possible limitation of the presented work was the
noticed deviations in the fluorescence signal in both ab-
sorption and scattering measurements. This can be
explained by the unavoidable error in positioning the fibre
probe over the optical phantom. However, the effect of this
setback on the overall results can be negligible.

4. Conclusions

This paper attempted to experimentally evaluate the effect
of optical properties of the medium on the depth-resolved
measured fluorescence emanated from PpIX-filled in-
clusions. The results reveal that absorption coeflicient has
far greater effect on the intensity of fluorescence than the
scattering coefficient. Embedded fluorescence inclusions
therefore are more sensitive to variations in absorption
coefficients of the surrounding medium. This has pro-
found implications in biomedical optical measurements
of embedded tumours like brain tumours that contain
certain concentration of PpIX and surrounded by bio-
logical tissue of varying optical properties. This study can
also be extended to investigate other optical properties
associated with different biological tissues and this in turn
would improve the accuracy of biomedical optical
diagnostics.
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