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Abstract

The annual incidence rate of tumours in the brain and central nervous system (CNS)
was 19.89 per 100,000 persons between 2004 and 2008 in the United States. Surgery is a
common treatment option for brain and CNS tumours. Typically, biopsy followed by
histological analysis is used to confirm tumour types and margin during neurosurgery as
an intraoperative diagnostic tool. However, this biopsy method is invasive, sampling
number limited and not in real-time. To overcome these problems, many minimally
invasive optical techniques, called optical biopsies, have been developed towards
intraoperative diagnosis.

The research work carried out in this dissertation focuses on combining the
time-resolved fluorescence (TRF) and diffuse reflectance (DR) spectroscopy towards
intraoperative tumour margin detection in neurosurgery. Combining these two modalities
allows us to obtain additional contrast features, thus potentially improving the diagnostic
accuracy. To achieve this goal, first, a clinically compatible integrated TRF-DR
spectroscopy instrument was developed for in vivo brain tumour study. An
acousto-optical-tunable-filter-based  spectrometer was designed to acquire the
time-resolved fluorescence signal. A dual-modality fibre optic probe was used to collect
the TRF and DR signals in a small volume. The system’s capabilities of resolving
fluorescence spectrum and lifetime, and optical properties were characterized and
validated using tissue phantoms. Second, in order to retrieve the fluorescence impulse
response function accurately from measured fluorescence signals, a robust
Laguerre-based deconvolution method was optimized by using the constrained linear
least squares fitting and high order Laguerre function basis. This optimized
Laguerre-based deconvolution method overcomes the over-fitting problem introduced by
low signal-to-noise ratio and complex fitting model. Third, an ex vivo clinical study of
brain tumours was carried out using the TRF and DR spectroscopy. Fluorescence spectra
and lifetime features were selected to classify various tumour types. The sensitivity and
specificity of meningioma grade 1 differentiated from meningioma grade II are both
100%. Finally, in order to increase the measurement tissue volume and obtain imaging
contrast features, a scanning-based hyperspectral fluorescence lifetime imaging system
was developed. This setup can provide time-, space-, spectrum- resolved
multi-dimensional images for tumour margin detection.
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Chapter 1

Introduction

Tumours differ from normal tissue in many aspects including growth control,
morphological change, cell-to-cell interaction, etc. [1]. Malignant tumours or cancers
grow rapidly and may relocate to other organs. They cause significant damage to the
organ’s normal function and are life-threatening. According to the cancer statistics of
National Cancer Institute, the incidence rate of primary brain and central nervous system
(CNS) tumours was 19.89 per 100,000 persons per year in the United States during
2004-2008 [2]. The incidence rate of malignant brain tumours was 7.3 per 100.000
persons per year [2]. In Canada, brain tumor caused 1561 new cases and 1066 deaths in
2012 [3]. Although this rate is quite low compared to other cancers (e.g. 45 per 100,000
person-years for colorectal cancer [4]), primary brain tumours, especially malignant
gliomas, have a devastating effect on patients’ life. For example, the average survival
time for the patients with malignant gliomas is about 14 months after diagnosis [5].

Surgery, followed by radiation therapy and/or chemotherapy, is the most commonly
prescribed treatment for gliomas. It is shown that the prognosis of patients is directly
correlated to the completeness of tumour removal during the surgery [5]. Due to the
infiltrating characteristics of malignant gliomas, complete resection is difficult to achieve
without removing healthy, functional normal tissue. Therefore, a surgeon needs to
maintain the balance between removing as much tumour as possible and avoiding
damage to essential brain functions. To achieve this balance, a technique capable of
providing accurate real-time demarcation between tumour and normal tissue in
neurosurgery is needed.

Some pre-operative diagnostic imaging methods such as magnetic resonance imaging
(MRI), computed tomography (CT), and positron emission tomography (PET) are used to
investigate the tumour’s location and types. MRI observes the changes in the magnetic
properties of tumour. CT detects the absorption rate of x-ray in the biological tissue,
while PET detects the emission rate of gamma ray to reflect biological molecule’s activity.
However, it is still necessary to confirm the properties of the tumours during surgery. The
current “gold standard” is invasive biopsy in which small pieces of tissue are removed by
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a neurosurgeon from the area of interest. The specimens are then frozen, stained, and
diagnosed under a microscope by a pathologist. This biopsy procedure is time-consuming
and unable to provide real-time diagnosis. In addition, for brain tissue biopsy, only
limited samples can be resected to avoid damages to normal tissue, which may lead to
significant sampling error.

To overcome those problems that occur in the invasive biopsy, minimally invasive
optical techniques, called optical biopsies, have been developed for intraoperative
diagnosis in a number of applications [5-10]. The optical biopsy monitors the cellular
structure and biological composition of biological tissue based on the interactions
between light and tissue. Many single-point spectroscopies, such as fluorescence [6],
Raman [7] and diffuse reflectance (DR) spectroscopy [8], have been investigated for
clinical diagnosis. Some imaging modalities, such as optical coherence tomography
(OCT) [9], photoacoustic tomography (PAT) [10], and fluorescent-based imaging [11],
are also involved in many studies. With recent developments in fibre optic probe and
endoscope techniques, it is feasible to translate these modalities from bench-top to
bedside [12]. The light illumination and collection can be realized using a fibre
probe/endoscope for the in vivo study without significant interference to the surgery. The
optical biopsy has several advantages which make it much compatible for clinical studies:
(a) it is a noninvasive or minimally invasive, (b) it provides rapid measurements that can
lead to real-time diagnosis, (c) it is able to detect small tumours with high spatial
resolution [13], and (d) it is able to detect precancerous conditions according to spectral
characteristics that are associated with molecular changes [1].

In principle, the optical biopsy modalities that provide endogenous biochemical and
morphological features are preferred in intraoperative applications over those that rely on
exogenous contrast agents. Autofluorescence spectroscopy and DR spectroscopy [14] are
two common non-contrast-agent-based modalities. Autofluorescence signals from the
endogenous fluorophores in biological tissue highly correlate with the tissue’s biological
compositions and cellular structures. Time-resolved fluorescence (TRF) spectroscopy
measures dynamic fluorescence signals such as fluorescence lifetime in addition to
fluorescence spectrum [15]. TRF is particularly favored for in vivo diagnostic
applications because fluorescence lifetime is independent of intensity variation artifacts
common in in vivo measurements and is sensitive to microenvironment changes such as
pH, ionization, and temperature [16]. A clinical study has demonstrated the feasibility of
TRF spectroscopy to differentiate brain tumor from normal tissue [6]. DR spectroscopy is
another minimally invasive optical biopsy method. In DR spectroscopy, a broadband light
is measured at different source-to-detector distance via fibre optic bundles to estimate the
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scattering and absorption properties of biological tissue. Typically, the scattering
properties are related to the scattering size and structure of the biological tissue [17],
while the absorption properties are related to the concentration of absorbers (oxygenated
hemoglobin, deoxygenated hemoglobin) [18], both of which are importance diagnosis
criteria [19].

1.1. Motivation

The autofluorescence and diffuse reflectance spectroscopy do not need exogenous
contrast agents and can provide some unique features about biochemical composition,
structure, and morphology of biological tissues. However, each technique has its
limitation when applied to clinical studies. For example, autofluorescence spectroscopy is
limited by the penetration depth of excitation light, such that it can only measure the
autofluorescence signals from the surface layer of tissue about several hundred
micrometers. In addition, autofluorescence signals are also altered by tissue’s scattering
and absorption properties. Therefore, the measured autofluorescence signals may not
reflect the real information of endogenous fluorophores. Diffuse reflectance spectroscopy
only provides the optical properties of the bulk tissue, but miss the biochemical
composition details.

Fortunately, with current techniques advances, it is possible to combine multiple
optical biopsy modalities for tissue diagnosis, thus providing extra contrast features to
improve the diagnostic accuracy. By combining fluorescence spectroscopy and diffuse
reflectance spectroscopy, a number of biochemical features (such as hemoglobin and
oxygen concentration and tissue’s metabolic status) and morphological features (such as
scattering size, shape and density, as well as extracellular structures) can be used to
differentiate tumours from normal tissue. In addition, the optical properties derived from
diffuse reflectance spectroscopy can also be used to correct the distortion of the
fluorescence signals measured at the same location. Therefore, the intrinsic fluorescence
signal can be obtained to provide much accurate diagnostic results.

Combining steady-state fluorescence spectroscopy with DR spectroscopy has been
shown a better discrimination results in many clinical studies, such as epithelial dysplasia
diagnosis [19], breast surgical margin detection [20], and brain tumour discrimination
[21-23]. Recently, TRF spectroscopy has also shown its ability to distinguish the brain
tumour from normal brain tissue [6]. By taking the advantages of TRF and DR
spectroscopy, the motivation of this study is to combine TRF and DR spectroscopy
towards an intraoperative application to improve diagnostic accuracy of margin detection
of brain tumour. To meet these requirements, some potential roadblocks appear when

3
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applying these technologies to in vivo intraoperative tumour discrimination in
neurosurgery.

(a) Intraoperative optical biopsy has challenging requirements for the clinical instrument.
The clinical instrument needs to be compatible with the surgical procedure and
sensitive enough to detect weak signals from biological tissue. Therefore, developing
a clinically compatible system to collect TRF and DR signals with sufficient
signal-to-noise ratio in real-time is one of the issues that is needed to be resolved.

(b) In order to assess the properties of tumour and normal tissue, it is important to
retrieve the fluorescence properties (spectrum and lifetime) and tissue optical
properties (scattering, absorption, and anisotropy) accurately and quickly from
measured signals. Therefore, fast, accurate algorithms to quantitative retrieve these
features are necessary. Moreover, the measured fluorescence signals are altered by the
absorption and scattering effects in tissue; this leads to inaccurate diagnostic results.
Therefore, retrieving the intrinsic fluorescence signal from turbid tissue is another
question we need to solve.

(c) The relationship between TRF and DR features and the biological properties of brain
tumour is still not clear, although a number of studies have been done in this area
[6,21-23]. To investigate the TRF and DR characteristics of different brain tumours,
large numbers of clinical cases are necessary. In addition, reliable classification
methods also need to be developed to improve the sensitivity and specificity for
tumour discrimination.

1.2. Dissertation overview

To overcome the limitations of existing intraoperative biopsy methods, the goal of
this research is to develop a minimally invasive intraoperative optical biopsy method by
combining TRF and DR spectroscopy for the quantitative diagnosis of brain tumours. To
achieve this goal, four major milestones were achieved in this dissertation.

First, an integrated TRF and DR spectroscopy instrument was developed as an
intraoperative tool. The fluorescence and DR spectra can be collected within 2 seconds to
realize near real-time data collection. The system performance was calibrated and
validated using tissue phantoms to ensure the accuracy of signal measurement.

Second, to accurately retrieve the fluorescence lifetime from the low signal-to-noise
data obtained from biological tissue, Laguerre-based deconvolution method was
optimized by using the physical properties of the fluorescence decay to constrain the
fitting regression. Hence, the fitting accuracy is improved significantly compared to
previous Laguerre deconvolution methods.
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Third, to investigate the TRF and DR characteristics of brain tumour diagnosis, a
pilot ex vivo study of brain tumours were investigated using TRF and DR spectroscopy
with separated optical fibre probes individually. The spectral and lifetime features were
selected to classify the different tissue types.

Finally, to solve the small detection tissue volume and slow data collection problems
in the single-point spectroscopy measurements, a scanning-based hyperspectral
fluorescence lifetime imaging application was developed. The performance was validated
using tissue phantoms and biological samples [24].

1.3. Dissertation organization

This dissertation is organized according to the specific aims of this study:

In this introduction chapter, the motivation and milestones of this project are
presented to give an overview of the dissertation.

Chapter 2 reviews the conventional diagnostic technologies as well as optical biopsy
methods used as potential intraoperative tools in neurosurgery. The background of brain
tumours, including meningiomas and gliomas, are presented in Section 2.1, and then
followed by conventional intraoperative methods. A review of various optical biopsy
methods are introduced in Section 2.3. Focusing on the research in this dissertation,
fluorescence spectroscopy and DR spectroscopy are discussed in detail in Sections 2.4
and 2.5, respectively. In addition, a review of multi-modality optical biopsy methods is
presented in Section 2.6.

Chapter 3 focuses on the integrated TRF-DR spectroscopy instrument that was
developed as an intraoperative tool for brain tumour margin detection. The design of the
clinically compatible TRF-DR spectroscopy instrument is described in Section 3.1.
Section 3.2 presents details of system calibration methods and results, which ensure our
system to collect time-resolved fluorescence and diffuse reflectance signals accurately.

Chapter 4 describes the performance of the integrated TRF-DR instrument using
standard fluorescence dyes, biomolecules, and liquid tissue-simulating phantoms.
Validation results show that our system is able to retrieve the fluorescence spectra and
lifetime information from standard fluorescence dyes and biomolecules accurately. The
effects of optical properties on fluorescence spectral and lifetime measurements were also
investigated using different tissue phantoms. The results show that the fluorescence
spectra are altered by the optical properties, whereas the fluorescence decay does not
change with differences in optical properties when a single fiber is used for the
fluorescence measurement.
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Chapter 5 presents an optimized robust Laguerre-based deconvolution method to
retrieve intrinsic response functions from measured fluorescence signals. This method
overcomes the over-fitting problem that is introduced by high-order Laguerre functions
and low signal-to-noise ratio. The theory of the robust Laguerre-based deconvolution is
presented in Section 5.2. A series of Laguerre parameter selection methods is discussed in
Section 5.3 to realize accurate, real-time data processing. the performance of the robust
Laguerre algorithm is demonstrated in the simulation data and experimental results.

Chapter 6 describes a pilot ex vivo study of brain tumours using TRF and DR
spectroscopy. The clinical procedure, including sample preparation and experimental data
acquisition, is presented in Section 6.1. Data processing, feature selection, and
classification methods are described in Section 6.2, and followed by the study results in
Section 6.3. Several features including intensity ratios, lifetime values, and Laguerre
coefficient ratios at different wavelengths were selected based on one-way ANOVA tests.
The support vector machine (SVM) method was applied to classify the different tissue
types. The results show that the meningioma grade I and grade II can be separated with
both sensitivity and specificity of 100%.

Chapter 7 demonstrates a hyperspectral fluorescence lifetime imaging setup (FLIM)
that was developed to acquire autofluorescence images for optical biopsy studies. An
introduction of FLIM applications is presented in Section 7.1. The system configuration
and tissue phantom preparation is shown in Section 7.2. The 2-dimensional images are
acquired by scanning a fibre-optic probe using a translation stage. The system’s
performance was characterized and validated using standards fluorescence dyes and
biological tissue. The results (Section 7.3) illustrate ability of the hyperspectral lifetime
imaging system to resolve the different fluorescence signals from fluorescence dyes and
biological tissue spatially, spectrally, and temporally.

In Chapter 8, the research of this thesis is summarized in Section 8.1 and discussion
of future directions is presented in Section 8.2.
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Chapter 2

Optical biopsies for neurosurgery

Brain tumour is considered as one of the aggressive tumour types. Currently, surgery
is the main treatment for brain tumour, but is a risky procedure that requires removal of
the entire tumour without causing damages to the nervous system. This chapter presents
an overview of conventional techniques as well as optical biopsy techniques that are used
to help the neurosurgeon to identify tumours in neurosurgery. The details of different
brain tumours, including gliomas and meningiomas, are introduced in Section 2.1, and
then followed by the conventional intraoperative diagnostic methods used in
neurosurgery in Section 2.2. Section 2.3 introduces the promising diagnostic techniques
of optical biopsies that provide minimally invasive, real-time, high resolution tumour
detection. Focusing on this dissertation, time-resolved fluorescence (TRF) spectroscopy
and diffuse reflectance (DR) spectroscopy are discussed in detail in Section 2.4 and 2.5,
respectively. To improve diagnostic accuracy, combination of two- or multi-modalities is
widely used in biological studies recently. A review of the clinical studies by combining
fluorescence and diffuse reflectance spectroscopy is presented at end of this chapter.

2.1. Brain tumours

The annual incidence rate of the brain and central nervous system (CNS) tumours is
19.89 per 100.000 persons in the United States during 2004-2008 reported by the
National Cancer Institute [2]. Gliomas and meningiomas are two common primary brain
tumours. Gliomas account for 30% of all cases and 80% of malignant tumours, while
meningiomas account for 35% of all cases [2]. In addition, glioblastomas are the main
malignant tumour types, which account for 16% of all tissue types.

Gliomas originate from glial cells that are used to support and protect the nervous
system in brain. Gliomas can be classified to astrocytoma, oligodendroglioma,
ependymoma, or a combination of them based on their cell types. Anaplastic astrocytoma
and glioblastoma are the main types of malignant gliomas [2]. In addition, gliomas can
also be classified into grades I to IV based on their histopathological performances [25].
Grades I and II are classified as low-grade gliomas, which are usually non-malignant and
can be treated. It has been shown that the 5-year survival rate of patients with grade II
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astrocytomas is approximately 50% [2]. Grades III and IV are considered as high-grade
gliomas which are diffusely infiltrative to the surrounding normal tissue and have high
proliferative index. Thus, the histologic results usually show heterogeneity and have
various characteristics from different samples [S5]. Thus, the treatment of malignant
gliomas becomes complex as they are very difficult to be removed completely. For
example, the 5-year survival rate of glioblastoma multiforme is down to 4.7% [2].

Meningiomas arise from arachnoid cells in the meninges of brain and commonly
occur in older adults with the median age about 65-year old [2]. The WHO classifies
meningiomas into three grades based on the histopathological results [25]. Grade I is
benign, which grows very slowly and accounts for 75% of all meningiomas. Grade II is
atypical, which grows slowly but still can be malignant. Grade III is anaplastic, which
grows very fast and is most likely malignant. Usually, meningiomas can be treated by
surgical resection.

2.2. Traditional diagnostic methods

A surgical resection followed by chemo- and/or radiation therapy is the most
common treatment strategy for malignant gliomas. Magnetic resonance imaging (MRI),
computed tomography (CT), and positron emission tomography (PET) are commonly
used in pre-operative diagnosis to obtain the information of tumour’s locations and types.
During neurosurgery, invasive biopsy is performed for histopathological analysis to
further confirm the tumour types. Unlike other types of organs, it is challenging to find a
distinct barrier between malignant tumour and normal brain tissue; hence, there is a
greater risk in causing irreversible damage to the nervous system when excessive brain
tissue is removed.

To improve the precision of the resection, some applications have already been used to
help the surgeon determine the tumour margin, such as stereotactic image-guided surgery
based on pre-diagnostic imaging, intraoperative ultrasound, and intraoperative magnetic
resonance imaging (iMRI). Stereotactic image-guided surgery uses pre-operative
diagnostic images co-registered with other imaging modalities such as microscopy and
MRI to assist the surgeon in determining the location and size of brain tumour [26]. It can
also provide anatomical information as well as pre-operative blood-brain-barrier leaks.
However, one unfavorable limitation of this method is that it is very easy to lose the
registration because of the brain-shifting during surgery [26]. Intraoperative ultrasound is
another imaging technique that can be used in neurosurgery. It is not affected by the
brain-shifting and provides subsurface structural images with high spatial resolutions
(axial: 0.15-0.35 mm, lateral: 0.4-1.2 mm) and deep penetration depth (3-10 cm) [27].
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This method can quickly determine the location of brain tumour and evaluate the
completeness of tumour resection. However, low signal-to-noise ratio prevents its
widespread use during surgery [27]. In contrast, iMRI is the most popular method used in
neurosurgery, where the tumour structure can be identified in real-time with desirable
signal-to-noise ratios and resolutions [28]. The requirement of proper magnetic shielding
for certain surgical instrumentations, however, becomes a challenging issue on top of the
cost of iMRI.

2.3.  Optical biopsy

Optical biopsy has been proven as a promising diagnostic method as it probes tissue
heterogeneity quickly based on changes in light-tissue interactions. Common methods
used in optical biopsy include single-point spectroscopic techniques such as fluorescence,
diffuse reflectance and Raman spectroscopy. Various imaging-based modalities have also
been proposed, such as optical coherence tomography (OCT), photoacoustic tomography
(PAT), and fluorescent-based imaging. In this section, principles and applications of these
modalities are reviewed, and fluorescence and diffuse reflectance techniques will be
further illustrated in detail in Section 2.4 and 2.5, respectively.

2.3.1. Raman spectroscopy

Raman scattering is an inelastic scattering process that results from the energy
changes of the scattering molecule. The molecule is excited by an incident light from the
ground state to a virtual state; then it relaxes back to a vibrational state by emitting
photons. The vibrational state might have higher or lower energy level than ground state.
Due to the difference of the energy between the ground state and vibrational state, the
wavelength of emitted light can be shorter or higher compared to the wavelength of
incident light. Therefore, there are two types of Raman scattering: (i) Raman stokes
scattering in which the scattered photon has lower energy than the incident photon, which
results in a longer wavelength emission; (ii) Raman anti-stokes scattering in which the
scatted photon has more energy than the incident photon, thus resulting a shorter
wavelength emission.

Raman spectroscopy has been used in the past few decades to detect the chemical
components of samples based on their Raman scattering spectra. In other word, the
distinct Raman spectrum of different molecules used to discriminate the chemical
components in biological tissue; for example, the common biological molecules that
contribute to Raman spectra include proteins, lipids, nucleic acids, and water [29]. In
recent years, Raman spectroscopy has been investigated for brain tissue diagnosis by
several groups [6, 28-30]. Koljenovic et al. reported a study of using Raman spectroscopy

9



PhD Thesis-Zhaojun Nie McMaster University-Biomedical Engineering

to discriminate the vital tumours from necrotic tissue with 100% sensitivity [30]. As
revealed by the Raman spectra, this study confirmed that the necrotic tissue contains
higher concentration of cholesterol. Zhou et al. [7] used a confocal micro-Raman system
to investigate resonance Raman spectra on six types of brain tissues in vitro. This study
showed that an increased intensity ratio of 1587 cm” and 1605 cm™ was observed in
meningioma compared to benign and normal meningeal tissue, which provides the
sensitivity and specificity of 90.9% and 100% respectively.

2.3.2. Optical coherence tomography

Optical coherence tomography (OCT) based on low coherence interferometry was
first described by Huang et al. [33]. In the OCT system, a low coherence light is split into
the reference and the sample arms. Scattering light from the sample at different depths is
collected and mixed with the reference light at the detector to generate an interferometry
pattern. Because the temporal coherence of the light source is low, a well-defined
interference pattern will be generated only if the path difference between sample arm and
reference arm is within the coherence length of light source. Therefore, the reflected
scattering light at specific depths can be measured by changing the path-length of the
sample arm. This technique is able to obtain images of the sub-layer structure of the
biological tissue by measuring the optical reflectance and scattering [33].

OCT can provide sub-micrometer-resolution, real-time, and non-invasive imaging of
biological tissue. Moreover, optical fibre-based instrument makes this technique much
more compatible with clinical application such as endoscopy and catheter based studies.
It has also been applied as an intraoperative technique for neurosurgery. Boppart et al. [34]
evaluated the feasibility of OCT as an intraoperative imaging tool to identify intracortical
melanomas. In this study, a hand-held OCT surgical imaging probe was used to obtain
two- or three-dimensional images. The results showed that the optical backscatter
increased in the tumour region. This can be used to determine the tumour margin
accurately as it correlates well with histological results.

2.3.3. Photoacoustic tomography

Photoacoustic tomography (PAT) has also been used in imaging biological tissue in
the last decade. The imaging contrast of PAT is based on the ultrasonic detection of
thermal expansion from biological composition, such as hemoglobin and melanin [13]. In
particular, photothermal effect is caused by optical absorption after a short-pulsed laser
illuminates biological tissue. Consequently, the thermoplastic expansion from the
temperature increase (A7) at the illumination area results in a raised pressure that can be
expressed by py = B - AT /k, where B is the thermal expansion coefficient and k is the
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isothermal compressibility [13]. After the pressure travels through the tissue, this pressure
wave is detected by ultrasonic transducer(s) to form a high-resolution image that is
related to the optical absorption of biological composition such as hemoglobin and
melanin [13].

Photoacoustic tomography has been widely used to image from the cellular level to
organ specimens with the use of certain contrast agents [13]. An in vivo case reported by
Kircher et al. used PAT, MRI and Raman spectroscopy to investigate the brain tumour
margin in a mouse model [35]. In this study, PAT produced a three-dimensional image to
localize the position of brain tumour using a nanoparticle contrast agent, thus yielding an
improved accuracy in tumour detection.

2.4. Fluorescence spectroscopy

When a biological molecule is illuminated by a light source with proper wavelengths
that match its absorption spectrum, it is activated from the ground state (So) to excited
states (S; or S») as shown in the Jablonski diagram (Figure 2-1). The molecule at the
higher excited state (S;) is back to the low excited state (S;) nonradiatively by vibration
relaxation and internal conversion. In contrast, fluorescence emission is a radiative
process when a molecule releases its energy and drops back to its ground state, which
happens in the time scale of nanoseconds. Several parameters are used to characterize the
fluorescence phenomenon of the molecule (fluorophore) including emission spectrum,
quantum Yyield, and fluorescence lifetime. The emission spectrum of a fluorophore has a
red-shifted wavelength relative to the excitation light, but is independent from the
excitation wavelength. Quantum yield is the ratio between the emitted photons and
absorbed photons of the molecule, which is highly related to the molecular structure and
microenvironment. Fluorescence lifetime is the average time a biological molecule
spends in the excited state before it returning to the ground state. Usually, for the
fluorescence emission of a single fluorophore, the fluorescence decay can be described as
an exponential function:

I1(t) = Aexp(—t/7) (2.1)

where A is the intensity at the time O and 7 is the fluorescence lifetime, which is
calculated from the time it takes for the intensity to decrease to 1/e of the peak intensity.
For a complex fluorescence emission contributed by several fluorophores, the
fluorescence decay can be presented as the sum of the exponential components of each
fluorophore as:

I(t) = ?’=0 Ai exp(—t/Ti) ,i=1..N (22)
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where i represents the i" fluorescence component. The average lifetime of the complex
fluorescence decay can be calculated using its statistic definition:

_ Yo tl(t)

Taverage - Zﬁol(f) (23)

Vibration relaxation and
)nternal conversion

S2 y, —
%/\\
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Figure 2-1. Jablonski diagram of fluorescence emission.

Fluorescence techniques have been used extensively in cellular and tissue studies to
monitor the changes of biochemical composition, reaction, and structure. Both
endogenous fluorescence and exogenous fluorescence are used in these studies. The
following sections describe the properties of endogenous and exogenous fluorescence and
their detection methods, as well as the clinical applications.

2.4.1. Endogenous fluorescence in biological tissue

Endogenous fluorophores such as amino acids (tyrosine and tryptophan), structural
proteins (elastin and collagen), and enzyme cofactors [ e.g. reduced nicotinamide adenine
dinucleotide (NADH) and flavin-adenine dinucleotide (FAD)] exhibit great potential to
monitor tumour environments because of their proportional changes during the
alternation of biochemical composition, cellular structure, and tumour metabolism. For
example, an increase of NADH concentration is found in tissue with higher metabolic
activities. Because NADH emits fluorescence in the spectral range of 400-700 nm with
UV radiation; whereas the oxidized form (NAD+) is non-fluorescent. A change of
autofluorescence emission intensity then offers a good contrast for tumour detection. In
addition, NADH exhibits short and long lifetime components depending on its binding
status with proteins. The ratio change of free to bound NADH in cancer results in
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changes of the average lifetime of NADH [36]. Thus, the intensity and lifetime of NADH
become potential indicators to monitor tumour’s environment. Most endogenous
fluorophores can be excited by UV-VIS light (280-450 nm) and emit fluorescence in
range of 370-700 nm as shown in Figure 2-2. The fluorescence lifetime values of
endogenous fluorophores are in the range of 0.5-6 ns [36]. Detailed properties of
endogenous fluorophores properties are summarized in Table 2-1.
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Figure 2-2. The fluorescence excitation (a) and emission (b) spectra of selected endogenous fluorophores in
tissue. (Adapted from the Ref [37])

Table 2-1. Summary of endogenous fluorophores’ properties [38-40]

Fluorophores Excitation Emission Lifetime Quantum  tissue types

peak (nm) peak (nm) (ns) yield

Amino acid

Tryptophan 280 350 0.5~2.8 0.2 All proteins
Tyrosine 275 300 3.6 0.1 All proteins
Phenylalanine 260 280 6.4 0.04 All proteins

Structural proteins

Collagen 325,360 400, 405 3 Skin
Elastin 290,325 340, 400 2.7 Skin

Enzymes /coenzyme

NADH 340 450 0.4-2.8 0.4-0.69 All cells
FAD/FMN 370/440 510-520 2.3-5 Brain, liver
Vitamin
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Pyridoxine 332,340 400 0.03 Liver, brain,
kidney
Pyridoxamine 335 400 0.11 0.18 Liver, brain,
kidney
Lipids
Phospholipids 436 540,560
Lipofuscin 340-395 540-640, 1.5 Brain
430-460
Ceroid 340-395 540-640, 2 Vessel
430-460
Lipopigments 340-395 430-460,540 1.5 NA Brain

2.4.2. Exogenous fluorescence

Exogenous fluorophores including indocyanine green (ICG), 5-aminolevulinic acid
(5-ALA), and fluorescein have been used as contrast agents for brain tumour margin
detection. 5-ALA is one of the FDA-approved photosensitizers used in photodynamic
therapy and tissue diagnosis. It is a prodrug that is converted to protoporphyrin IX (PpIX)
via heme synthesis pathway [11]. PpIX is an endogenous fluorophore that is normally
converted to heme through the enzyme, ferrochelatase. How, with the reduced
ferrochelatase activities in tumour, the PpIX will be easily accumulated with the
application of exogenous 5-ALA. Therefore, high levels of PpIX can be detected by the
fluorescent-based techniques [11].

2.4.3. Fluorescence measurement methods

Both steady-state fluorescence spectroscopy and time-resolved fluorescence
spectroscopy techniques have been used to monitor the fluorescence variation in many
clinical studies. Steady-state fluorescence spectroscopy measures the fluorescence
intensity in a broadband spectral region, whereas time-resolved fluorescence
spectroscopy measures the dynamic fluorescence decay to obtain the fluorescence
lifetime features in addition to the intensity measurement. Time-resolved fluorescence
spectroscopy, in particular, provides additional information in optical biopsy due to the
following advantages: (1) fluorescence lifetime is independent of the emission, thus it can
be used to differentiate the fluorescence components with overlapped fluorescence
emission spectra; (2) fluorescence lifetime can be easily changed when the energy of the
molecule is absorbed by its surrounding. In other words, it becomes sensitive tool to
probe the changes in microenvironment (e.g. pH, ionization, and temperature). Therefore,
time-resolved fluorescence spectroscopy is renders additional contrast upon steady-state
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fluorescence techniques.

In terms of the instrumentation, steady-state fluorescence spectroscopy is relatively
simple, which usually includes a narrow band light source (laser or LED) and a
grating-based spectrometer to collect the fluorescence emission. On the contrary,
time-resolved fluorescence spectroscopy is much more complex, where the fluorescence
decay signals need to be collected with picosecond temporal resolution. A short-pulsed
laser is generally used as an excitation light in the time-domain measurement, whereas a
modulated light source is used in frequency-domain measurement. To date, several
time-domain applications have been used in clinical studies based on different data
acquisition methods [15].

(a) Time-correlated single-photon counting (TCSPC)-based detection

TCSPC is the most common technique to detect fluorescence signal of a fluorophore.
In the TCSPC system, a pulsed laser with high repetition rate (e.g. 80 MHz) is used to
excite the fluorophore, and only the single photon that reaches the detector first is
captured after each excitation. A histogram of the photons with respect to their arrival
time is generated after multiple excitations, thus, the profiles of fluorescence decay can
be retrieved from this histogram. This method has high sensitivity and resolution, such
that it can detect the weak autofluorescence signals from biological tissue. It has been
used extensively in cellular or ex-vivo tissue studies. However, the data acquisition time
is relatively long, which limits its application as intraoperative tool in surgery.

(b) Time-gated detection

Time-gated detection provides an alternative method to detect the weak fluorescence
signal in time-domain. In this method, the sample is excited by a short-pulsed laser. The
fluorescence emission at different times along the fluorescence decay are detected by an
imaging detector with a fixed gating time (e.g. 200 ps), and then are used to reconstructed
the decay curve in time-domain. Time-gated intensified charge-coupled device (ICCD) is
the typical device used in such measurement. This method is suitable to obtain the image
for a large spatial area. However, the temporal resolution and the sensitivity are relatively
low.

(c) Pulse-sampling-based detection

With the development of high-speed digitizer, it is possible to acquire short
fluorescence decay in picosecond or nanosecond temporal resolution using a high-speed
digitizer. After the sample is excited by a laser pulse, fluorescence decay signal is
detected by a point detector such as PMT or avalanche photodiode, and then digitized by
a high speed digitizer. The fluorescence decay signal can be acquired right after each
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laser excitation in real-time. However, the temporal resolution of fluorescence signal is
limited by the sampling rate of digitizer.

(d) Streak camera based detection

Streak camera is a fast photo-detector that uses time of flight to measure light
intensity changes as a function of time. It operates by dispersing the photoelectrons
across an imaging screen. Therefore, the photons arriving at the streak camera at different
times are detected at different positions. By using streak camera, multiple decay curves
can be measured simultaneously with high temporal resolution of several picoseconds.
However, the sensitivity is still lower than that of TCSPC.

Considering the feasibility of these methods towards clinical studies, the advantages
and disadvantages of each method are summarized in Table 2-2. In summary, the TCSPC
method can provide the best sensitivity and temporal resolution. However, long
acquisition time and high instrumentation costs limit its broad applications in clinical
studies. On the contrary, time-gated- and pulse-sampling-based methods are much more
feasible for clinical applications due to their fast data acquisition speed and affordable
instrumentation costs.

Table 2-2. Comparison of time-resolved fluorescence measurement methods

Method Advantage Disadvantage Prices
$$$$

TCSPC e High sensitivity e  Slow data acquisition
e  High temporal resolution

e Low system error

Time-gated ¢  Fast data acquisition e Low sensitivity e 33
¢  Simultaneous acquisition

for imaging

Pulse-sampling e  Fast data acquisition ¢ Limited time resolution e 3
e High intensity e Large system error
Streak camera e High resolution e Low sensitivity o 333

e  Fast data acquisition

To date, both single-point spectroscopy [16,42,43] and imaging system [44-47] have
been developed for tissue diagnosis. In single-point measurements, a fibre optic probe is
used to deliver laser light and collect fluorescence signal, which makes the TRF
spectroscopy much more compatible with clinical studies. In imaging measurements, a
single fibre or fibre bundles are used to collect the image in the wide-field-based FLIM
[44,46], whereas high speed scanning modules such as galvanometer mirrors are used in
scanning-based FLIM [47], Recently, video-frequency-based fluorescence imaging
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systems were reported to provide near real-time fluorescence lifetime monitor [48,49].
2.44. Clinical studies for brain tumours

Both steady-state and time-resolved fluorescence techniques have been investigated
extensively for brain tumour diagnosis in the past decades. A brief review of fluorescence
applications of brain tumour studies is presented in this section.

For steady-state autofluorescence spectroscopy, NADH and FAD are two main
endogenous fluorophores that were investigated in brain tissue. Usually, the emission
intensity ratio of these two fluorophores is used to discriminate tumour from normal
tissue. Chung et al. [50] reported an ex vivo study that the gliomas had lower
autofluorescent intensity than normal brain tissue when using different excitation lights in
the spectral range of 360-490 nm. They also found that both fluorescent intensities of
NADH and FAD were lower in all kinds of tumours than in normal tissue, but the ratio of
NADH to FAD fluorescence intensity was not significantly different between the tumours
and normal tissue. Another in vivo brain study has been investigated by Lin e al. [21]
using the combination of fluorescence and diffuse reflectance spectroscopy. This study
obtained a sensitivity of 100% and a specificity of 76% when discriminating brain
tumours from normal tissue. Corce et al. [51] also investigated the autofluorescence
properties of neoplastic and normal brain tissue using ex vivo tissue sections and
homogenates. It was found that the fluorescence intensity ratio of 520 nm and 470 nm in
glioblastoma is higher than that in normal tissue by using a 360 nm excitation light. This
indicates that oxidized FAD and lipopigment increase in the neoplastic tissue compared
to the normal sample. Lately, Lin et al. [22] also used multiple excitation wavelengths
(337 nm, 360 nm, and 440 nm) to differentiate pediatric neoplastic and epileptogenic
tissue from normal tissue. Their study found statistically significant differences (P value <
0.05) between neoplastic brain tissue and normal gray/white matters. Moreover, Liu et al.
[52] aimed to analyze the redox ratio, the intensity ratio of FAD and NADH, for brain
tumours in a rat brain model. The results suggested that the fluorescence intensity ratio of
different wavelengths can be used as a feature for brain tissue discrimination.

The initial TRF spectroscopy study of ex vivo brain tumours was reported in Ref [53],
in which the fluorescence lifetime of glioblastoma was found longer than that in normal
white matter and cortex. In a later ex vivo study, the fluorescence lifetime features of
low-grade and high-grade gliomas have been investigated [54]. This study found the
low-grade gliomas had faster decay than high-grade gliomas at the emission wavelength
of 460 nm. Another ex vivo study by Butte et al. [55] analyzed meningiomas using the
TRF spectroscopy. Their results showed that the meningiomas have different
fluorescence spectral intensities and lifetime values from normal dura and cerebral cortex.
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By using both spectral and time-resolved features, the meningiomas can be distinguished
with the high sensitivity and specificity of 89% and 100% respectively. Lately, two in
vivo clinical studies were reported by Butte ef al. [6, 56]. These studies showed that the
low-grade gliomas had distinct fluorescence emission characteristics from the normal
cortex and white matter, whereas fluorescence characteristics varied with different
high-grade gliomas types. Their study also showed that both spectral and time-resolved
features varied not only with the tumour phenotypes, but also with the location of
examination spot due to the heterogeneity of tumour. With a combination of spectral and
lifetime parameters, the low-grade gliomas could be distinguished from other tissue types
with 100% sensitivity and 98% specificity. On the contrary, high-grade gliomas were
distinguishable with 47% sensitivity and 94% specificity. Sun et al. [45] demonstrated the
feasibility of using fluorescence lifetime imaging microscopy (FLIM) in glioblastoma
multiforme diagnosis using a fibre bundle and a gated intensifier imaging system. The
clinical results showed that FLIM was able to differentiate tumour from normal cortex at
the emission wavelength of 460 nm.

The exogenous fluorescence has been widely used in brain tumour during the
neurosurgery worldwide. Stummer et al. used 5-ALA as a contrast agent to identify the
resection margin of brain tumour during neurosurgery in several clinical studies [57-59].
The results suggested that the completely resection rate improved when using the 5-ALA
compared to that without the 5-ALA [57]. Valde et al. [60] investigated the 14 patients
with different tumour types using a fluorescence imaging modality to determine the PpIX
concentration generated in different types of brain tissue quantitatively. The results
indicated a significant difference in the PpIX concentration generated in tumour
compared to the normal tissue, which may be used as a criterion for intraoperative
diagnosis. Pogue et al. [11] have also presented a detailed review of 5-ALA application of
tumour detection in neurosurgery.

2.4.5. Limitations of fluorescence spectroscopy

A challenge for the TRF technique is the limited penetration depth of excitation light.
Typically, an UV light as an excitation source only has a penetration depth of several
hundred micrometers. Consequently, only the fluorescence signal from the surface of
tissue is measured using the TRF technique. Thus, this technique is much more preferred
to detect the molecular changes on the tissue surface layer; it cannot give any depth
information that is necessary for surgical resection. The multi-photon excitation at the
near infrared wavelength conquered this problem to increase the depth of detectable
fluorescence [61]. However, the instrumentation of the multi-photon method is very
complex and expensive. Hence, this limits its application for clinical studies. In addition,
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as the laser excitation light and fluorescence emission pass through the turbid tissue, they
are altered by the absorption and scattering of tissue and blood. In other words, the
fluorescence signal collected from the biological tissue may not reflect its real
fluorescence properties. To retrieve the intrinsic fluorescence emission, diffuse
reflectance spectroscopy is a common technique used to estimate optical properties of
biological tissue.

2.5. Diffuse reflectance spectroscopy

2.5.1. Optical properties

When a biological tissue is illuminated by an incident light, typical light-tissue
interactions include scattering and absorption events. Tissue heterogeneity can be studied
by quantifying the scattering and absorption properties. For example, the scattering
properties reflect the molecular size and structure of tissue whereas the absorption
properties reflect the concentration of absorbers (e.g. oxygenated hemoglobin,
deoxygenated hemoglobin) that further stands for angiogenesis of the vasculature, which
are all considered as important criteria for diagnosis.

Detailed explanations of how light interacts with tissue as well as the optical
properties of human tissue have been described by Cheong er al. [62] Scattering
phenomena is induced by the mismatch of the refractive index occurring at microscopic
boundaries such as cell membranes and intracellular structures. The scattering coefficient
(ups), the probability of a scattering event per unit path length, is used to describe the
scattering properties of measured target. In biological tissue, the distribution of scattering
event does not depend on the original direction prior to scattering, and thus it has to
expressed as a function of the angle between the directions of the incident and scattered
light. The angular dependence of scattering distribution can be described by the

anisotropy factor g = f_ll cos 8 - f(cosO) - d(cos@), which is in the range of -1 to 1,

where forward and backward scattering are represented by g equals to 1 and -1
respectively, while the anisotropy factor in isotropic scattering is 0. In general, light in
biological tissue is strongly forward scattered in the visible and near-infrared spectral
range. Typically, the scattering coefficients of biological tissue is in the range of 10-50
mm’', and g is in the range of 0.6-0.97 [62].

The absorption coefficient (u,) can be calculated by the inverse of distances of two

absorption events. Chromophores, including oxygenated hemoglobin, deoxygenated

hemoglobin, protein, and melanin, are the main absorbers in the biological tissue. The

wavelength region between 800 nm and 1100 nm is known as the “optical window” due
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to the relatively low absorption level in this region. Although scattering events dominate
in the visible and NIR range, the significant attenuation of light due to hemoglobin
absorption cannot be neglected in clinical studies.

2.5.2. Diffuse reflectance spectroscopy

Diffuse reflectance (DR) spectroscopy is a minimally invasive method that is used to
measure the optical properties of biological tissue. Usually, a broad band light is incident
on the tissue surface perpendicularly via an optical fibre as shown in Figure 2-3. After
several scattering and absorption events, the light transmits in various directions, and
escapes from the tissue surface at different positions. This diffused reflectance light can
be collected by the optical fibres placed on the tissue surface near the original delivery
location. Generally, small source-detector distances are preferred because this geometry
provides the best sensitivity to the details of light scattering properties in the cellular level.
In addition, small source-detector configuration is easy to realize by using a fibre optic
probe that is highly compatible with in vivo clinical studies. The optical properties of
measured tissue can be estimated from diffused reflectance spectra by using diffuse
theory [63] or Monte Carlo simulation [64,65]

—

Light
source
— —
Collection
fibers
Tissue

Figure 2-3. Diagram of diffuse reflectance spectroscopic measurement

2.5.3. Clinical studies for brain tumours

Brain tumour is known as a highly scattered medium, thus it is necessary to perform
precise estimations of light-tissue interactions to improve the detection accuracy. Optical
properties for different types of brain tissue, including normal cortex, normal white
matter, astrocytoma, and meningioma, were presented in Ref [8]. Diffuse reflectance
spectroscopy has been used to investigate the optical properties of brain tumour in many
ex vivo and in vivo clinical studies. Johns et al. [65] used the scattering spectroscopy to
locate the border of globus pallidus in Parkinson’s disease. The globus pallidus is a
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structure composed of gray matter surrounded by white matter. Clinical results showed
that the gray matter had lower reflectance intensity than the white matter in the
wavelength range of 650 nm to 800 nm. Thus, the globus pallidus boundary could be well
distinguished based on diffuse reflectance measurement. Lin et al. [67] reported an in
vivo case to demonstrate the feasibility of using diffuse reflectance spectroscopy in
differentiating pediatric neoplastic from normal brain parenchyma. This study
demonstrated that certain brain tumours could be effectively distinguished from the
normal tissue using the diffuse reflectance intensity in the spectral range of 600-800 nm.

2.6. Multi-modality optical biopsy for clinical studies

Even though each aforementioned modality has the potential to differentiate tumour
from normal tissue, neither of them can be used a “standard” tool. Improvement in
measurement and data analysis is still required to achieve desired performance for
clinical applications. On the other hand, information acquired from multi-modality
optical biopsies may be able to complement the drawback of each single modality. A
combination of steady-state fluorescence spectroscopy and time-resolved fluorescence
spectroscopy has been used in several clinical studies. By combining these two modalities,
the fluorescence features (e.g. metabolic status, cellular structures) and optical properties
(e.g. scattering size and density, hemoglobin absorption) can be used to investigate the
measured biological tissue. This will help us to study the differences between different
tissue types. Lin and his coworkers demonstrated the feasibility of the dual-modality in
determining the brain tumour types [21-23, 68]. These studies illustrate that it is possible
to higher contrast for tissue diagnosis using multi-modality optical biopsy. Moreover,
several clinical instruments of combining spatially resolved diffuse reflectance
spectroscopy and steady-state fluorescence spectroscopy have been proposed by several
groups [68-77]. Optical properties can be calculated using the diffuse reflectance
measurement. Based on the optical properties of biological tissue, it is possible to
estimate the distortion of fluorescence excitation light and emission light, thus retrieving
the intrinsic fluorescence signals. Several methods have been developed to solve this
problem. Wu et al. [78] and Miller et al. [79] developed a diffuse theory-based method to
retrieve the intrinsic fluorescence spectra. In this method, the same source and detection
fibres were used to measure the fluorescence and diffuse reflectance signals in sequence.
Afterwards, the diffuse reflectance signal can be used to estimate the fluorescence
transmission in the tissue. Kim et al. [80] further developed a simplified method based on
the diffuse theory to retrieve quantitatively fluorescence signal using diffuse reflectance
measurement. Vishwanath e al. [81-83] developed several models based on the Monte
Carlo simulation to investigate the intrinsic fluorescence emission of a double layer

21



PhD Thesis-Zhaojun Nie McMaster University-Biomedical Engineering

turbid tissue.

2.7. Discussion

Intraoperative diagnostic method is urgently needed to help the surgeon to identify
tissue types during neurosurgery. Optical biopsy is a minimally invasive tool that
provides contrast to differentiate tumour and normal tissue base on their biochemical and
morphological features. Fluorescence and diffuse reflectance spectroscopy are two
common methods that have been investigated for brain tumour diagnosis. Thus,
combining time-resolved fluorescence and diffuse reflectance spectroscopy may also
improve the diagnostic accuracy of brain tumour margin detection. As shown in Figure
2-4, the fluorescence signal, including intensity and lifetime, can provide the variation of
biochemical composition as well as the binding status of biological molecules, while
optical properties can be used to estimate the tissue morphological features such as the
scattering size, density and chemical concentrations such as oxygen absorption. In
addition, combining two modalities together can also help us to retrieve the intrinsic
fluorescence spectral and lifetime features of the biology tissue to improve the diagnostic
accuracy.

[ Integrated TRF-DR spectroscopy

|
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Figure 2-4. The flow chart of the combination of time-resolved fluorescence and diffuse reflectance

spectroscopy.

In the next chapter, we will focus on the integrated system of time-resolved
fluorescence and diffuse reflectance spectroscopy for optical biopsy.
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Chapter 3

Integrated time-resolved fluorescence and
diffuse reflectance spectroscopy instrument
for optical biopsy

Both time-resolved fluorescence (TRF) and diffuse reflectance (DR) spectroscopy
have been investigated extensively as minimally invasive clinical tools to discriminate
tumour from normal tissue. TRF spectroscopy measures the changes in fluorescence
intensity and lifetime of endogenous fluorophores, which are correlated with the changes
of biochemical composition and structures of biological tissue. DR spectroscopy provides
optical properties that reflect the scattering size, density as well as the absorber
concentration of tissue. Combining these two modalities allows us to obtain more
contrast features, thus potentially improving the diagnostic accuracy.

An integrated TRF and DR (TRF-DR) spectroscopy instrument was developed for
optical biopsy studies. The detailed configurations of this clinically compatible TRF-DR
spectroscopy instrument are described in Section 3.1, and calibration results of this
system are presented in Section 3.2.

3.1. Integrated TRF-DR spectroscopy system

A schematic of TRF-DR spectroscopy system is illustrated in Figure 3-la. The
integrated system consists of four modules: the TRF subsystem, the DR subsystem, the
dual-modality fibre optic probe, and the control unit. The TRF subsystem uses an
acousto-optic-tunable-filter (AOTF) -based spectrometer to collect dynamic fluorescence
decay signals and uses a grating-based spectrometer to collect steady-state fluorescence
spectra. The DR subsystem collects spatially resolved diffuse reflectance spectra in a
small tissue volume. The four-meter length clinical sterilizable fibre optic probe is used to
deliver illumination light and to collect TRF and DR signals. Photographs of TRF-DR
spectroscopy instrument housed in a mobile cart (LxWxH: 32 x 24 x 50 inch) and the
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dual-modality fibre optic probe are shown in Figure 3-1b and Figure 3-1c respectively.
During clinical studies, autofluorescence and diffuse reflectance signals are collected in
sequence within 2 seconds.
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Figure 3-1. Integrated TRF-DR spectroscopy system. (a) Schematic view of the TRF-DR spectroscopy
instrument that consists of four modules: the TRF subsystem, the DR subsystem, the dual-mode clinical
fibre probe, and the control unit. (b) TRF-DR spectroscopy instrument housed in a mobile cart, making the
system compatible with clinical studies. (c) Dual-modality clinical sterilizable fibre optic probe that is used

to collect TRF and DR signals from the same tissue volume.
3.1.1. TRF spectroscopy subsystem

A schematic of the TRF subsystem is shown in Figure 3-2. An Nd:YAG laser
(PNV-001525-140, Teem Photonics, Meylan, France) at 355 nm with 300 picoseconds
(ps) pulse width [full width at half maximum (FWHM)] and 1 kHz repetition rate is used
as the excitation light source. The laser beam is attenuated by a neutral density filter
[optical density (OD):0.3, NDO3A, Thorlabs, NJ] and a custom-made dichroic mirror
(CS0238, Lightwaves 2020 Inc, Milpitas, CA) with 70 % reflection at 355 nm at 45°
incident angle. The laser beam is then focused into the proximal end of a fused silica
optical fibre with core diameter of 400 um and numerical aperture (NA) of 0.12 by a
plano-convex lens (LA1951-A, Thorlabs, Newton, NJ). The laser pulse energy
illuminated on the sample was adjusted to ~3 pJ to avoid photobleaching.

After laser excitation, fluorescence light is collected by the same optical fibre and is
then collimated by the plano-convex lens to a 6 mm diameter beam. An aperture of 6 mm
is mounted after the plano-convex lens to block dispersed fluorescence light. The
fluorescence beam is transmitted through the dichroic mirror (transmission >90% at 370
to 550 nm) and a long-pass filter (OD > 6 at 355 nm LP02-355RU-25, Semrock,
Rochester, NY) to block the backscattered laser light before it is incident on the AOTF
(TEAF5-0.36-0.52-S, Brimrose, Baltimore, MD). A selected spectral band of the
collimated fluorescence beam is separated into ordinary and extraordinary polarized light,
and diffracts toward two concave mirrors respectively. The undiffracted light passes
through the AOTF and is blocked by a beam stop. Both diffracted beams at the opposite
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sides of the undiffracted beam are detected by a  fast-gated
microchannel-plate-photomultiplier-tube (MCP-PMT R5916-50, rise time: 180 ps,
Hamamatsu Photonics, Japan). The output signal from the MCP-PMT is amplified with a
preamplifier (gain: 63 dBm, bandwidth: 50 KHz-1.5 GHz, C5594-12, Hamamatsu
Photonics, Japan) and then digitized by a high speed digitizer (ADQ412, 12 bit, 3.6 GS/s,
1.3 GHz bandwidth, SP Devices, Sweden). A pulse generator (QC9512, Quantum
Composer, Bozeman, MT) is used to synchronize the laser and MCP-PMT to ensure that
the fluorescence decay can be collected within the PMT gating-window. A low-jitter
(~100 ps) photodiode (DETI10A, Thorlabs, Newton, NJ), which collects the laser
scattering light reflected by the neutral density filter, is used to trigger the digitizer. The
AOTF takes less than 20 ps to switch the selected wavelength. Therefore, by switching
the frequency of the acoustic wave applied on the AOTF crystal, the fluorescence decay
signals in the wavelength range of 370 nm to 550 nm are collected rapidly.

After collecting fluorescence decay signals, the AOTF-based spectrometer is set to a
non-diffracted wavelength. Therefore, the fluorescence beam passes through the AOTF
crystal without any diffracted beam. A mirror mounted on a mirror flipper is placed at 45
degree after the AOTE. When it is flipped to the vertical position, the fluorescence beam
is reflected by this mirror into a grating-based spectrometer via a fused silica optical fibre
(400 pm core, 0.22 NA) as shown in Figure 3-2(b). In this way, the steady-state
fluorescence spectrum can be obtained. The pulse generator is used to control the mirror
flipper to switch the data collection mode. The optical components of the TRF subsystem
are shielded in a black aluminum box to avoid the effect of room light and to protect the
MCP-PMT.
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Figure 3-2. Schematic views of the TRF subsystem. (a) Dynamic fluorescence decay signal collection by
the AOTF-based spectrometer. (b) Steady-state spectrum collection by the grating-based spectrometer. M1:
flat mirror; M2, M3: concave mirrors; DM: dichroic mirror; C: plano-convex lens; F: long-pass filter; BS:
beam stop; FF: mirror flipper; A: aperture; PD: photodiode; AOTF: acousto-optical-tunable-filter;
MCP-PMT: multichannel-plate photomultiplier tube; AMP: preamplifier; ND: neutral density filter.
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(a) Light source

The Nd:YAG laser at 355 nm with 1 mm®beam size is used in the TRF subsystem.
The laser pulse energy is 30 pJ, which is too high for in vivo applications due to potential
thermal damage of tissue and photobleaching of endogenous fluorophores. For example,
the fluorescence spectra and lifetime of collagen and elastin changed when the excitation
irradiance was above 20 yW/mm” [84]. Therefore, the laser energy is attenuated by the
neutral density filter (OD=0.3) and the dichroic mirror (70 % reflectance ratio at 355 nm
at 45 degree) before it is coupled into the optical fibre. The laser energy at the fibre tips
can be adjusted from O to 5 uJ by changing the position of the reflectance mirror (M1)
which is mounted on a kinematic holder (KMOST, Thorlabs, NJ). The laser energy
measured at different positions along the propagation path of the laser beam is presented
in Table 3-1.

Table 3-1. Laser energy at different transmission positions

Position Laser energy (uJ/pulse)
Laser output 30

After neutral density filter 15

After dichroic mirror 10

After plano-convex lens 8

At the fibre tips 0-5

(b) AOTF-based spectrometer

The AOTF-based spectrometer was designed based on the elasto-optic effect of a
birefringent crystal to realize wavelength selection. Briefly, this AOTF-based
spectrometer is comprised of three parts: (i) the front light collimation part is used to
collimate fluorescence light, block backscattered laser light, and eliminate background
noise; (i) the AOTF crystal component is used to select the diffracted beam at different
wavelengths; and (iii) the detector is used to collect weak fluorescence signals in the
time-domain by using a fast-gated MCP-PMT. In this section, detailed working principles
of these three parts will be described.

A well-collimated incident beam is required for the AOTF to ensure its high
diffraction efficiency. Therefore, in this setup, fluorescence light is collimated by the
plano-convex lens as shown in Figure 3-3. The fluorescence beam size and divergence
angle are calculated in Eq.(3.1) and Eq.(3.2) based on the parameters of the optical fibre
and the plano-convex lens. The fluorescence beam has a diameter of 6 mm with a
divergence angle of 15 mrad. The diameter increases with the increase of light
propagation distance. The AOTF crystal needs to be placed at the position where the
incident beam is well-collimated before it diverges greatly. Therefore, the beam size at
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various distances away from the plano-convex lens were measured in order to choose a

suitable position for the AOTF crystal (Figure 3-4). The beam size is stable at 6 mm in

diameter when the transmission distance is 17 cm or less and is dispersed at longer

distance. Hence, the AOTF was place at 10 cm after the plano-convex lens.
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D

—
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Figure 3-3. Schematic view of fluorescence light collimation using the plano-convex lens C1. D is the

collimated beam size, 8 is the full divergence angle, f is the focal length of C1, a is the fibre core size, and d

is the transmission distance from the lens.
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Figure 3-4. Fluorescence beam size was measured over a range of transmission distances. The beam stays

collimated when transmitted less than 17 cm from the plano-convex lens.

Background light, which was introduced by the scattering of fluorescence light from

the crystal surface and the bulk after the fluorescence, was found at the spatial position of
the diffraction beam after the fluorescence beam transmitted through the AOTF crystal. In

order to eliminate this background light, an aperture of 6 mm is used in the optical path
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after the plano-convex lens. The detailed information of the aperture’s function is
described in Appendix II. The collimated fluorescence beam is transmitted through the
dichroic mirror and the long-pass filter before it is directed incident on the AOTF window.
The long-pass filter (OD=6 at 355 nm and transmission >93% in the 357.3-800.8 nm
range) ensured high throughput of fluorescence signal, while blocking back-scattered
laser light.

The AOTF is an electro-optical device, which works on the principle of Bragg
diffraction in a birefringent crystal. When applying an acoustic wave across the crystal, a
periodic modulation of the refractive index occurs in the crystal, which acts as a phase
grating. A tellurium dioxide (TeO,) crystal-based noncollinear AOTF is used in the TRF
subsystem to obtain diffracted beams in the range of 370-550 nm. The operating principle
of the TeO,-based nonlinear AOTF is illustrated in Figure 3-5. A tunable radio frequency
(RF) signal generated from an AOTF controller (VFI-145-90-SPEF-B1-C2, Brimrose,
Baltimore, MD) is applied to a piezoelectric transducer that is bonded on the crystal, thus
introducing an acoustic wave through the crystal. This causes a periodic modulation of
the refracted index through the crystal, which make it act as a grating. A random
polarized beam (with the velocity of K;) is incident on the TeO, crystal with a certain
angle 8 from the optical axis. The incident light is divided to ordinary and extraordinary
beam which have orthogonal polarization property in the birefringent crystal. Due to the
differences of refracted indexes between ordinary polarized light (o-ray) and
extraordinary polarized light (e-ray), the incident beam is separated into ordinary (o-ray,
K;,) and extraordinary (e-ray, Ki) components. The Bragg diffraction occurs when the
o-ray and e-ray interact with the acoustic signal individually. The o-ray and e-ray
components at the corresponding wavelength are diffracted from the broadband incident
beam symmetrically with the orthogonal polarizations as the red arrows (Kg, and Kg.)
show. The rest of light transmits through the crystal at the zero order.

The wave-vectors of the nonlinear acousto-optic interaction for o-ray and e-ray are
illustrated in Figure 3-6. This process diffracts two polarized components at a certain
wavelength (A) only when the wavelength satisfies the specific momentum-matching
conditions [85, 86] for o-ray and e-ray as shown in Eq.(3.3) and Eq.(3.4) respectively:

K;,, =K., +K, (3.3)
Kge = Kip — Kq, (34)
in which Kj;, and K;, K4 and Kg, and K, are the wave vectors of the incident beam,

diffracted beam, and acoustical wave, respectively. The magnitudes of these wave vectors

iy |K | = g K, | = ﬂ, in which Xy is the diffracted wavelength in
10 d 10 a 174 g

are |K,| =
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vacuum, f is the acoustic frequency and V is the acoustic wave velocity, n; and n, are the
refractive indices for the incident and diffracted beams respectively. For the extraordinary
incident component, n;=n, and ns=n,, and for the ordinary incident component, n,=n, and
ns=n.. Therefore, the diffracted beam emits from the crystal surface with a small
deflection angle away from normal path of the undiffracted beam. Wavelength selection
is achieved in the order of a few microseconds by changing the modulating acoustic wave
frequency.

TeO2 noncollinear AOTF Kgo
Optical axis (001 Absorber 4 . ,
ptical axis (001) _ - Diffracted o’-ray
i . Kje// l i | » Undiffracted e-ray

Undiffracted o-ray

Ex\é/ :

Diffracted e’-ray

Acoustic walk-off
angle

RF transducer

Figure 3-5. The operating principle of the TeO, noncollinear AOTF. K;: the vector of incident beam, K;.: the
vector of extraordinary component of incident beam, Kj,: the vector of ordinary component of incident
beam, Kg.: the vector of the diffracted e-ray, Ky, the vector of diffracted o-ray, and K,: the vector of

acoustic wave.
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\
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Figure 3-6. Wave-vector diagram of the acousto-optics interaction. K, : the vector for acoustic wave. Ky,

and K. : the vectors for diffracted o-ray and e-ray, and 6; : the incident angle.
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The incident angular aperture of TeO, AOTF is around 4-5 degrees. The deflection
angle of the diffracted beam is ~6.4 degrees. The AOTF configuration was designed only
for a single polarized beam incident on the AOTF crystal window perpendicularly. In our
case, both diffracted beams are used to achieve sufficient throughput. However, based on
Eq.(3.3), the diffracted wavelengths are slightly different for the o-ray and e-ray under the
same acoustic frequency. By rotating the AOTF by 2 degrees, it is possible to minimize
the wavelength differences between the diffracted o-ray and e-ray. Spectral calibration of
the AOTF for combining the two diffracted beams are necessary to guarantee that both
diffracted beams have the same spectral characteristics. These calibration results will be
presented in Section 3.2.

Once the diffracted beams are emitted from the AOTE, they are focused onto the
gated MCP-PMT by two concave mirrors. The optical paths of the o-ray and e-ray
diffracted beam were designed identically to avoid temporal broaden of the decay signal.
The gated MCP-PMT consists of a photocathode, an MCP, and an anode. Once the light
is incident on the photocathode, the photoelectrons emitted from the photocathode enter
the MCP. MCP is a thin disk that consists of a large number of glass capillaries with 6 pm
diameter bundled in parallel [88]. The second emission occurs when the photoelectrons
hit on the wall of the MCP capillaries in which each channel acts as an independent
electron multiplier. Hence, a large number of electrons are emitted out from the MCP.
Due to the narrow channel diameters of the MCP, the electrons actually travel with nearly
the same path length, thus the transit time spread (TTS) of MCP-PMT is much smaller
than that of the dynode-based PMT [88]. The gated MCP-PMT used in the TRF
subsystem has a short TTS of ~90 ps. It allows us to collect a short pulse in a few
hundreds of picoseconds. The gating time can be set in the range of 5 ns-10 us to improve
the data collection efficiency of MCP-PMT. Due to the large timing jitter of the laser
beam, the gating time of MCP-PMT is set at 6 us to ensure that all fluorescence decay
signals can be collected [89]. The preamplifier with a power gain of 63 dBm and
bandwidth of 50 kHz-1.5 GHz is used to amplify the output signal from the MCP-PMT as
well as eliminate the low frequency noise such as the ambient background with 50 Hz
frequency. This feature ensures the feasibility of this system in the operating room (OR)
where the ambient light is on during surgery. The AOTF-based spectrometer is housed in
a black aluminum box to protect the PMT under the room light operation condition and
shield the system from electromagnetic distortion.

The analog signal from the preamplifier is acquired by the high-speed digitizer with
the sampling rate of 3.6 GS/s and the bandwidth of 1.3 GHz. The digitizer is triggered by
a photodiode before the fluorescence signal arrives. The amplitude range of the digitizer
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is from +50 mV to -750 mV. The acquired fluorescence signals are saved in the large
buffer on the digitizer board during the acquisition and then transfer to computer, which
ensured the real-time data acquisition. To check the capability of the digitizer in acquiring
fluorescence decay accurately, the digitizer with various sampling rates and amplitude
resolutions were compared. The results will be described in Section 3.2.

(c) Time synchronization of fluorescence decay acquisition
The fluorescence decay signals are collected at 37 wavelengths in the spectral range
of 370-550 nm with 5 nm intervals. Ten pulses are averaged at each wavelength. The
timing synchronization of the measurement of fluorescence decay is shown in Figure 3-7.
The AOTF controller is used as a master control. When the RF frequency on the AOTF is
switched, a 32 ps synchronization signal is generated simultaneously to trigger the pulse
generator. The pulses that are generated from pulse generator Channel A and Channel B
are used to trigger the laser and open the gate of MCP-PMT, respectively. A pulse with
pulse-width of 50 ps was used as the laser trigger signal, whereas a pulse with
pulse-width of 6 us and delay of 115 us relative to trigger signal of laser is set as the
MCP-PMT gated signal [89]. The photodiode, which captured the scattered laser light
from the neutral density filter, is used to trigger the digitizer. The fluorescence decay
signal arrives at the digitizer about 40 ns later than the trigger signal due to the
transmitted time of laser and fluorescence light through the four-meter length fibre optic
probe. Once the digitizer acquires the fluorescence decay signal, only a fluorescence

signal segment (~50 ns) is saved into the buffer of the digitizer.
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Figure 3-7. Timing synchronization of the fluorescence decay acquisition in the TRF subsystem.
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3.1.2. DR spectroscopy subsystem

A spatially resolved DR spectroscopy subsystem (Figure 3-8) was built to investigate
the optical properties of biological tissue in the UV-VIS wavelength region. Three
high-power UV LEDs (370 nm, 385 nm, and 400 nm, Lumibright, Innovation Optics,
Woburn, MA) and a 150 W tungsten-halogen lamp (MI-150, Edmund Optics, Barrington,
NJ) was combined as the DR light source to measure the optical properties in the UV-VIS
range. Three LEDs are mounted on a PCB board and collimated by a light coupler to
guarantee the homogenous wavelength distribution. The LED power can be adjusted by a
homemade PWM power controller. The output beam of LEDs and halogen lamp are
combined into a beam by a dichroic mirror with the cutoff wavelength of 425 nm
(DLMP425, Thorlabs, NJ). The spectrum of the broadband light source is shown in
Figure 3-9. The combined light beam 1is split by a 20/80 beam splitter
(FOS-400-0102-80/20-123, Fibersense and Signals, San Jose, CA). 20% of the light is
used as a reference light; the rest light illuminates the sample via a 200 um core fibre
probe. In addition, a shutter is mounted before the optical fibre coupler to control the light
illumination. Four independent spectrometers (BLUEwave, StellarNet, Tampa, FL) are
used to collect the diffuse reflectance spectra at three source-detector distances as well as
the reference channel. This configuration is able to set the integration time for each
channel individually to obtain sufficient signals without optical attenuators, making the
system much easier to control during the clinical studies.

The background noise is also measured and subtracted from measured DR spectra.
These spectra are then normalized by the reference light to obtain intensity variation over
the measured spectral range. The diffuse reflectance spectrum R can be calculated as:

R = (Rm - Rbkg)/Rref (35)

where R, is the reference spectra, Ry, 1s the background noise, and R,, is the measured
diffuse reflectance spectra.
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Figure 3-8. Schematic view of the DR spectroscopy subsystem. The light source includes a halogen lamp

— Fiber probe

and three UV LEDs (370 nm, 385 nm, and 405 nm). Four spectrometers are used to collect the reference

light and diffuse reflectance spectra at different source-to-detector distances. DM: dichroic mirror.
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Figure 3-9. The spectrum of the combined UV-VIS light source.
3.1.3. Dual-modality fibre optic probe

A dual-modality fibre optic probe was designed to collect fluorescence and diffuse
reflectance signals in a small tissue volume. A schematic view of the probe tips is shown
in Figure 3-10a. An optical fibre with a core diameter of 400 pm and NA of 0.12 is placed
at the centre of probe. It is used for the laser excitation and fluorescence collection of the
TRF subsystem. An optical fibre with a core diameter of 200 pm and NA of 0.22 placed
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at the side of probe tips (as the red dot shows) is used as the light source for the DR
subsystem. The other three fibre bundles are used to collect the DR signals from three
source-detector distances of 0.23 mm, 0.59 mm, and 1.67 mm. The arrangement of fibres
was designed using the Monte Carlo simulation to accurately recover the optical
properties from tissue [65]. As shown in Figure 3-10b, the diameter of the fibre probe is
2 mm. A neurosurgeon can hold this probe by hand to measure TRF and DR signals
during surgery. The fibre probe is in direct contact with the sample surface in clinical
studies.

All Fibres are 0.23 mm
in diameter unless
otherwise indicated

Figure 3-10. Dual-modality fibre optic probe. (a) The schematic view of fibre optic probe tip. DR source
fibre was placed as red circle shows for a broadband illumination at 355-800 nm. DR detector fibres were
arranged in three bundles at the different source—detector distances as green circles show, while blue
indicates the TRF fibre (contributed by Derek Cappon [65]). (b) The photograph of the probe that can be

held by the surgeon to collect signals in surgery.
3.1.4. Integrated system control program

A system control program generated in VC++ is used to conduct the data acquisition,
and display measured results during clinical studies. The flow chart of data acquisition is
shown in Figure 3-11. The system components, including digitizer, AOTF controller,
LED controller, pulse generator, are initialized at first. TRF-DR system collects the
fluorescence decay signals, fluorescence steady-state spectra, and diffuse reflectance
spectra in sequence after system initialization. The pulse generator is used to switch the
data collection mode. After measurement, the TRF and DR data are saved in different
files for the off-line analysis. The controller programming software interface (GUI) is
shown in Figure 3-12. The initial results of fluorescence spectra and diffuse reflectance
spectra are shown in the GUI right after the data collection. The data acquisition time is
~500 ms to collect 407 fluorescence decay pulses, whereas the data acquisition times of
the steady-state fluorescence and diffuse reflectance signals depend on the integrated
times of spectrometers. The total data acquisition time is within 2 seconds, which ensured
the compatibility of the TRF-DR system with intraoperative measurements.
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Figure 3-11. The flow chart of data collection by the TRF-DR spectroscopy system. The system is first
initialized to set the data acquisition parameters. The fluorescence decay and spectrum, as well as DR

spectra are acquired in sequence. The total data acquisition time is within 2 s.
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Figure 3-12. Software GUI of the integrated TRF-DR spectroscopy system. The TRF and DR signals are

collected in sequence and displayed immediately after measurement.

After data acquisition, raw data were processed in an off-line program. The detailed
data analysis, including numerical Laguerre deconvolution to remove the system response
and calculation of the average lifetime values, are conducted after the experiment in
graphical user interface software programmed in MATLAB (MathWorks Inc, Natick,
MA). The fluorescence intrinsic response function (IRF) can be extracted from measured
signals by using the Laguerre-based deconvolution method, which will be discussed in
Chapter 5. This method can calculate the fluorescence lifetime accurately and quickly
without an assumption of the fluorescence decay curve [92]. The intensities at different
wavelengths are obtained by integrating the signals over the decay time. In addition, the
steady-state spectrum can also be measured from the conventional grating-based
spectrometer. Optical properties were recovered from spatially resolved DR spectra by
using the inverse Monte Carlo approach described in Ref [65]. This hybrid look-up
table/Mono Monte Carlo algorithm accounts for boundary effects resulting from the
change in refractive index at the edge of the probe [65].

3.1.5. Clinical layout and safety
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The TRF-DR spectroscopy system is housed in a mobile cart as shown in Figure3-1b.
The DR subsystem is mounted at the first shelf, the electronic components of TRF
subsystem are placed at the middle shelf, and the AOTF-based spectrometer is mounted
on the bottom shelf. An uninterruptible power supply [(UPS) APC Back-UPS XS
1500VA, American Power Conversion, West Kingston, RI] is used to provide instant
protection in the event of momentary power interruptions to prevent the loss of data. In
addition, six fans are used to maintain the temperature in the cart.

The TRF-DR spectroscopy system strictly adheres to the safety guidelines. A medical
isolation transformer (ISB-120C, Toroid Co., Salisbury, MD) is used to isolate the patient
and surgeon from a potential electric shock and protect our system from electronic power
change. The fibre optic probe needs to be kept sterilized before the surgery and during the
measurement. The laser energy and light source power are used under the safety level to
avoid the thermal damage of biological tissue [93, 94]. The laser energy is measured by a
power meter before clinical studies and adjusted to <3uJ to avoid the photobleaching of
endogenous fluorophores and potential thermal damage of biological tissue.

3.2. System calibration

3.2.1. TRF susbsystem calibration

The calibration of the TRF subsystem mainly includes: 1) the spectral response of
AOTF-based spectrometer, 2) the intensity response, 3) the temporal response, 4) the
effects of digitizer performance on the lifetime accuracy, and 5) the signal-to-noise ratio
as a function of averaged pulse.

(a) Spectral response of AOTF-based spectrometer

The basic principle of AOTF has been described in Section 3.1.2. Both o-ray and
e-ray diffracted beams are collected to improve the throughput. Due to the differences of
refractive index between the o-ray (n,) and e-ray (n.) in the TeO, birefringent crystal,
both peak wavelengths of two diffracted beams are not completely identical. Moreover,
the calibration results provided by the AOTF manufacturer were optimized only for the
extraordinary polarized incident light, which may not be applicable for the double beam
configuration. Thus, it is necessary to characterize the spectral responses for both
diffracted beams and minimize their differences.

The spectral responses of both diffracted beams across the spectral region of interest
were calibrated using a tungsten-halogen lamp (HL-2000, Ocean Optics, Clear water, FL),
which was shining onto the distal end of the fibre probe. The diffracted beams in the
spectral range of 370-550 nm with 5 nm intervals were measured by a spectrometer
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(OEM-400, Newport, Irvine, CA) with 0.3 nm spectral resolution. The relationship
between the RF signal and diffracted wavelength was characterized for both diffracted
beams as shown in Figure 3-13. The diffracted wavelength was inversely proportional to
the RF signal. By carefully adjusting the AOTF position and angle, the differences of
peak wavelength between two diffracted beams was minimized within 1 nm as shown in
Figure 3-14. The peak wavelength of the o-ray diffracted beam was slightly larger than
that of the e-ray due to the n. > n, in the TeO; crystal. Moreover, the diffraction efficiency
of AOTF is depends on the RF power and varies with wavelength. The diffraction
efficiency increases with the increase of the RF power, but it could saturate when the RF
power exceeds the saturation power level as shown in Figure 3-15. The saturation causes
two diffraction peaks and broadens the bandwidth of diffracted beam. Since the saturation
power changes at different wavelengths, the RF power needs to be set individually at
each wavelength. Therefore, the RF frequencies and maximum powers were measured
and saved into a look-up table that can be recalled for wavelength selection during the
data acquisition. The detailed look-up table of the RF frequency and power for each
wavelength can be found in Appendix II.
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Figure 3-13. The relationship between the RF frequency and the diffracted wavelength of o-ray and e-ray
diffracted beams. The diffracted beam of AOTF was calibrated from 370 nm to 550 nm corresponding to
the RF frequency range of 90-190 MHz. The RF frequency decreased with the increase of diffracted

wavelength.
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Figure 3-14. Differences between ordinary (o-ray) and extraordinary (e-ray) diffracted beams in the

observed spectral region. The differences are smaller than 1 nm. The peak wavelength of o-ray is slightly

larger than that of e-ray due to n.> n, of the TeO, crystal.
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Figure 3-15. The diffracted beams at 448 nm with different RF power amplitudes. The saturation occurs

when RF amplitude increases.
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The spectral resolution of the AOTF-based spectrometer is dependent on the
diffracted beam bandwidth that is related to its central wavelength. The bandwidth shape
of a noncollinear AOTF is ideally a Sinc-squared function and the bandwidth (FWHM)
can be approximated by

AL = 0.912

" AnLsin 0;

(3.6)

where A is the central wavelength of the diffracted beam, L is the acousto-optic
interaction length, An = n, —n, is the difference of refractive index between e-ray and
o-ray, and 6; is the light incident angle [86]. The bandwidths of the diffracted beams were
measured from 390 nm to 550 nm with 20 nm intervals. It is within the range of 1-2.5 nm
and increases at longer wavelengths (Figure 3-16), which is in good agreement with the
prediction of Eq.(3.6).
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Figure 3-16. The bandwidths of the diffracted beams at different wavelengths. The bandwidth was
measured from 390 nm to 550 nm at 20 nm intervals (red stars). The bandwidth increases with increasing

the central wavelength, which is good agreement with the calculation results (blue curve).

In order to assess the performance of the AOTF-based spectrometer, the fluorescence
signals from fluorescein solution were measured. Both the diffracted beams and
combined beam were measured at its emission peak of 515 nm as Figure 3-17 shows. The
o-ray and e-ray diffracted beams had differences in spectral intensity and peak
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wavelengths (about 0.3 nm). The total fluorescence intensity increased by combining two
beams together and the bandwidth of combination beam increased to 2.5 nm. The optical
path lengths of both diffracted beams were designed to be identical, such that there is no
broaden introduced by combining those decays together as shown in the inset figure of
Figure 3-17.
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Figure 3-17. AOTF diffracted beam characterization using the fluorescein solution. The peaks for both
diffracted beams have slight differences. The ordinary diffracted beam (red curve) has a peak at 515 nm,
while extraordinary diffracted beam (blue curve) has peak at 514.4 nm. Combining these two diffracted
beam (black curve) can increase the fluorescence intensity and bandwidth. Inset figure is the fluorescence

decays of two diffracted beams (x-axis unit: ns, y-axis unit: normalized amplitude).

(b) Intensity response of AOTF-based spectrometer

The intensity response of the TRF subsystem is contributed by the AOTE, the
MCP-PMT, and other optical components such as optical fibre. The intensity response
calibration was carried out according to the calibration procedure described in Ref [16]. A
calibrated halogen lamp (HL-2000-CAL, Ocean Optics) was used as a broadband light
source standard. The spectrum of this lamp was measured by a well calibrated
spectrometer with 5 nm spectral resolution as a reference. The intensity of this lamp at
each selected wavelength was then measured by the TRF subsystem. The correction
coefficient can be calculated as
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S()=M,,, (A)IT,,, (1) 3.7)

lamp
where Tjgmp(4) is the spectral intensity measured by the calibrated spectrometer,
Mgmp(A) is the spectral intensity measured by the TRF subsystem, and S(4) is spectral
intensity correction coefficient as shown in Figure 3-18. The TRF subsystem has higher
intensity response between 430 nm and 460 nm. Therefore, after the fluorescence
spectrum is collected by the TRF subsystem, the background and non-uniformity of the
instrument intensity response can be corrected using Eq.(3.7). Thus, the corrected
spectrum C(A) can be calculated by

M(A)-B()

cCQQ) = S

(3.8)
where M (4) is the measured fluorescence emission and B(4)is the background signal.
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Figure 3-18. The spectral correction coefficients of the AOTF-based spectrometer. The system has the

highest intensity response at 435 nm.

(c) Temporal response of the TRF subsystem

The fluorescence lifetime values of endogenous fluorophores in biological tissue are
in the range of a few hundred picoseconds to tens of nanoseconds. Therefore, a temporal
resolution of less than a few hundred picoseconds is required for the TRF subsystem to
measure fluorescence decays accurately. The temporal resolution of the TRF subsystem is
determined by the temporal response of the MCP-PMT, the preamplifier, the digitizer and
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the optical components especially the optical fibre. The temporal response function of
each element can be assumed as a Gaussian distribution. The system temporal resolution
can be calculated by adding the squares of temporal response of each element [91]:

Atz = Atcziigitizer + Attzrigger + AtlgMT + Atczlmplifier + Atozptical (39)
where the rise times are 270 ps for the digitizer, 100 ps for the photodiode trigger, 180 ps
for the MCP-PMT, and 233 ps for the preamplifier. The temporal dispersion of the optical
components was mainly contributed by the optical fibre probe. Both the chromatic
dispersion and the model dispersion in the fibre optic probe broaden the fluorescence
decays in the time-domain. The fluorescence decays at different wavelengths arrive at the
detector at different time due to the chromatic dispersion. The time-delay introduced by
the chromatic dispersion is less than 10 ps for a diffracted beam with 2.5 nm bandwidth
(FWHM). The model dispersion broadens the fluorescence beam due to the different
transmission paths in the fibre. The time-delay introduced by model dispersion is around

66 ps for the fluorescence light in the visible spectral range when it transmit through a 4
mater length fibre 0.12 NA.

The temporal response induced by the different elements was determined by
measuring their influence on the bandwidth (FWHM) of a narrow laser pulse which can
be approximated as a delta function). Practically, considering the influence of the
illuminated laser pulse and system temporal response to the fluorescence measurement, a
355 nm laser pulse with the bandwidth of 0.3 ns FWHM was measured by the TRF
subsystem. A diffused standard (SRS-10, Labsphere, NH) was used to reflect the laser
illumination light back into the optical fibre. The long-pass filter was removed in this
measurement. The diffracted wavelength of the AOTF was set at 370 nm which can
captured a portion of the laser light without damaging the MCP-PMT. The temporal
response of the 355 nm laser is 0.8 ns as shown in Figure 3-19a. This measured result was
used in the deconvolution analysis to eliminate the effects of system and laser from
measured fluorescence decay signal (Figure 3-19b). The detailed deconvolution method
used to retrieve the intrinsic response function will be described in Chapter 5.
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Figure 3-19. Temporal resolution measurement of TRF subsystem. (a) The laser beam at 355 nm with pulse
width of 300 ps was measured by the TRF subsystem to get a response pulse of 0.8 ns in FWHM. (b)

Deconvolution of the measured fluorescence decay with the laser response signal.

(d) Effect of digitizer properties on fluorescence lifetime accuracy

The parameters of the digitizer, including the sampling rate, the bandwidth and the
amplitude resolution, influence the accuracy of the fluorescence acquisition. Amplitude
resolution introduces the quantization noise resulting from the quantization process. On
the other hand, sampling rate and bandwidth of the digitizer determine its temporal
resolution in retrieving the analogue signal. To investigate how these parameters affect
the fluorescence signal acquisition, the simulation and experiment of the fluorescence
signal sampling using different digitizers were carried out.

Fluorescence decay acquisitions were simulated to assess the digitizer performance.
Hundreds of decays were generated for each lifetime value (2 ns, 5 ns, and 10 ns). The
signal amplitudes of the fluorescence decays were set as 80% of full amplitude scale of
the digitizer. The digitizer with both 8 bit and 12 bit amplitude resolution were simulated
under the different sampling rates of 1, 2, 3, and 6 GS/s. The quantization noise was
uniformly distributed between + Y2 least significant bit (LSB) with a mean of zero and a
standard deviation of 1/v2N-1LSB (~0.29 LSB). Therefore, the quantization error of
the 12 bit digitizer is extreme smaller than that of 8 bit digitizer. The bandwidth was set
as half of sampling rate to meet the Nyquist—Shannon sampling theorem to avoid aliasing.
Random noise and jitter were set according to the TRF subsystem measurement results in
which the jitter was about 0.1 ns and the noise level was 1%. The detailed parameters
used in the simulation are presented in Table 3-2.

The effects of the amplitude resolution and temporal resolution on the fluorescence
acquisition are shown in Figure 3-20. The errors of fluorescence lifetime decreased with
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increasing the sampling rate of digitizer. The lifetime errors in 12 bit amplitude resolution
were 50 times smaller than that of 8 bit when the quantization error is only considered
(Figure 3-20a and 3-20b). However, this feature was not observed when the noise and
jitter were considered into the simulation as shown in Figure 3-20c and 3-20d. The
lifetime errors were mainly contributed by the sampling rate of the digitizer. In addition,
the lifetime error increased quickly when using a low sampling rate especially for the fast
decay signal. The results suggest that the digitizer performance is highly dependent on
the sampling rate rather than the amplitude resolution especially for fast fluorescence
decay signals. Hence, the digitizer with 12 bit, 3 GS/s can provide an accuracy
acquisition.

Table 3-2. Parameters for digitizer simulation

Amplitude resolution 8 bit 12 bit
Quantization noise 1/(2*) LSB 1/(2'*) LSB
Random noise 1%(2.57 LSB) 1% (40 LSB)
Jitter 0.1ns 0.1ns
Sampling rate 1,2, 3 and 6 GS/s 1,2, 3 and 6 GS/s
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Figure 3-20. Simulation results of fluorescence lifetime using the digitizer with different amplitude

47



PhD Thesis-Zhaojun Nie McMaster University-Biomedical Engineering

resolution and temporal resolution. (a) and (b) are the simulation results without jitter and noise for 8 bit

and 12 bit amplitude resolution, respectively. (c) and (d) are the simulation results with jitter and noise.

The comparison of the ADQ 412 high-speed digitizer (3.6 GS/s sampling rate and
1.3 GHz bandwidth) and the DPO 7254 (40 GS/s sampling rate and 2.5 GHz bandwidth)
oscilloscope was investigated and the results are shown in Table 3-3 [43]. The ADQ 412
high-speed digitizer could achieve the same performance as the DPO 7254 oscilloscope
when estimating the fluorescence lifetime values in the range of sub nanoseconds to
several nanoseconds. However, the standard error of fluorescence lifetime estimated by
the ADQ 412 digitizer is twice as large as that of the DPO 7254 oscilloscope. The
simulation and experimental results demonstrated that the fluorescence decay signal can
be accurately retrieved using the ADQ 412 high-speed digitizer.

Table 3-3. The lifetime values of standard fluorescence dyes estimated by ADQ 412 digitizer and DPO

7254 oscilloscope
Fluorescence sample ADQ 412 12 bit, Tektronix 8 bit, Reference
3.6 GHz (ns) 40 GHz (ns) lifetime (ns)
9-CA (ethanol) 11.8 £0.06 12.1 £0.04 11.85
Lucifer yellow (NaOH) 4.9 +0.06 5.1+£0.03 4.9~5.1
Fluorescein (ethanol) 4.0 £0.06 4.0+0.01 4.1
Paper 0.9+£0.02 0.9 +0.01 N/A

(e) Signal-to-noise ratio as a function of averaged decay pulse numbers

The autofluorescence signal of biological samples is very weak. Therefore, averaging
a number of decay pulses at each wavelength can improve the SNR to decrease the
uncertainties in the fluorescence lifetime values. In order to investigate the relationship
between the averaged pulse numbers (N) and SNR, the fluorescence decays of the
fluorescein solution were measured at 515 nm with averaged pulse numbers ranged from
5 to 2000. The SNR is defined as the ratio of the peak intensity and its standard deviation.
Each measurement was repeated ten times. In Figure 3-21a, the SNR increases with the
increase of averaged pulse numbers following to /N dependence as predicted by the
Poisson distribution [97]. Similarly, in Figure 3-21b, the standard deviation of the lifetime
values decreases with the increase of the averaged pulse numbers. The relative standard
deviation of the calculated lifetime is <5% when averaging 10 or more pulses together,
which ensures to retrieve the lifetime correctly. However, averaging more pulses will
increase the data acquisition time. Therefore, ten fluorescence decay pulses are averaged
at each wavelength during the TRF spectroscopy measurement to keep balance between
the SNR and data acquisition time.
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Figure 3-21. Signal-to-noise characterization of the TRF subsystem performed on the fluorescein decay in
different averaged pulse numbers (N = 5, 10, 20, 40, 80, 160, 320, 640, 1280 and 2000). (a) The
signal-to-noise ratio increases with the increase of averaged pulse numbers, which is proportional to VN. (b)
The relative standard deviation of calculated lifetime over 10 measurements decreases with the increase of
averaged pulse numbers, which is inversely proportional to v/N. Therefore, more averaged pulses could

improve the precision of lifetime measurement.

(f) Linearity, sensitivity and dynamical range

The linearity of the TRF subsystem depends on the response of the MCP-PMT and
the preamplifier. It can be determined by evaluating the distortion of amplified output
signal as a function of the amplitude of the input signal. To determine the linearity of the
TRF subsystem, fluorescence signals of 10° M 9-cyanoanthracene (9-CA) solution at its
emission peak at 435 nm were measured. The fluorescence signals were acquired at
different amplitudes from 10 mV to 700 mV which corresponding to different PMT gains.
The relationship between the amplitudes of fluorescence signals and the supply voltages
is shown in Figure 3-22. The results were constant with the PMT response given by
manufacturer. Moreover, the bandwidth (FWHM) of the decay signal kept constant at
different signal levels (Figure 3-22) in the amplitude measurement range of the digitizer.

The sensitivity of the TRF subsystem was determined by measuring the fluorescence
emission as the concentration of the fluorescence solution gradually decreased. The
sensitivity is defined as the lowest fluorescein concentration that could yield accurate
lifetime. The fluorescence emissions of the fluorescein solution were measured at
different concentrations in the range of 10°-10® M. For each concentration, ten pulses at
515 nm were acquired. The SNR of the fluorescence decay for each concentration was
calculated and is shown in Table 3-4. The lifetime value of the fluorescein is 4 ns. We can
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see that our system is able to retrieve fluorescence lifetime values from the 107 M
fluorescein solution with a SNR of 23.
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Figure 3-22. The linearity response of the TRF system. (a) The linearity of PMT gain and output signal
(limited by the digitizer amplitude), (b) The relationship of the pulse width (FWHM) and the amplitude of

output signal.

Table 3-4. Signal-to-noise ratio (SNR) and lifetime value of each concentration solution

concentration (M) SNR lifetime values (ns)
10 664 3.940.1
10" 266 4.1+0.2
107° 148 4.140.2
10° 43 4.0+0.4
107 23 3.840.5
10°® 9 2.3+1.1

The signal dynamical range (D) of the TRF subsystem was calculated by

Smax_N
D = 2mac T (3.10)

where S, 1s the maximum signal level achievable without saturation in PMT and
digitizer and N was the noise level of PMT [98]. The dynamical range of TRF subsystem
determined in this way was 3 decades under the PMT high voltage of 2200 V.

3.2.2. DR subsystem calibration

It is important for the spectrometer to have a linear response to the amount of light
captured for different intensity measurements. The linearity between spectrometer photon
counts and input intensity was measured as shown in Figure 3-23. A halogen light source
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was incident on a spectrometer via a fibre with 200 um core. The spectrometer photon
counts were measured as the input light power decreased within a constant integration
time of 100 ms. The intensity of incident light was also measured by a power meter
before it was measured by the spectrometer. This experimental result shows that the
spectrometer response is linearly proportional to the incident light intensity before it
saturated.

x 10000

spectrometer counts(a.u)
w

0 T T T
0 0.2 0.4 0.6 0.8 1

relative input intensity (a.u)

Figure 3-23. Linearity of the spectrometer. The spectrometer photon counts were measured with gradually
change incident light intensity. The spectrometer measurement is linear proportional to the incident light

intensity before the saturation.

3.3. Summary

The integrated TRF-DR spectroscopy instrument was developed for in vivo optical
biopsy studies. The fluorescence lifetime and spectrum, as well as diffuse reflectance
spectra could be collected by using a custom-made clinical sterilizable fibre optic probe
in sequence within 2 s. The system spectral and temporal properties have been calibrated
to optimize its performance.

The spectral resolved capability of the TRF subsystem was realized by using the
AOTF-based spectrometer to switch the wavelength of diffracted beam within several
microseconds. This configuration dramatically deceases the data acquisition time
compared to the grating-based system used in the previous study [16]. Moreover,
compared to band-pass filter-based configurations that collect fluorescence signals in
limited spectral bands, this design allows us to choose the interested wavelength without
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any physical modification of the setup. This ensures this system is much feasible to
choose the different wavelengths according to clinical requirements. Time-resolved
capability of the TRF subsystem is realized using a high sensitive MCP-PMT and a
high-speed digitizer. The calibration results indicate that the TRF-DR system can retrieve
the fluorescence decay signal down to a lifetime of a few hundred picoseconds.

In the DR subsystem, a broadband light source was designed by combining three UV
LEDs and a halogen lamp, which can be used to investigate the optical properties of the
biological tissue in the UV-VIS spectral range. Four independent spectrometers was used
to acquire the spatially resolved diffuse reflectance signals at different source-detector
distances as well as reference light. In this configuration, it is feasible to adjust the diffuse
reflectance light intensity for each channel individually and quickly. The dual-modality
fibre optic probe was used to retrieve the optical properties of the biological tissue
accurately, meanwhile it also allows the collection of TRF and DR signals at the same
location.

In the next chapter, the performance of the TRF-DR system that is validated using
standard fluorescence dyes and fluorescence tissue phantoms will be presented in details.
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Chapter 4
Integrated TRF-DR spectroscopy system

validation

The development and calibration of the integrated TRF-DR spectroscopy instrument
were described in Chapter 3, which demonstrated its potential to be used as an
intraoperative tool for tumour margin detection. In this chapter, the performance of the
system was validated using standard fluorescence dyes, biomolecules, and liquid tissue
phantoms. The validation results of the TRF subsystem are presented in Section 4.1. The
effects of optical properties on fluorescence signals were investigated using fluorescent
liquid phantoms with different optical properties, and are presented in Section 4.2.

4.1. TRF subsystem validation

The performance of the TRF subsystem was validated through standard fluorescence
dyes and biomolecules with well-characterized fluorescence spectral and lifetime
properties. In this section, the sample preparation and measurement procedure are
described, followed by the measurement results.

4.1.1. Sample preparation

The standard fluorescence dyes, which are in a broad emission wavelength range of
370-550 nm and a broad lifetime range of 2.5-12 ns, were used to validate the
performance of the TRF subsystem. The fluorophores included 9-cyanoanthracene (9-CA)
(emission peak: 445 nm, lifetime: 11.8 ns, 15276, Sigma-Aldrich, St Louis, MO),
fluorescein (emission peak: 515 nm, lifetime: 4.1 ns, 46955, Sigma-Aldrich, St Louis,
MO), coumarin-6 (emission peak: 500 nm, lifetime: 2.5 ns, 442631, Sigma-Aldrich, St
Louis, MO), and Lucifer yellow (emission peak: 540 nm, lifetime: 5 ns, 62642,
Sigma-Aldrich, St Louis, MO). The stock solution of each fluorescence dye with 10° M
concentration was first prepared from its powdered form. The 9-CA, fluorescein, and
coumarin-6 were dissolved in ethanol, while the Lucifer yellow was dissolved in NaOH.
Stock solutions were further diluted into various concentrations used in the TRF
measurement.
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To evaluate the ability of TRF subsystem to detect the endogenous fluorescence
signals from biological tissue, some biomolecules including B-Nicotinamide adenine
dinucleotide reduced disodium salt hydrate (NADH, N8129, Sigma-Aldrich, St Louis,
MO), flavin adenine dinucleotide disodium salt dehydrate (FAD, F6625, Sigma-Aldrich,
St Louis, MO), and collagens I and III, were measured. The NADH and FAD were
dissolved in 10° M phosphate buffered saline (PBS) solutions individually, and the
collagens were measured in powdered form. All samples were kept refrigerated before
and after measurement.

4.1.2. Measurement procedure

These liquid solutions were measured in plastic cuvettes (1 cm x1 cm x 4 cm). The
fibre optic probe tip was positioned perpendicularly at 1 mm above the surface of
solution. The collagens were placed in a non-fluorescent petri dish. The fibre probe was
in direct contact with the surface of the collagens. The laser pulse energy at the fibre
probe tip was measured using a power meter (3-sigma, Coherent, Santa Clara, CA) before
fluorescence measurements and was adjusted to 2.5 puJ and 2 pJ for standards
fluorescence dyes and biomolecules respectively to avoid photobleaching. Fluorescence
decay signals at 37 wavelengths in the wavelength range of 370-550 nm with 5 nm
intervals were measured to generate a steady-state fluorescence spectrum. Fluorescence
lifetime values were calculated using deconvolution methods, while fluorescence
intensity was calculated by integrating the decay over the acquisition time at each
wavelength.

4.1.3. Results

(a) System validation on fluorescence standards

Four standard fluorescence dyes were measured by the TRF subsystem. The
background measured from the pure ethanol or NaOH solution under the same
measurement procedure was subtracted from the steady-state fluorescence spectra. The
lifetime value at the emission peak of each sample was calculated using both
Laguerre-based deconvolution and single exponential deconvolution methods as
summarized in Table 4-1. The lifetime values calculated using the Laguerre-based
deconvolution method had larger standard deviations than the results of the single
exponential deconvolution method, but both calculation results were in agreement with
Refs [16,95]. These results indicate that the TRF subsystem has the ability to resolve the
fluorescence lifetime accurately.
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Table 4-1. Lifetime values of Standard Fluorescence dyes

Fluorophore Solution Fitting results (ns) Reference (ns)16
Exponential Laguerre

9-CA Ethanol 11.5+£0.4 11.8+£1.9 11.7-11.85

Fluorescein Ethanol 4.14£0.1 4.14£0.8 4.1

Coumarin-6 Ethanol 2.9+0.1 3.1£0.6 2.5

Lucifer yellow NaOH 4.9+0.1 5.1+0.9 4.9~5.7

Autofluorescence signals from biological tissue are usually contributed by several
endogenous fluorophores that have the overlapped emission spectra. To demonstrate the
ability of the TRF subsystem to resolve the fluorescence from a sample with complex
fluorescent components, a series of mixed solutions with two distinct fluorophores was
prepared. The first group of mixed solution included 1 mL of 10*M 9-CA and 1 mL of
107 M fluorescein. These two fluorescent dyes have distinct emission wavelengths and
lifetime values. As shown in Figure 4-1, 9-CA and fluorescein can be resolved spectrally
and temporally from the fluorescence spectrum and lifetime values of the mixed solution.
Two intensity peaks at 445 nm and 515 nm were observed in the spectrum corresponding
to the emission peaks of 9-CA and fluorescein respectively. The lifetime value of 11.95 ns
at 445 nm was mainly contributed by 9-CA, whereas the lifetime value of 4 ns at 515 nm
that was predominantly contributed by fluorescein. In addition, the lifetime values
changed with the emission contribution ratio of these two fluorophores in the spectral
range of 480-520 nm as the green curve shows.
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Figure 4-1. The spectrum and lifetime of the mixed solution of 10™* M 9-CA and 10~ M fluorescein with the

volume ratio of 1:1. Two emission peaks (black arrows) are found at 445 nm and 515 nm in the spectrum
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corresponding to the emission peak of 9-CA and fluorescein respectively. The lifetime decreases from 11.95

ns at 445 nm to 4 ns at 515 nm corresponding to the changes in the contribution ratio.

To investigate the relationship between fluorescence lifetime and different
fluorophores contributions in overlapped emission spectra, the other group of mixed
solutions of fluorescein and coumarin-6 with the same emission spectrum but distinct
lifetime values were prepared. Five different mixed solutions with various concentration
ratios of fluorescein and coumarin-6: 1.0/0, 0.75/0.25, 0.5/0.5, 0.25/0.75, and 0/1.0, were
measured by the TRF subsystem. Both fluorescein and coumarin-6 had a strong emission
between 510 nm and 530 nm (Figure 4-2a). The averaged lifetime values for these five
solutions were linearly proportional to the change of the concentration ratio (Figure 4-2b).
These results illustrate that our system is able to retrieve the relative contributions of
different fluorescent components quantitatively.
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Figure 4-2. Fluorescence spectra and lifetime values of the mixed solutions with different concentration
ratios. (a) The emission spectra of fluorescein and courmain-6. (b) Fluorescence lifetime values of the

mixed solutions linearly varied with the concentration ratio.

(b) System validation on biological molecules

The capability of the TRF subsystem in resolving the endogenous fluorescence of
biological tissue was validated using several biological molecules including NADH, FAD,
and collagens type I and type III. The fluorescence decay curves were fitted by the
Laguerre-based deconvolution method and bi-exponential deconvolution method to
retrieve intrinsic response functions. The fluorescence spectra and lifetime of the
biomolecules are shown in Figure 4-3. In this figure, the NADH has a broadband
emission spectrum with an emission peak at 450 nm and lifetime of 0.61 ns, while FAD
has the relatively narrow emission spectrum with an emission peak at 520 nm and
lifetime of 2.91 ns. The lifetime values of FAD decreased at the short wavelengths due to
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the low signal-to-noise ratio. The emission peak was around 440 nm for both collagens I
and III, whereas the lifetime values are distinct. Collagen type III had a larger lifetime
value than collagen type I. In addition, the lifetime of collagen I decreased quickly at the
longer wavelengths compared to collagen type III. The lifetime values of the biological
molecules agreed with Ref [16] except that the NADH had higher value than reported
results, which was limited by the temporal resolution of the TRF subsystem. However,
NADH is usually bonded with protein in cells or tissue and the lifetime of NADH
changes according to its bonding status. For example, the fluorescence lifetime of NADH
in mitochondria (2.8 ns) was much longer than that of pure solution (0.43 ns) [41].
Therefore, the TRF subsystem is capable of retrieving the NADH component from
biological tissue. Collagen usually has short and long lifetime components that can be
observed from the bi-exponential fitting results. These results indicate that our TRF
subsystem is able to retrieve the spectral and lifetime characteristics of biomolecules that
are the endogenous fluorophores in biological tissue.
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Figure 4-3. TRF subsystem characterization on the biological molecules. (a) The spectra of NADH, FAD
and Collagens (type I and III) with emission peaks at 450 nm, 520 nm, 445 nm, and 445 nm, respectively.

(b) The lifetime values for the different biological molecules over the observed spectral range.

Table 4-2. Endogenous fluorophores lifetime measurements

Fluorophore Lifetime (ns) Reference [16]
Laguerre Bi-exponential
FAD 2.9+0.1 --- 2.3~2.86
NADH 0.6+0.1 --- 0.3~0.4
Collagen I 2.8+0.1 1.0+0.1 5103 0.6 4.9

57



PhD Thesis-Zhaojun Nie McMaster University-Biomedical Engineering

4.2. Effect of optical properties on fluorescence signals

Using quantitative fluorescence spectroscopy for optical biopsy studies is
challenging due to the difficulties in interpreting fluorescence signals in biological tissue
having high scattering and absorption properties. Therefore, the measured fluorescence
signals may not reflect the real features of endogenous fluorophores. In order to
investigate the effects of optical properties on the fluorescence measurements, several
experiments were carried out using tissue-simulating phantoms with different optical
properties.

4.2.1. Tissue phantoms preparation

A series of tissue-simulating liquid phantoms was prepared to reveal the effects of
optical properties on the fluorescence measurements. Intralipid (20%, Baxter Corp,
Toronto, Canada) was used as a scattering material, while India ink was used as the
absorber. The Intralipid and India ink were diluted by deionized water to obtain different
concentrations. Two sets of liquid phantoms were prepared. The optical properties of
these tissue-simulating phantoms were measured using a steady-state spatially resolved
diffuse reflectance system [96].

In order to investigate the effect of the scattering coefficients on the fluorescence
spectral and lifetime measurements, the first phantom group (group A) was prepared with
the same absorption coefficient and different scattering coefficients. The India ink with a
concentration of 0.003% v/v was used for each phantom to obtain a constant absorption
coefficient of 0.02 mm™'. The Intralipid concentration of 1% v/v, 1.2% v/v and 1.4% v/v
were used in different phantoms corresponding to the reduced scattering coefficients of
1.5 mm'l, 1.8 mm'l, and 2.1 mm™ at 515 nm. In order to investigate the effect of the
absorption coefficient on the fluorescence measurements, the second phantom group
(group B) with same scattering coefficient and different absorption coefficients was
prepared. The Intralipid concentration of each phantom was 1.2% v/v to obtain a reduced
scattering coefficient of 1.8 mm™. The India ink concentration varied from 0 to 0.012%
v/v to obtain the absorption coefficients in the range of 0 to 0.06 mm™ at 515 nm in
different phantoms.

The fluorescein with an emission peak at 515 nm and a lifetime value of 4.1 ns was
added into these liquid phantoms to obtain a concentration of 0.1 mM. The optical
properties of the fluorescent phantoms were also measured after adding the fluorescein
dye in order to confirm that the fluorescein dye did not affect the optical properties.

4.2.2. Measurement procedure

The steady-state fluorescence spectra were measured using the grating-based
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spectrometer, while the fluorescence decay signals at 515 nm were collected using the
AOTF-based spectrometer. The liquid phantom with a volume of 4 mL was measured in a
plastic cuvette (1 cm x 1 cm x 4 cm) for which the size was much larger than the
transport mean free path at wavelengths of interest. The fibre probe was in contact with
the surface of the liquid solution perpendicularly. Five steady-state spectra and 2000
fluorescence decays were acquired for each phantom. The background fluorescence
signal of each phantom (contributed by the Intralipid) was also measured and subtracted
from the steady-state fluorescence spectra.

4.2.3. Results

(a) Effect of scattering properties

To investigate the effect of the scattering property on the fluorescence signal
measurement, the fluorescence spectra and decays were collected from the phantom
group A. The steady-state fluorescence spectrum and normalized decay curve of each
phantom are shown in Figure 4-4. It is observed that the spectral shape did not change
with the reduced scattering coefficient, while the fluorescence intensity decreased with
the increase of the reduced scattering coefficient (Figure 4-4a). The fluorescence decay
curve did not have significant differences at different reduced scattering coefficients. The
lifetime values are shown in Table 4-3. The lifetime values calculated from the
fluorescence decay signal kept constant over the reduced scattering coefficients when a
digitizer with the sampling rate of 3.6 GS/s was used to acquire the fluorescence signals.
The standard deviation of the lifetime value decreased due to the decrease of
signal-to-noise ratio of the fluorescence signal.
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Figure 4-4. The fluorescence signals measured from liquid phantoms with different scattering properties. (a)

Fluorescence emission spectra. (b) Fluorescence decays are normalized at peak intensity. The fluorescence
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decay curve did not change with the reduced scattering coefficient, while the fluorescence decay curve did

not change with the reduced absorption coefficient.

Table 4-3. Fluorescence lifetime estimation for the phantom group A with different reduced scattering

coefficients
Phantom Optical properties @515nm Fluorescein Lifetime (ns)
label Reduced scattering ~ Absorption ~ Concentration
(mm) (mm’) (mM)
s0 1.5 0.02 0.1 4.1+0.1
sl 1.8 0.02 0.1 4.0+0.1
s2 2.1 0.02 0.1 4.0+0.1

(b) Effects of absorption properties

To understand the effect of absorption on fluorescence spectra and decay signals, the
tissue phantom (group B) was measured. Figure 4-5a presents the fluorescence spectra of
five tissue phantoms with different absorption coefficients. With the increase of
absorption coefficients, the fluorescence intensity decreased gradually, whereas the
fluorescence decays did not change as shown Figure 4-5b. The fluorescein lifetime values
calculated from the fluorescence decays of the different tissue phantoms are presented in
Table 4-4, which are in good agreement with the lifetime value in the pure fluorescence
solution. Optical properties of each liquid phantom are also presented in Table 4-4.
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Figure 4-5. The fluorescence signals measured from the liquid phantoms with same scattering properties
but different absorption properties. (a) Fluorescence emission spectra. (b) Fluorescence decays were
normalized at peak intensity. The spectra intensity decreased with the absorption coefficients, while the

fluorescence decay curve did not change with the absorption properties.
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Table 4-4. Fluorescence lifetime estimation for the phantom group B with different absorption coefficients

Sample Optical properties @ 515 nm Fluorescein Lifetime (ns)
label Reduced scattering ~ Absorption Concentration
(mm) (mm?) (M)
a0 1.8 0 0.1 4.0+0.1
al 1.8 0.02 0.1 39+0.1
a2 1.8 0.04 0.1 39+0.1
a3 1.8 0.05 0.1 39+0.1
a4 1.8 0.06 0.1 39+0.1

The effects of optical properties on the fluorescence measurements were investigated
experimentally in this section. The experimental results showed that by using the single
optical fibre for laser illumination and fluorescence collection, the fluorescence lifetime
did not change with the optical properties, whereas the fluorescence intensities were
altered by the scattering and absorption properties. These results were in good agreement
with simulation and experiment results in Ref [83] in which a Monte Carlo model was
used to simulate the fluorescence transmission in the turbid tissue with various optical
properties [83]. Therefore, only the distortion of the fluorescence intensity needs to be
corrected from measured fluorescence signals in our future studies.

4.3. Summary

This chapter demonstrates the performance of the integrated TRF-DR spectroscopy
using the tissue phantoms. The integrated TRF-DR spectroscopy system is capable of
retrieving the fluorescence features accurately from the standard fluorescence dyes and
biological molecules. According to fluorescence measurements under different scattering
and absorption conditions, fluorescence lifetime is much more robust with the changes in
optical properties when the single optical fibre is used for laser illumination and
fluorescence collection. However, the fluorescence intensity is significantly altered by the
changes in optical properties. Therefore, to obtain intrinsic fluorescence information of
biological tissue, it is necessary to retrieve the intrinsic fluorescence spectral intensity
from the turbid tissue.
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Chapter 5
A Robust Laguerre-based deconvolution

method for biological fluorescence decay

Autofluorescence signals of biological tissue are contributed by several endogenous
fluorophores with overlapped emission spectra. In addition, the autofluorescence signals
usually have low signal-to-noise ratio compared to the signals from exogenous
fluorescent dyes. Therefore, an accurate and fast method is needed to retrieve the
fluorescence lifetime and amplitudes from measured fluorescence signals.
Multi-exponential-based deconvolution methods are mostly used to retrieve the
fluorescence characteristics with a specific assumption of a decay function. However,
Laguerre-based deconvolution methods, based on the orthonormal Laguerre functions, do
not need any assumption of a decay function and can provide a unique fitting result. Thus,
the Laguerre-based deconvolution methods may be used as alternative methods to the
multi-exponential-based methods for clinical studies. The original Laguerre function
(OLF)-based deconvolution method provides a way to estimate the IRF quickly, but it
often fails when the decay signal has low signal-to-noise ratio [107]. In order to solve this
problem, in this chapter, a robust constraint Laguerre function (CLF)-based
deconvolution method is optimized by constraining the least squares fitting using
fluorescence decay profiles. In addition, a fast Laguerre parameters selection method is
developed to enable real-time data analysis during clinical studies.

Detailed fluorescence lifetime acquisition mechanisms and deconvolution methods
are presented in Section 5.1. The mathematical models of the CLF-based deconvolution
method are presented in Section 5.2. Moreover, a series of Laguerre parameters such as
Laguerre scale parameter o and the total number of Laguerre functions are discussed in
Section 5.3 in order to optimize the fitting performance. A look-up table was created to
select suitable Laguerre scale parameters in real-time. Finally, CLF-based deconvolution
method was performed using standards fluorescence dyes and biological molecules in
Section 5.4.
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5.1. Introduction

5.1.1. Time-resolved fluorescence deconvolution

The time-resolved fluorescence (TRF) technique, which acquires the dynamic
fluorescence decay signal over a certain time scale, is used extensively to monitor the
changes of biochemical compositions and structures in tissues and cells [6]. Once a short
laser pulse excites the biological sample, the fluorescence light that is emitted from the
biological sample is collected by a TRF system. The measured fluorescence decay is
usually altered by both the system response and the laser pulse. As illustrated in Figure
5-1, the measured fluorescence pulse F(f) can be described as the convolution of the
excitation laser pulse Iy(t), the fluorescence impulse response function /RF(t), and the
system response function S(t):

F(t) = Ip(t) ® IRF(t) @ S(t) (5.1)

Practically, the excitation pulse Iy(¢) is usually measured using the same TRF system.
Thus, the measured excitation pulse I(¢) from TRF system is actually the convolution of
Ip(f) and S(¢). Therefore, the measured fluorescence signal F(f) can be described as the
convolution of I(r) with IRF(t) [16].

F(t) =1(t) @ IRF(t) (5.2)
Io(t) | IRF(t) S(t) F(t)

Figure 5-1. The deconvolution mechanism for the TRF measurement. I(t): the excitation laser pulse, IRF(t):

the impulse response function of fluorescence, S(t): the system response function.

5.1.2. Deconvolution methods for IRF

An accurate and fast method plays an important role in retrieving the IRF from the
measured fluorescence signal. A number of deconvolution methods have been
investigated for this purpose [92, 101-109]. Some of these methods assume a specific
function form of the fluorescence decay curve, such as multi-exponential deconvolution
[101]. In contrast, some methods retrieve the IRF without any direct assumption, such as
the stretched exponential method [102], the Fourier [103] and Laplace transform methods
[104], as well as the Laguerre function (LF)-based deconvolution methods [92,109].
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Multi-exponential methods are commonly used to estimate the fluorescence lifetime
of biological samples [15]. However, the multi-exponential methods are limited in three
aspects when estimating the fluorescence properties of clinical data. First, it is very hard
to assume an exact exponential model for the autofluorescence signals which are
contributed by the complex endogenous fluorophores in biological samples. Second, the
fitting result is not unique due to the non-orthogonal exponential functions. Hence, the
fitting result may not give a correct physical interpretation of the fluorescence signal.
Third, the multi-exponential models use a nonlinear least squares fitting that is
time-consuming and hence may not be suitable for real-time clinical studies.

The Laguerre-based deconvolution method use a set of Laguerre functions to predict
the IRF of the measured fluorescence signal. It has been used to retrieve fluorescence
properties in many studies [6, 92]. Several distinct properties of the Laguerre functions
make it much more suitable to fit the fluorescence decays:

e The Laguerre functions are a complete orthonormal basis over the time interval of [0,
o). This property guarantees the uniqueness of the fitting result for fluorescence
decays in the time-domain.

e The exponential components in the Laguerre functions make this basis more suitable
for exponential decay signals [105].

e The Laguerre-based deconvolution method is based on the linear least squares fitting
which is much faster than the nonlinear least squares fitting used in the
multi-exponential method because the regression in the nonlinear least squares fitting
is time-consuming.

A recent study also demonstrated that the Laguerre-based deconvolution method achieves
the best sensitivity compared to other deconvolution methods such as the bi-exponential
deconvolution method or the area-under-the-intensity method [106]. However, there are
still limitations when applying the Laguerre-based deconvolution method in biological
measurements.

e Larger number of data points for the fluorescence decay acquisition are needed to
satisfy the orthonormality of LFs, however, this prolongs the data acquisition time.

e The lifetime values of the autofluorescence are in the range of hundreds of
picoseconds to several nanoseconds. This means different Laguerre scale parameters
are required for different fluorescence signals to obtain the optimal fitting results.

e High-order LFs are usually able to resolve the fluorescence decay with complex
components. However, high-order LFs basis introduces an oscillation in the fitting
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results and causes an over-fitting problem especially for data with low SNR [107].

In order to solve the problems of the Laguerre-based deconvolution method, Liu ef al.
[107] presented a simple solution by using the physical profiles of the fluorescence decay
to constrain the fitting process. This method can be used to keep the fitting results smooth,
but it still fails under the low signal-to-noise condition. Therefore, in this chapter, we
further optimized the Laguerre-based deconvolution method to address this problem. In
addition, a fast Laguerre parameters selection method was developed to enable real-time
data analysis during clinical studies. The performance of method was validated through
simulations and experimental data.

5.2.  Theory

5.2.1. Laguerre-based deconvolution model

In a TRF spectroscopy system, a fluorescence decay is digitized by a high-speed
digitizer to obtain the discrete digital signal. Therefore, the relationship of the measured
fluorescence signal and the IRF in Eq.(5.2) can be rewritten as:

y(n) = TYXX L h(m)x(n —m) n=0,......K-1. (5.3)

where K is the data length, T is the data sampling interval, h(m) is the fluorescence IRF,
x(m) is the measured laser pulse, and y(n) is the measured fluorescence signal. The IRF,
h(m), can be expressed using the discrete LF basis:

h(n) = XjZq Cibft(n) (5-4)

where b}* (n) is the j™ order LF, C; is the Laguerre expansion coefficient (LEC) that is
indicated the contribution of the j™ order LF in the fitting result, and L is the total
numbers of LFs used in the IRF fitting. b;* (n) is defined as:

b (n) = (- )T (~DF (Z) ({() (1 —a)n>0  (5.5)

in which a is the Laguerre parameter within the range of 0-1. The number of
zero-crossings of each Laguerre function equals its order as shown in Figure 5-2a. In
addition, the zero order of LFs with different a is shown in Figure 5-2b. As indicated in
the figure, the convergence speed of the Laguerre function decreased with the increase of
the a. It is also observed that the peak amplitude of the Laguerre function increases with
the decrease of a. Therefore, it is possible to obtain an optimal fitting result by choosing a
suitable o. In addition, the Laguerre functions are an orthonormal polynomial basis,
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where [bf*(n)]" - bf(n) = 1, [bf(n)]" - bf(n) = 0, i,j=1..M. This property ensures the
uniqueness of the fitting result at certain L and o. By inserting Eq.(5.5) to Eq.(5.4), the
measured fluorescence signal can be rewritten as:

y(n) = T T2 (B2 ¢ b (m) ) x(n —m)
= 2428 (T 2k b (m)x(n — m)
=TS gy (0 (5.6)

where v;(n) = T( ke bj*(m)x(n —m)) is the convolution of the excitation laser

pulse with the Laguerre basis. Eq. (5.6) can also be rewritten as:

y(0) v5(0) vi(0) - v 4(0) Co
Y(:l) — 17(0)!:(1) Uf(:l) U?—?(l) % Cl (57)
y(K —1) vy(K—1) v§(K—-1) - v, (K-1) Cr-1

Eq.(5.7) can be further simplified as:
y=VC (5.8)

in which V is a matrix with dimension of KxL, C :[co,cz,C3...cL.1]'1 is the Laguerre
expansion coefficient vector, and y is the estimated decay curve. Therefore, the least
squares fitting problem can be written as:

Minimize W ||y — VC||? (5.9)

where W is weight factor that can be estimated by the 1/8°, in which & is the variance of
the fluorescence signals that can be obtained from repetitive measurements [108], and §
is the measured signal. Finally, the C can be solved as:

C=WVTwn) " vTwy (5.10)
5.2.2. The relationship between LECs and fluorescence compositions

Once the Laguerre expansion coefficients are obtained, the intrinsic fluorescence
decay can be written as:

h(n) = XjZq ¢;bf* () (5-11)

The relationship of the LECs and the fluorescence composition was described by Jo et al.
[92]. Each fluorescent component contributing to the measured fluorescence signal can
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be predicted by the Laguerre function as:
Se(m) = XiZg ag ;b (n),k=1..M (5.12)

where Si(n) is the normalized IRF of the k™ fluorescence decay component and ay j1s the
Laguerre coefficient for the k" fluorescence component. The IRF of the measured
fluorescence decay h(n) is the weighted sum of the normalized IRF of each fluorophore
as:

h(n) = XM, Agsi(n) (5.13)

where Ay is the contribution of the k™ components. Thus, by inserting Eq.(5.12) into
Eq.(5.13), the IRF h(n) can be expressed as:

h(n) = S Ar (Sh2b ar b (1)) = Shzb (ShL, A ag DbS () (5.14)

Comparing Eq.(5.14) with Eq.(5.11), the relationship between the Laguerre coefficients
and the contribution of fluorescence components can be described as:

Cj = Yi=1 Ak W (5.15)

In practice, if we know the components of the measured fluorescence signal, a;jcan be
estimated by fitting the intrinsic fluorescence for the individual component. Thus, the
relative contribution of the individual biochemical component A;can be calculated from
Eq.(5.15). It is worth pointing out that this method only works when the fluorescence
component number is less than the total number of Laguerre functions in the fitting to
obtain a unique solution.
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Figure 5-2. Laguerre functions. (a) First five orders Laguerre functions with 0=0.98. (b) Zero order
Laguerre function by with various o values.
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5.2.3. Laguerre-based deconvolution optimization

The solution obtained from Eq. (5.10) is called the OLF-based deconvolution method.
This is not ideal for fluorescence signals with low SNR, where an attempt is made to fit
the noise and hence introduces an oscillation phenomenon in the fitting results. To
address these problems, the profiles of fluorescence decays may be used to constrain the
least squares fitting in Eq.(5.9). As we mentioned in Section 2.4, the IRF of a complex
fluorescence decay can be considered as a sum of many single exponential decays as:

h(t) =Y, Aje™ i i=1..M (5.16)

where A; and 7; are the amplitude contribution and lifetime for each component
respectively. h(f) >0 when ¢ is in the time interval of [0, o). The first order and second
order derivatives of /() can be expressed as :

W) = (DI, 2e/m,i=1..M (5.17)

h'(6) =M, e i=1..M (5.18)

Both A; and 7; are larger than zero, such that h'(t) < 0and h"(t) = 0. Thus, two
intrinsic properties of fluorescence decay profiles can be observed: (i) the fluorescence
decay is a monotonic non-increasing function in the interval 0 <t < oo; and (ii) the
decay slope of h(f) decreases over the time scale. In order to use these two properties to
constrain the least squares fitting (Eq.(5.9)), the third derivative of A(f) was introduced.
Thus, the properties can be expressed as:

(a): limy_,e h(t) = 0,lim;_,, K’ (t) = 0,lim,,,, h"'(t) = 0,

(b): K" (t) < 0, h'"'(t) is the third derivative of h(t).
Liu et al. [107] applied the constraint (b) to the least squares fitting in Eq.(5.9), but
actually cannot satisfy the h'(t) < 0,h"(t) >0 during the fitting process. By adding
other constraints simplified from (a): lim_., h"'(t) = 0, on the fitting processing, the
properties of h'(t) <0,h"(t) =0 can be achieved. Hence, the least squares fitting

subjected to constraints (a) and (b) are used in this study. A constrained least squares
fitting process can be used to predict the Laguerre expansion coefficient C:

Minimize W ||y — VC||?
Subjectto (BC)"" <0,lim;,,(BC)" =0 (5.19)
where W is the weighted factor, B is the Laguerre function matrix which has dimension of
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KxL, and C is the Laguerre expansion coefficient vector. In addition, this method also
requires the fluorescence decay to fall to zero at the end of the data length in order to
satisfy constraint (b). The problem in Eq.(5.19) is solved by using the Matlab function
Isglin, in which an active-set regression algorithm is used to search the optimization
results under the constraints [110]. Once the Laguerre expansion coefficient C is
estimated, the IRF # (k) can be computed from Eq.(5.4), while the average lifetime can be
calculated as:

_ TXR_okh(k)

Tavg = SK_ h(k) (5.20)

where K represents the data length of the decay curve and 7' is the sampling time interval.
The algorithm was implemented in MATLAB®. A flowchart of the Laguerre-based
deconvolution method is shown in Appendix III.

5.3. Optimization of Laguerre functions

The parameters in the Laguerre-based basis, including the data length, the Laguerre
scale parameter o, and the Laguerre orders, play very critical roles towards attempting an
accurate fit of the fluorescence decay signal. A series of studies was carried out to
optimize these parameters in order to choose a suitable Laguerre-based. Section 5.3.1
describes the simulated data and the optimal parameters are described in Section 5.3.2.

5.3.1. Simulation data

In order to validate the performance of the Laguerre-based deconvolution method, a
number of decays with different lifetimes were simulated using single- or
multi-exponential functions as:

h(t) = A XM, e/ (5.21)

where ¢ is the sampling point of the fluorescence signal (in the TRF subsystem, the total
sample points are 200 with the sampling intervals of 278 ps); M is the number of
exponential components; A;is the relative amplitude contribution of each component and

M, A; =1;v is the lifetime value for the i™ exponential component. The lifetime
values of simulated decays are in the range of 0.5-6 ns, which are similar to the lifetime
values of endogenous fluorescence from biological tissue [16]. The fractional
contribution for the i" component is given by:

ﬁ:ZLx 100% ,i=1,...,M (5.22)

M
k=14KkTk
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in which Y™, f;=1. The averaged lifetime can be calculated as:
Tavg = Zi\ilfl Ti (523)

To simulate the TRF measurement, the simulated intrinsic fluorescence signal is
convolved with the measured laser pulse I(f). In addition, the random noise and
timing-jitter introduced by the TRF subsystem were also considered in the simulations as
expressed in Eq.(5.21)

FO =10 @, e+ N} ®) (5.24)

where N is the noise and J is the jitter. Different noise levels are added to the simulated
data to obtain different SNRs in the range of 10-100 based on actual experimental data. A
timing-jitter of 100 ps is also considered in the data simulation.

5.3.2. Parameters optimization

The parameters of the Laguerre-based deconvolution, including the data truncation
length, the Laguerre scale parameter a, and the total numbers of Laguerre functions L,
must to be considered before conducting the deconvolution. These parameters are chosen
based on two practical conditions. First, averaged lifetime values of the endogenous
fluorophores often vary in a large range from a few hundreds of picoseconds (e.g. 0.4 ns
for free NADH) to several nanoseconds (e.g. ~4.5 ns for collagen). Second, it is preferred
to fit all decay curves using same Laguerre function basis. The method of choosing a set
of Laguerre functions with fixed orders and a for the fluorescence decays within a broad
lifetime range are discussed in detail.

(a) Truncation length

Time-resolved fluorescence decays need to be truncated properly before the
deconvolution. The truncation length should ensure that all fluorescence decays decay to
zero. Endogenous fluorescence lifetime values are in the range of hundreds of
picoseconds to several nanoseconds. Therefore, the truncation length was chosen about
50 ns in this study (200 data points at 3.6 GS/s sampling rate).

(b) Zero-delay baseline

Due to the chromatic dispersion and the timing jitter of the TRF subsystem, the
signals at different wavelengths arrived at the PMT at different time. Therefore, a
zero-time shift or delay is often observed between the fluorescence decay and laser
response function. The mismatched baseline usually causes an inaccurate fitting result. To
solve this problem, the decay curve and the fitting model are first aligned at the rising
edge before the deconvolution calculation. Second, a number of potential delay values
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were assumed and the Laguerre-based deconvolution is performed at each delay value.
The delay value with the lowest normalized mean-squared error is taken as the optimal
delay between the fitting model and the fluorescence decay.

(c) Upper boundary of a

The Laguerre scale parameter o determines the convergence speed and peak
amplitude of Laguerre functions (Figure 5-2b). It can be chosen between O and 1 if the
fluorescence decay is collected over an infinite time scale. Practically, the fluorescence
decay signal only can be acquired in a finite data length. Marmarelis et al. [105]
suggested that the o should be chosen to ensure that all LFs converge to zero over a
limited sampling points to guarantee the orthonormality of the LFs. Based on this
suggestion, the upper boundary of o (aupper) Was calculated for different orders of LFs and
the number of data points as shown in Table 5-1. The aypper decreases with the increase of
the Laguerre orders or decrease in the number of the data points. An optimal o for a
specific decay curve should be smaller than oypper.

Table 5-1. Upper-boundary for a with different LF dimensions

LF Olupper
orders 200 points 160 points
4 0.9 0.896
8 0.842 0.802
12 0.776 0.728

(d) Look-up table for an optimal o value

Autofluorescence signals usually have a broad lifetime range between hundreds of
picoseconds to several nanoseconds. The Laguerre scale parameter (o) needs to be chosen
individually for each decay curve to obtain an accurate fitting result. Dabir et al.[109]
provided an method that treated o as a variance in the fitting process and optimized it
using a nonlinear regression for each fluorescence decay curve. The parameters a for the
fluorescence decays in the lifetime range of 0.5-6 ns were investigated using this
optimization method. The fitting results were highly correlated with the ‘true’ values and
fall into the 95% confidence range as shown in Figure 5-3a. However, the optimized
parameter o varies in a large range for different lifetime values (e.g. 0=0.54 for 0.5 ns
lifetime value, a=0.87 for 6 ns) (Figure 5-3b). In clinical studies, a single a is preferred to
fit all fluorescence decays in order to investigate the variation of fluorescence component
using the Laguerre expansion coefficients.

In order to choose a suitable Laguerre scale parameter a to fit fluorescence decay
signals, a series of simulations was carried out. Fluorescence decay signals in the lifetime
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range of 0.5-6 ns with 0.5 ns intervals were generated at different SNRs of 50, 100, and
200. Different Laguerre scale parameters a in the range of 0.6 to 1 were used to fit the
simulated data. The acceptable o values for different lifetimes were calculated and
summarized into a look-up table. This look-up table is then used to choose a suitable
parameter o during clinical studies. Figure 5-4 gives an example of how to generate a
look-up table of a when L is equal to 8. The estimated lifetime error was calculated as a
function of lifetime values and o (Figure 5-4a). If the lifetime bias is smaller than 5% of
the true value, then the corresponding o can be considered as an acceptable choice
(Figure 5-4b). The relationship between o and lifetime values is also presented in two
dimensional diagram (Figure 5-4c), in which the grey color presents the acceptable a
ranges. For the fast decay signals, the upper boundary of a needs to be considered when
choosing a suitable parameter, whereas the bottom boundary of a needs to considered for
slow decays. Therefore, an a value is adequately chosen to minimize the lifetime error
over all measured lifetimes, such as a=0.75 can achieve a minimum lifetime error in the
lifetime range of 0.5-6 ns as the blue double arrows shown in Figure 5-4c. During the
clinical study, the FWHM of each decay curve is first calculated, and then the expectation
of FWHM over all decay signals is calculated to choose the corresponding o from the
look-up table.
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Figure 5-3. Estimation results for different lifetime values using the optimization alpha method with
Laguerre orders (L) of 6. (a) The correlation between the estimation results and the simulated lifetime
values. The estimated values fall into the 95% confidence interval of the ‘true value’. (b) The optimized
alpha for different lifetime values in the range of 0.5-6 ns. A small alpha is needed for decay with short

lifetime values (e.g. 0=0.51 for the lifetime of 0.5 ns, a=0.79 for the lifetime of 6 ns).
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Figure 5-4. The o boundaries for different lifetime values (a) The lifetime error obtained from the
simulation values. (b) The lifetime bias with 5% bias boundary. (c) Two-D diagram of (b) shows the upper

and bottom boundaries of the a for different lifetime values.
5.3.3. Comparison of Laguerre basis with different orders

As we mentioned in the introduction, high-order LFs may provide an accurate
estimation of the IRF because it is sensitive to the small changes of the decay curves.
However, the OLF-based deconvolution method usually relied on the low-dimensional
(orders < 5) LFs to avoid an over-fitting problem in previous studies [92,109]. This
problem can be solved using the CLF-based deconvolution method. In this section, the
reliability of the high order Laguerre function basis in fitting fluorescence decays with a
large lifetime range is investigated.

The IRFs were simulated by using a fast decay (lifetime 7,=1 ns) and a slow decay
(lifetime 7,=5 ns) component. The fluorescence decays with different averaged lifetime
values were generated by varying the contribution of these two components. The relative
contributions of the slow and fast decay components changed gradually from 1:0 to 0:1 to
obtain a linear variation of averaged lifetime from 1 ns to 5 ns. A hundred of decay curves
were generated for each lifetime value. The CLF-based deconvolution with different
parameter sets, including (L=4 and a=0.85), (L=8 and 0=0.82), and (L=12 and 0=0.78),
were used to fit the simulated data. The reduced chi-squared (y2,;) was used to evaluate
the goodness-of-fit [110]:

Xhea = G55 Bime /() = ¥ (0))? (5.25)
where N is the data length, L is the number of Laguerre functions, ¢ is the variance of the
observation; y(t) is the simulation signal; and y’(t) is the fitting result. A value of
X%, close to 1 indicates a good fitting result [110]. Applying the CLF-based
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deconvolution method to the simulated decay curves, the goodness-of-fit results of
different Laguerre functions basis were calculated (Figure 5-5a). We can see that the
goodness-of-fit stays around 1 over the different lifetime values when using the Laguerre
functions with higher orders (L=8 and 12), whereas the goodness-of-fit becomes larger
for the Laguerre function with the orders of 4. The averaged lifetime values and fraction
ratios predicted by different LFs basis are shown in Figures 5-5b and Figure 5-5c,
respectively. We can see that, high Laguerre orders (L=8 and 12) provide a better
estimation of the lifetime values and the fraction ratios than low Laguerre orders (L=4).
These results indicate that the high-order LFs are more robust when fitting the decay
curves yielding a large lifetime range using a constant Laguerre scale parameter a.
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Figure 5-5. (a) Reduced chi-squared (yZ,;) goodness-of-fit of CLF in different LFs sets (L=4, 0=0.85),
(L=8, 0=0.82), and (L=12, a=0.78) for the simulated data with two lifetime components (1 ns and 5 ns) and
different fractional contributions. (b) Prediction of averaged lifetime values by different LFs sets. (c)

Predicted fraction ratios of 5 ns component.

5.3.4. Comparison of different deconvolution methods

The performance of the CLF-based deconvolution method was demonstrated using
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the simulated fluorescence signals with the averaged lifetime of 1 ns at different SNRs
(10, 20, 50, and 100). The OLF-based and single exponential based deconvolution
methods were also carried out for the purpose of comparison. The parameters and
deconvolution methods used in the comparison are listed in Table 5-2. Multi-exponential
deconvolution has the most number of fitting parameters and uses nonlinear least squares
regression. The CLF-based deconvolution method has the same fitting parameters as the
OLF-based deconvolution, but is constrained by the decay profile.

Table 5-2. Summary of analysis methods examined in this comparison

Analysis Method Output parameters Optimization algorithm  Constraints
Multi-exponential Al Ay, T T Iterative nonlinear least  0< 7,<
deconvolution squares

Original Laguerre Covvnnnn Ci1 Linear regression None
deconvolution (non-iterative)

Robust Laguerre Covvnnnn Ci1 Linear regression Decay profiles
deconvolution (iterative)

LFs (L=12 and a=0.60) were used for both OLF- and CLF-based deconvolution
methods. The fitting results are shown in Figure 5-6. Both OLF- and CLF-based
deconvolution methods fit the decay curve signals accurately when the signals had high
SNR. However, with the decrease of SNR, the oscillation phenomena appeared on the
OLF-based fitting results, whereas the CLF-based fitting results were more robust as
shown in Figure 5-6d. The lifetime bias and error of these three methods are shown in
Figure 5-7. The bias and standard error obtained by the single exponential-based
deconvolution method were 5 times lower than that of the Laguerre-based deconvolution
methods. In addition, the CLF-based deconvolution method achieved smaller bias and
standard error comparing to the OLF-based deconvolution method at low signal-to-noise.

To compare the performance of CLF- and OLF-based deconvolution methods in a
large lifetime range, hundreds of decay curves were generated for different lifetime
values (0.5 ns, 1 ns, 3 ns, and 5 ns) with SNR of 100. The OLF-, CLF- (=12 and 0=0.76)
and single exponential-based deconvolution methods were applied to retrieve the
fluorescence lifetime values. The residuals of the estimated lifetime values are shown in
Figure 5-8. The results obtained from the single exponential-based and the CLF-based
deconvolution methods were much closer to the true values than the results obtained from
the OLF-based deconvolution method. Both the OLF- and CLF-based deconvolution
methods had larger fitting errors when fitting the decays with lifetime smaller than 1 ns.
The computation times of these three methods when fitting 407 fluorescence decays were
0.4's,0.9 s, and 10 s for OLF-based deconvolution, CLF-based deconvolution, and single
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exponential based deconvolution respectively. This study demonstrates that the
CLF-based deconvolution method is able to provide more accurate fitting results for
different lifetime and SNR than the OLF-based deconvolution method.
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Figure 5-6. The fitting results of OLF- the CLF-based deconvolution (L=12 and a =0.60), and the single
exponential deconvolution methods for the decay curve with lifetime of 1 ns at different SNR levels:(a)
SNR=100, (b) SNR=50, (c) SNR=20, and (d) SNR=10. The fitting results of the OLF-based deconvolution
method begin oscillating at low SNR as shown in (c) and (d), whereas the CLF-based deconvolution
mehtod is more robust at different SNR levels and can achieve the same performance as the single

exponential-based deconvolution method.

76



PhD Thesis-Zhaojun Nie McMaster University-Biomedical Engineering

0.16 0.3
0.14
0.25 b
0.12 @ —+OLF 5 ©) ——OLF
04 —=-CLF <02 —=-CLF
& EXP £ EXP
& 008 D15
@ g
0.06 .
%0.1
0.04 @
0.02 0.05
0 0
0 50snR 100 0 50 gyg 100 150

Figure 5-7. The bias (a) and standard error (b) of the estimated fluorescence lifetime using different
deconvolution methods at different SNR levels (10, 20, 50, and 100). The CLF-based deconvolution

method obtained lower bias and standard error compared to the OLF-based deconvolution in low SNR

conditions.
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Figure 5-8. Comparison between the simulated lifetime values and the estimated lifetime values using
different fitting methods including the single exponential, CLF-, and OLF-based deconvolution methods.
The CLF-based deconvolution method provided the same performance as the single exponential based

deconvolution methods except in the short lifetime of 0.5 ns.

5.4. Experimental validation

5.4.1. Experiment setup and sample preparation
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(a) Instrument
The TRF subsystem was used to collect fluorescence decay signals as described in
Section 3.2. A 355 nm pulse laser (pulse width: 300 ps (FWHM)) was used as the
excitation light source. The fluorescence decays in the wavelength range of 370-550 nm
were collected in sequence by using an AOTF-based spectrometer and a high sensitivity
detector. Finally, the fluorescence decay signals were acquired by a high-speed digitizer
and saved into a computer for further analysis.

(b) Fluorescence standards and biological molecules

The standard fluorescence dyes were selected to cover a wavelength range of
360-550 nm including fluorescein (emission peak: 515 nm and lifetime: 4 ns) and
O-cyanoanthracene (9-CA, emission peak: 445 nm and lifetime: 11.8 ns) dissolved in
ethanol. Moreover, biomolecules were also used to validate the performance of the
deconvolution method. These samples included NADH (emission peak: 450 nm and
lifetime: 0.4 ns) and FAD (emission peak: 520 nm, lifetime: 2.7 ns) that were dissolved in
PBS. The laser pulse energy was 2 pJ/pulse to avoid photobleaching.

(c) Data processing

A graphical user interface (GUI)-based software was developed in MATLAB for
on-line data analysis during clinical studies. These raw data were first processed to obtain
the expected data format and to eliminate the noise before deconvolution. The OLF-,
CLF-based deconvolution methods, and multi-exponential-based deconvolution method
were all implemented in the data analysis. The detailed flowcharts of this software are
presented in Appendix II1.

5.4.2. Validation Results

In order to check the robustness of the CLF-based deconvolution method on the
fluorescence signals with broad lifetime values, both CLF- and OLF-based deconvolution
methods were used to fit the measured signals. Figure 5-9 shows fluorescence fitting
results of the standard fluorescence dyes and biomolecules at their emission peaks. The
measured laser pulse and intrinsic response function are also presented. Five Laguerre
expansion orders were used for CLF- and OLF-based deconvolution methods to retrieve
the IRF. Different Laguerre scale parameters o were used for different decay signals (0.18,
0.65, 0.75, and 0.92 for NADH, FAD, Fluorescein and 9-CA, respectively). The
CLF-based deconvolution method provided better fitting results compared to the
OLF-based method when fitting the fast fluorescence decays such as NADH (Figure 5-9a)
and FAD (Figure 5-9b). The IRFs obtained by the OLF-based method had a slight
oscillation which did not occur when using CLF-based methods. Both methods provided
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the same performance when fitting the slow decay curves such as Fluorescein (Figure
5-9¢) and 9-CA (Figure 5-9d).
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Figure 5-9. The OLF- and CLF-based deconvolution methods were used to retrieve the IRF for
fluorescence standards and biomolecules ((a)-(d): NADH, FAD, fluorescein, and 9-CA). The IRFs are

shown in the inset figures (x-axis: time (ns), y-axis: amplitude (mV)). The CLF-based deconvolution

method improves the fitting results for the decay curves with short lifetime values such as NADH and FAD,

and keeps the same performance as OLF-based method for the decay curves with long lifetime values such
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as fluorescein and 9-CA.

In order to check the robustness of the CLF-based deconvolution method on the
signals with low SNR, the OLF-, CLF-, and single exponential-based deconvolution
methods were used to fit the fluorescence decay signals of the FAD over a broad spectral
range. The steady-state spectrum is shown in Figure 5-10a, in which the intensities are
very low in the short wavelength range of 370-420 nm. Figure 5-10b presents the lifetime
values obtained by different deconvolution methods. We can see that the CLF-based
deconvolution method can provide more reliable lifetime values than the OLF-based
deconvolution method at short wavelengths. This method maintains the same
performance with the single-exponential deconvolution method.
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Figure 5-10. The OLF-, CLF- (a=0.75, L=5), and single exponential-based deconvolution methods
performed on the fluorescence emission of FAD. (a) The steady-state spectrum of FAD has low SNR at
short wavelengths (370-420 nm). (b) The lifetime values were obtained by three deconvolution methods
over the observed spectral range. The CLF-based method is more robust than the OLF-based method at low

SNR and maintains the same performance with the exponential deconvolution method.

5.5.  Summary

In this chapter, a robust constraint Laguerre (CLF) -based deconvolution method was
optimized by using the profiles of fluorescence decays to constrain the least squares
fitting. This method solves the over-fitting and oscillation problems occurred in the
OLF-based deconvolution method when fitting the decay signal with low SNR or using
the high-order Laguerre functions. In order to optimize the fitting performance, different
parameters, such as the total numbers of the Laguerre functions (L) and Laguerre scale
parameter (o), were optimized for different fluorescence signals. A look-up table with
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optimal Laguerre scale parameters o for different lifetime values was generated based on
the simulated signals in the lifetime range of 0.5-6 ns (Figure 5-4). This look-up table can
be used to choose a comprehensive scale parameter during clinical studies in real-time. In
addition, simulated results also showed that the high-order Laguerre basis is much more
robust than the low-order Laguerre basis in fitting the fluorescence decays with broad
lifetime values (Figure 5-5). The performance of various deconvolution methods was
validated on the standard fluorescence dyes and biomolecules. The results showed that
the CLF-based deconvolution method had better fitting results than the OLF-based
deconvolution method especially for decay curves with low SNR (Figure 5-10). In the
next chapter, a pilot clinical study will be presented to investigate the relationship
between the fluorescence and reflectance signals and the diagnostic results for brain
tumour.
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Chapter 6

A pilot ex vivo brain tumour study

This chapter presents a pilot ex vivo study of brain tumour using both time-resolved
fluorescence spectroscopy and diffuse reflectance spectroscopy. This clinical study,
including sample preparation and experiment procedures, are presented in Section 6.1.
Fourteen patients were investigated in this study, while only the eight patients presented
as meningiomas and high-grade gliomas were investigated. Section 6.2 presents the data
analysis methods including data processing, feature selection, and classification, followed
by the analysis results in Section 6.3. Several features including fluorescence intensity
ratios, lifetime values, and Laguerre coefficient ratios at different wavelengths were
selected using one-way ANOVA statistical analysis. The support vector machine (SVM)
was used to classify the different tissue types. The results show that the meningiomas
grade I can be distinguished from meningioma grade II with the sensitivity and specificity
of both 100%.

6.1. Introduction

Gliomas and meningiomas are two primary brain tumour types. Surgery is the
common treatment. However, it is a challenge to resect the tumour totally because of their
tendency to infiltrate into the surrounding normal tissue making identification of tumour
margins difficult. Fluorescence and diffuse reflectance spectroscopy have been studied
for brain tumour margin detection in many clinical studies [6, 22], which demonstrated
the potential of these techniques as intraoperative tools for neurosurgery. In order to study
the fluorescence and diffuse reflectance properties of brain tumours, a pilot study on the
ex vivo brain specimens was carried out using time-resolved fluorescence (TRF) and
diffuse reflectance (DR) spectroscopy. The fluorescence and diffuse reflectance
characteristics of various brain tumour types are investigated. Moreover, the fluorescence
spectral and time-resolved features were used to discriminate the tumour types.

6.2. Methods and materials

6.2.1. Sample

Fourteen patients were involved in this study. The clinical protocol was approved by
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the McMaster Research Ethics Board. Tumour specimens taken from the patients at
surgery were transported immediately and were investigated within one hour after
excision. During experimental measurements, the samples were kept in a petri dish and
soaked using some drops of saline to keep moist. After measurements, the samples were
stored in the buffered formalin for pathological examination.

6.2.2. Instruments

Autofluorescence and diffuse reflectance signals were measured by a TRF
spectroscopy system [43] and a spatially resolved DR spectroscopy system, respectively.
For the time-resolved fluorescence measurements, a 355 nm pulsed laser was used as the
excitation light source. A bifurcated fused silica fibre optic probe was used to deliver the
laser light and collect the fluorescence light as shown in Figure 6-1a. A single optical
fibre with a 600 um core diameter placed at the centre of the probe tips was used for the
laser excitation, while twelve fibres with 200 um core surrounding the single fibre were
used to collect the fluorescence. The fluorescence light was passed through an
acousto-optic-tunable-filter (AOTF) -based spectrometer and was then detected by a
fast-gated MCP-PMT and finally digitized by an oscilloscope (DPO 7254, 40 GS/s
sampling rate, 2.5GHz bandwidth, Tektronix) [43]. By switching the frequency of
acoustic wave on the AOTF crystal, fluorescence signals can be collected in the spectral
range of 370-550 nm with 5 nm intervals. For the diffuse reflectance measurements, a
halogen lamp with the spectral range of 500-1000 nm was used as the light source. One
single optical fibre was used for the light illumination, while six other fibres were used to
detect DR signals at various source-detector distances (Figure 6-1b). All optical fibres
used in the DR measurement have the core diameter of 200 um and NA of 0.22. The DR
spectra were diffracted by a spectrograph, and then captured by a cooled CCD-based
camera. An optical attenuator was used to adjust the DR intensity for each detection
channel to obtain sufficient SNR. A portion of light (20%) from the light source was used
as a reference light to normalize the DR spectra.

6.2.3. Experimental procedure

The tissue samples were placed in a non-fluorescent petri dish as Figure 6-1c shows.
Two probes were held by a translation stage that was used to adjust the distance between
the probes and the sample. The DR fibre probe was in contact with the surface of the
sample perpendicularly, while the TRF fibre probe was placed at 0.5 cm above the
surface of the sample with a 45 degree in order to decrease the distortion of the laser
back-scattering light (Figure 6-1c). Time-resolved fluorescence and diffuse reflectance
signals were measured in sequence. In order to avoid the thermal damage of biological
tissue and the photobleaching of endogenous fluorophores, the laser output energy at the

83



PhD Thesis-Zhaojun Nie McMaster University-Biomedical Engineering

fibre tips was measured by a power meter (3-sigma, Coherent, Santa Clara, CA) and
adjust to 3 uJ/pulse. The fluence of each laser pulse was 1.24 uJ/mm” on an area of 2
mm” on the surface of sample. Autofluorescence signals were collected at 37 wavelengths
from 370 nm to 550 nm with 5 nm intervals. An average of 10 pulses was used at each
wavelength to improve the signal-to-noise ratio. The TRF data acquisition time was 4 s
for a single-point measurement. The room light was turned off to decrease background
during the DR spectra measurement. Ten measurements were also averaged to improve
the signal-to-noise ratio for DR spectra. The background noise was also measured with
same setting after the collection of DR spectra. The investigated location were marked
using the biological ink after the experiment. The samples were fixed in the buffered
formalin for further histopathological analysis.
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Figure 6-1. Fibre optical probe tips and the measurement setup in the ex vivo brain tumour study. (a) Fibre

arrangement at the bifurcated fibre tips for the TRF spectroscopy. (b) Fibre arrangement at DR probe tips.
(c) The setup of the experiment, in which the fibre optic probes for TRF (1) and DR (2) spectroscopy held

by a translation stage.
6.2.4. Diagnostic results

Various tumour types, including gliomas, meningiomas, and metastatic tumour etc.,
were investigated using the TRF and DR techniques. Only the samples from eight
patients diagnosed as meningiomas and high-grade gliomas were analyzed in this study.
Specifically, high-grade gliomas (HGG), including glioblastoma multiform (TRF
examination numbers N=5), glioblastoma post therapy (N=10), recurrent anaplastic
oligodendroglioma (N=5), and anaplastic oligodendroglioma (N=2), were investigated to
characterize their fluorescence and diffuse reflectance properties. Meningiomas,
including grade I (N=9) and grade II atypical meningioma (N=7), were studied as well.
Table 6-1 shows the detailed diagnostic results and data numbers for TRF and DR
measurements.
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Table 6-1. Diagnostic results

Tumour type Pathological results Patients TRF DRS

Meningiomas  grade-I P10, P09 9 0
grade-1I P06 7 4

HGG anaplastic oligodendroglioma P02 2 1
recurrent anaplastic oligodendroglioma P08 5 0
glioblastoma P12, P13 5 4
glioblastoma post therapy P07 10 4

6.3. Data analysis

The measured signals were analyzed after clinical study. The fluorescence spectral
and lifetime were calculated using the robust Laguerre-based deconvolution method as
explained in Chapter 5. Afterwards, the statistic and classification method were applied to
investigate the feasibility of differentiating the different tissue types using spectroscopic
features.

6.3.1. Data preprocessing

For the fluorescence measurement, the SNR of fluorescence decays at the emission
peak was in the range of 4 dBm to 20 dBm with an average of 10 dBm. For the TRF
measurement, the intrinsic response function (IRF) of the fluorescence was extracted
from the measured fluorescence decay using the robust Laguerre function-based
deconvolution method. A Laguerre functions basis (L=5 and 0=0.967) was used to fit the
measured fluorescence decays. Three parameters at each wavelength, including integrated
intensity (I), fluorescence average lifetime (T.ve.), and normalized Laguerre expansion
coefficients (LECs,), were calculated to characterize the fluorescence properties of each
tissue type. The integrated intensity can be calculated by averaging the IRF over the
observed time scale. To eliminate intensity variation that was introduced by the
measurement geometry of fibre probe, the intensity spectrum was normalized at its
emission peak wavelength. The average lifetime (ta,) Was calculated as:

_ T-Xp—onh(n)
Tavg - Z?L]:Zh(n) ) (61)

where h(n) is the IRF, N is the number of measured data points, and 7 is the sampling
time intervals which are 25 ps in this study. In addition, normalized Laguerre expansion
coefficients (LECs) can also be used to estimate the fluorescence components ratio as
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discussed in Section 5.2.

In the context of DR spectroscopy measurement, the background noises were first
subtracted from the measured DR spectra. Afterwards, the DR spectra were normalized
by the reference spectrum to obtain the corrected diffuse reflectance spectra. The optical
properties, including scattering and absorption coefficients, can be retrieved from the
diffuse reflectance spectra. In this study, only the spectra at selected source-detector
distances were presented to characterize the properties of the brain tumours without
extracting the optical properties from the measured spectra.

6.3.2. Features selection

Due to lack of diffuse reflectance measurements of certain tumour types, only the
fluorescence features were used to differentiate the tumour types. In order to find
significant features that provide better discrimination performance, the univariate analysis
of variance (one-way ANOVA) was used to evaluate the fluorescence characteristics (I,
Ty, LEC-0,, LEC-1; LEC-2; and LEC-3;) at each wavelength A for different tissue types
as defined by the diagnostic results. The statistically significant features were selected if
the p-value <0.05 from the ANOVA analysis. All statistical analysis was conducted using
MATLAB.

6.3.3. Classification

Linear support vector machine (SVM) is used to classify two different groups in this
study. SVM was a supervised classification method. The training data groups are first
supervised to obtain a classification model. This classification model is further used to
classify measured data into different types. In this training step, a hyperplane is optimized
to separate training data into two classes based on some samples of training data. These
samples are known as support vector. As Figure 6-2 shows, a hyperplane, which can be
presented as (w, x) + b = 0, is used to classify the training data, where x is the training
sample, the vector w determines a direction perpendicular to the hyperplane, while
varying the value of » moves the hyperplane parallel to itself [113]. The w and b are
called the weight vector and bias, respectively. The optimized hyperplane is obtained by
choosing a suitable w and b to maximize the margin between the observed support
vectors. As shown in Figure 6-2, the grey hyperplane can also be used to correctly
classify the training data into to two groups. However, the margins from the samples to
the hyperplane are not maximum distance. Thus, a new set of w and b are needed to
maximize the margin between two groups as the bold black line shows.
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<W, x>+b=0

Feature 2

/ Feature 1

Figure 6-2. Diagram of Linear SVM

In order to estimate the performance of classification, the leave-one-out cross
validation method was used to calculate the error between the classification results and
the predict groups based on the diagnosis results. In this method, a sample was excluded
from the database to be used as test sample and the rest of the data was used as training
sample. This method avoids drastic reduction in sample size within both training group
and test group, thus making it suitable for the classification with limited sample numbers.
Finally, the sensitivity and specificity were calculated for each tissue type to evaluate the
classification performance. All classifications were implemented using MATLAB.

Cis s true positives
Sensitivity = £

(6.2)

true postives+false negatives

true negatives

Specificity = (6.3)

true negaives+false postivies

6.4. Results

6.4.1. Autofluorescence characteristics of different tissue types

The averaged fluorescence spectra, lifetime, and LECs parameters for the
meningiomas and HGG are presented in Figure 6-3. Both meningiomas and HGG have
broad emission spectra with the emission peaks at 450 nm. The meningiomas have higher
intensity at 390 nm compared to the HGG due to the high concentration of collagen. The
attenuations of the intensity of meningiomas and HGG at 415 nm are caused by the
absorption of hemoglobin from the biological tissue and blood. The meningiomas and
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HGG have significant differences in their time-resolved fluorescence characteristics. The
lifetime of meningiomas varies across the observed spectrum. The lifetime is around 3.5
+ 0.2 ns at 390 nm but decreases slightly to 3.4 + 0.1 ns at 410 nm, and then increases
slowly to 3.7+ 0.2 ns at 540 nm. The lifetime values at short wavelength and longer
wavelength are contributed by collagen and lipid respectively. On the contrary, lifetime
values of HGG decreases slightly across the observed spectrum with an average lifetime
of 3 ns. The LECs of meningiomas differ from that of HGG; this indicates the difference
of the decay components for meningioma and HGG. For example, the zero order of
Laguerre expansion coefficient (LEC-0) of the meningiomas is higher than that of HGG,
which indicates more slow decay components in the meningiomas. In order to investigate
the detailed autofluorescence characteristics of different tumour types, the subtypes of
meningiomas and the subtypes of HGG are also presented in the following discussion.

(a) Meningiomas

The fluorescence characteristics of grade I and grade II meningiomas are shown in
Figure 6-4. The grade I meningioma has high intensity at 400 nm but low intensity after
450 nm compared to the grade II meningioma. The lifetime of grade I meningioma is 3.8
+ 0.1 ns at 380 nm. It decreases with the increase of wavelength, and then keeps constant
around 3.3 = 0.1 ns after 500 nm. On the other hand, the lifetime of grade II meningioma
decreases from 3.8 + 0.1 ns at 385 nm to 3.3 = 0.1 ns at 405 nm, and then increases
rapidly to 4.4 + 0.1 ns at 525 nm, which is mainly contributed by the lipid in the
meningioma tissue. This feature indicates that the grade II meningioma has higher lipid
concentration compared to grade I meningioma. In addition, LEC-O of the grade I
meningioma is higher than that of grade II meningioma in the short wavelength range of
370-450 nm, but keep similar at longer wavelengths. LEC-1s of these two tumour types
are slightly different at short wavelengths, but increase with same trend after 450 nm.
These characteristics can be used to differentiate the grade I and grade II meningiomas.

(b) High-grade gliomas

Different types of HGG, including glioblastoma multiform (GBM), GBM post
therapy, anaplastic oligodendroglioma (AOD), and recurrent AOD, were investigated to
reveal the fluorescence characteristics of malignant glioma tumours (Figure 6-5). All
types of HGG have the similar spectra and lifetime trends across the observed spectral
range, except for the GBM that has lower lifetime values than the other three types. The
AOD and the recurrent AOD have similar spectra and lifetime features. The GBM has
lower lifetime value compared with the GBM post therapy specimens. The GBM has
slightly lower lifetime at 450 nm compared to the AOD. The Laguerre expansion
coefficients of the AOD and GBM vary with the same trends except for the LEC-1 of
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GBM which is lower than that of the AOD in longer wavelength. This indicates that the
GBM has more fast-decay components than the AOD because of the changes in the
concentration of FAD.
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Figure 6-3. Autofluorescence characteristics of the HGG and meningiomas: (a) normalized spectrum, (b)
average lifetime, and (c)-(f)Normalized Laguerre expansion coefficients (from (c) to (f): LEC-0, LEC-1,
LEC-2, and LEC-3). (mean * standard error).
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Figure 6-4. Autofluorescence characteristics of the meningioma subgroups: (a) steady-state spectra, (b)
average lifetime, (c)-(f) normalized Laguerre expansion coefficients (from (c) to (f): LEC-0, LEC-1, LEC-2,
and LEC-3).
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Figure 6-5. Autofluorescence characteristics of the HGG subgroups : (a) steady-state spectra, (b) average
lifetime, and (c)-(f) normalized Laguerre expansion coefficients (from (c) to (f): LEC-0, LEC-1, LEC-2,
and LEC-3).

6.4.2. Diffuse reflectance characteristics of different tissue types

The spatially resolved diffuse reflectance spectra were measured at the same location
as the fluorescence measurement. The diffuse reflectance spectra at different
source-detector distances for the meningiomas and HGG are shown in Figure 6-6 (a) and
Figure 6-6(b) respectively. The diffuse reflectance spectral intensities decrease over the
source-detection distance. Theoretically, optical properties can be retrieved from the
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spatially resolved diffuse reflectance spectra [64]. However, due to the low
signal-to-noise ratio and high blood absorption of the sample, optical properties could not
be retrieved correctly. Figure 6-7 shows the normalized diffuse reflectance spectra at the
source-detector distance of 1 mm for the meningiomas and HGG. The spectral intensities
decrease between 520 nm and 580 nm representing the blood absorption. The
meningiomas have slightly higher scattering light than that of HGG in the wavelength
range of 700-800 nm. These features can be used to differentiate the tumour types.
However, the diffuse reflectance spectra are only collected for several samples, it is
insufficient to classify the tissue types. Hence, only the fluorescence features are used in
the classification of different tissue types in the following section.
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Figure 6-6. The spatially resolved diffuse reflectance spectra for different tumour types. (a) The DR spectra
for the grade II meningioma samples. (b) The DR spectra for the high-grade glioma (anaplastic

oligodendroglioma) samples.
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Figure 6-7. Normalized diffuse reflectance spectra of HGG and meningiomas at the source—detector

distance of 1 mm. The HGG and meningiomas have different intensity in the wavelength range of 700-800
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nm. (mean = standard error).
6.4.3. Significant features

The significant spectral features (I) and time-resolved features (ty, LEC,) were
chosen using the one-way ANOVA test if a p-value < 0.05 is obtained. This step is used to
minimize the data size and find the significant features between different tumour types.
The results indicated that the spectral parameters provide significant differences for the
meningiomas and HGG such as the intensity ratio at different wavelengths of 400 nm,
460 nm, and 530 nm. For example, the intensity ratio of the spectral band of 390-410 nm
and 520-540 nm for meningioma grade I is twice higher than that of meningioma grade II.
Average lifetime as well as the Laguerre expansion coefficients at 400 nm, 460 nm, 480
nm, and 500 nm are also used to discriminate the different tumour types. Therefore, three
intensity ratios, four lifetime values and two Laguerre coefficients ratios are chosen for
further classification (Table 6-2). These features correlate with the changes of
endogenous fluorophores in different tissue types. For example, the intensity ratio
L450-470/1520-540 indicates the variation of NADH and FAD, which are highly related to the
metabolic status of biological tissue [52]. Moreover, the ratio of Laguerre coefficients in
different orders such as LECO/ LEC2 at 400 nm indicates the changes of the fast and slow
decay components in the IRF.

Table 6-2. Representative set of spectroscopic parameters that allows for tissue type discrimination.

Features Meningioma Meningioma AOD GBM
grade | grade II
I 390410/ L520-540) (a.11) 2.28 £0.035 0.97 £0.05 1.01 £0.21 1.14£0.77
I390410y/Laso-a70 (a.1) 0.44 £0.07 0.25+£0.01 0.23 £0.03 0.27 £0.02
Laso470y/L520-540) (a.11) 5.19+£0.07 3.93+0.13 4.17+0.41 4.24£0.19

Ta00 (11S) 3.38+0.11 3.55+0.09 3.19+0.16 3.23+0.08
Ts60 (D1S) 3.25+0.08 3.86 £0.15 3.19+0.12 3.04+£0.10
Tag0 (11S) 3.17+0.10 3.97+0.16 3.09+0.15 2.99+0.11
Ts30 (DS) 3.27+0.10 4.36+0.11 3.39+0.22 2.88 £0.16

LECO/LEC2 40 (a.u) 5.97 £0.60 5.26 £0.41 5.26 £0.59 6.41 £0.76
LECO/LEC2s30) (a.u) 542 +£0.61 3.45+0.23 7.29+1.8 6.12 £0.56

6.4.4. Classification results

The classification models are designed to separate the meningiomas and HGG as
well as their subgroups. Three classification sets were studied including: (1) the
meningiomas and HGG; (2) the grade I and grade II meningiomas; (3) the AOD and
GBM. The performance of the classification using different features was assessed by the
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classification error, which is the ratio of the misclassification sample numbers and the
total sample numbers. The features that can provide the minimum classification error
were chosen as the optimal feature set.

By using all of the spectral- and time-resolved features mentioned in Table 6-2 into
the SVM classification model, the HGG can be discriminated from the meningiomas with
a high sensitivity but a low specificity of 91% and 45%, respectively (Figure 6-8a). The
grade 1 meningiomas can be discriminated from the grade II meningiomas using the
intensity ratio features (I390410/Is20-540) and lifetime features (Ts4p0) with both sensitivity
and specificity of 100% (Figure 6-8b). In the classification set of HGG subgroup, the
AOD and GBM have very similar fluorescence spectra and lifetime values. The AOD can
be discriminated from GBM with a sensitivity of 82% but with a specificity of only 20%.
In addition, we observe that the spectra and lifetime features of the grade II meningiomas
are very similar to that of the normal dura tissue as presented in Ref [55]. Due to lack of
the histopathological results, the signals of grade II of meningiomas may be measured
from the normal tissue that is adjacent to the grade II meningiomas. Therefore, the
detailed histopathological results are necessary to confirm this hypothesis. Based on this
hypothesis, the classification of meningiomas and HGG was investigated again using
only the grade I meningioma. The classification results demonstrates that the grade I
meningioma can be differentiated from the HGG with a sensitivity of 100% and a
specificity of 95%. Table 6-3 summarizes the sensitivity and specificity of different
classification sets. We can see that the meningiomas (especially grade I) can be
discriminated with very high sensitivity and specificity.

4 4
* +
B gon O
o c
o o
2 ..l ? 56l . ©
= 3.5 5 % o @
[0} [0
£ £ 34
= . = + training
= M (trainin N | ® o
R M Eclassifiggd) S %2 M) (classified
2 o § © M2 (training)
EB HGG (tralnlpg) L 4l . M2 (classified)
) . :GG (clei/ssmed) @ O Support Vectors
0t ® upport Vectors 2.80 1 2 . .
0 1 featurez‘l(l400/l5§0) 4 5 feature1(|400/l§30)

Figure 6-8. SVM supervised classification results of HGG and meningioma using the intensity and lifetime
features. (a) SVM classification results for HGG (red cross) and Meningioma (green circle). (b) SVM

classification results of grade I and grade II meningiomas.
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Table 6-3. SVM classification results for different groups

Tissue types Features Sensitivity Specificity
Meningioma and HGG ALL features 91% 45%
Meningioma grade I and grade II Spectra/lifetime 100% 100%
AOD and GBM Spectra/lifetime 82% 20%
Meningioma grade I and HGG Spectra/lifetime 100% 95%

6.5. Discussion

The autofluorescence and diffuse reflectance characteristics of different brain tumour
types were investigated in this pilot study. The fluorescence characteristics, including the
normalized intensity, the average lifetime, and the normalized Laguerre coefficients, were
presented. The main endogenous fluorophores contributed to the fluorescence emission of
meningiomas include collagen, NADH, FAD, and lipid, while the main endogenous
fluorophores in the HGG include NADH and FAD. This leads to different spectra and
lifetime values between the HGG and meningiomas. The fluorescence of extracellular
proteins, in particular collagens, is most likely to dominate the fluorescence emission at
390 nm with lifetime of 3-3.5 ns in meningiomas. This is in good agreement with the
lifetime of collagen measured in other studies [55]. Short lifetime values at the emission
peak in 460 nm were found in both the HGG and meningiomas, which are contributed by
NADH [41].

The grade I meningioma has significant differences from grade II meningioma in the
fluorescence features. The spectral intensities of grade I meningioma in the short
wavelength range of 390-400 nm are much higher than that of grade II meningioma. In
terms of time-resolved features, the lifetime value of grade II meningioma increases at
longer wavelengths and reaches 4.36 nm at 540 nm, whereas the lifetime value of grade I
meningioma decreases from 3.5 ns to 3 ns over the observed spectral region. By using
these features, the grade I meningioma can be separated from grade II meningiomas with
both the sensitivity and specificity of 100%. In addition, two kinds of HGG including
glioblastoma multiforme and anaplastic oligodendroglioma were investigated.
Glioblastomas originate from astrocytes and lead to 80% of the malignant brain tumour.
Oligodendroglioma is another type of glioma originating from the oligodendrocytes. Both
tumour types have very similar spectral and time-resolved fluorescence characteristics as
Figure 6-5 shows. The sensitivity and specificity of glioblastomas differentiated from
anaplastic oligodendroglioma are only 82% and 20% respectively when using SVM
classification method.

Since only a few specimens were investigated in this study, it is not sufficient to
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provide robust classification results. Therefore, these classification results need to be
carefully interpreted. A large population of clinical studies are needed to verify these
fluorescence characteristics in future studies. Even though this ex vivo study demonstrates
the potential of TRF and DR spectroscopy to distinguish the tumour types, it should be
noted that the results might not exactly correlate with the active brain tumour status. The
biological properties such as the blood volume, enzyme activities related to metabolic
status may be different for ex vivo and in vivo samples, thus causing the difference of
fluorescence signals for ex vivo and in vivo conditions as demonstrated by Chung et al.
[112] and Butte et al.[6,56]. Therefore, our future works will focus on in vivo clinical
studies using the integrated TRF-DR spectroscopy system to investigate the properties of
tumour and normal tissue.
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Chapter 7
Hyperspectral fluorescence lifetime imaging
for optical biopsy

In this chapter, a scanning-based spectrally and temporally resolved hyperspectral
fluorescence lifetime imaging setup is developed for optical biopsy studies. The intensity
and lifetime images in the spectral range of 370-550 nm can be obtained to provide
hyperspectral intensity and lifetime features of biological tissue. An introduction of
optical biopsy applications of fluorescence lifetime imaging is presented in Section 7.1. It
is followed by the system configuration and tissue phantom preparation in Section 7.2.
The performance of the system was characterized and validated using standard
fluorescence phantoms and biological tissue and is presented in Section 7.3. The results
illustrated that this system is capable of resolving the fluorescence signals spectrally and
temporally from different fluorescence dyes and autofluorescence from biological tissue.

7.1. Introduction

Chapter 3 presented a single-point spectroscopy system for optical biopsy to reveal
the changes of biochemical composition and structures of biological tissue. However, the
single-point spectroscopy only measured the fluorescence signal from a small tissue
volume at a time, which limits its sampling numbers and its ability to identify the location
of the tumour directly. Two-dimension (2-D) imaging is preferred in tumour diagnosis
because it can provide the biochemical and structural features of biological tissue in a
large region of interest, which allow it to show the tumour margin directly [114].

Fluorescence lifetime imaging microscopy (FLIM) has been used in many clinical
studies such as glioblastoma margin detection [45] and oral carcinoma diagnosis [44]. It
measures the variation of lifetime values over the region of interest, which provides a
direct contrast image. Both wide-field-based FLIM [115] and scanning-based FLIM [47]
have been investigated as intraoperative clinical tools. The wide-field FLIM image
modality uses a fibre bundle with tens of thousands of optical fibres and an image
detector. There are several disadvantages when applying this technique in clinical studies.
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First, it is easy to lose the registration of position during the measurement due to the
movement of the fibre probe. Second, the gated image detector has lower sensitivity and
longer data collection time compared with the PMT-based detector system. Finally, the
sample may have non-uniform illumination due to the curvature of tissue surface.
Scanning-based FLIM is much more straightforward because the fluorescence decay can
be collected at each pixel in sequence by scanning the illumination beam over the region
of interest. In addition, a single-point detector such as PMT or avalanche diode is enough
to collect the decay signal; this also reduces the instrument cost.

Hyperspectral FLIM that collects lifetime images over a broad spectral range has the
advantage of observing the changes of fluorescence lifetime both in spatial and spectral
domain. However, this configuration is limited by current time-resolved fluorescence
instruments and is very time-consuming to fully resolve the weak fluorescence emission
spectrally, temporally and spatially. For example, by using conventional scanning grating
based monochromator, the spectra and lifetime can be collected over a broad spectral
region. However, the acquisition time is relatively long (~45 seconds) [16]. Multiple
band-pass filters were used in recent TRF instruments. The fluorescence signals could be
collected at several wavelengths simultaneously to reduce the data acquisition time [45,
47, 116, 117]. However, only limited spectral bands were collected (e.g. 390 nm/40 nm,
450 nm/45 nm, and 520 nm/50 nm [117]), which may not be sufficient to resolve the
overlapping autofluorescence spectra. To overcome this challenge, Beule er al. [118]
designed a hyperspectral fluorescence lifetime system to collect spectra and temporal
decay profiles by using a spectrometer and a PMT with 16 channels. This configuration is
still time-consuming for clinical studies. Moreover, the spectral channels are determined
by the numbers of PMT channels. It is not feasible to switch the wavelengths during
clinical studies. On the other hand, Yuan et al. [43] proposed a design to collect spectrum
and lifetime using an acousto-optical tunable filter (AOTF). The diffracted wavelength
can be switched within several microseconds by applying different acoustic frequency on
the AOTF crystal. By taking this advantage of AOTE, it is possible to realize a
hyperspectral imaging configuration.

This chapter reports a scanning-based spectrally and temporally resolved
fluorescence lifetime imaging system modified from the single-point TRF subsystem.
This setup allows us to reconstruct the intensity and lifetime images over a broad spectral
range. An AOTF was used to switch the diffracted wavelength rapidly in order to obtain
the fluorescence signals at different wavelengths. The lifetime acquisition was achieved
by using a high-speed photon detector and a fast digitizer in real-time. The 2-D images
were acquired by scanning a fibre probe using a translation stage, which can be modified
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with other beam scanning techniques in the future. The performance was characterized
and validated using standard fluorescence dyes and biological tissue samples. The results
illustrated that the system has the ability to resolve the different fluorophores and
autofluorescence spectrally and temporally.

7.2. Methods and materials

7.2.1. System configuration

A schematic view of the hyperspectral FLIM system is shown in Figure 7-1. This
system was modified from the AOTF-based time-resolved fluorescence (TRF)
spectroscopy subsystem described in Chapter 3. The system is capable of obtaining the
fluorescence decay signals in the spectral range of 370-550 nm. A fibre optic probe with
400 um core and 0.12 NA was used to collect fluorescence signals. In order to generate
2-D images, a motorized scanning stage (MS2000, ASI, Eugene, OR) was used to hold
the fibre optic probe to realize the scanning configuration. A pulse generator was used to
control the data collection. In this way, time-resolved fluorescence signals from each
pixel can be collected in sequence and the images of the scanning area can be constructed
after the data collection.

Computer and
pulse generator
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Fiber probe I AOTF-based |

i diffraction I
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Figure 7-1. Schematic view of the hyperspectral FLIM configuration. AOTF: acousto-optic tunable filter,
MCP-PMT: multichannel plate-photomultiplier tube, and M1: dichroic mirror.

7.2.2. Data acquisition
Control software of scanning module programmed in C++ was used to perform a 2-D
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raster scanning to acquire the time-resolved signals at each pixel. Signals at
18 wavelengths from 380 nm to 550 nm with 10 nm intervals were collected in each pixel.
Ten pulses were averaged to obtain a signal with high signal-to-noise. Therefore, there
are a total of 180 pulses acquired at each pixel within 300 ms. In this setup, the
fluorescence wavelengths can be selected in the software according to the requirement of
clinical studies. The flow chart of the data acquisition is shown in Figure 7-2. The system
components, including the AOTE, digitizer, the scanning stage, and the pulse generator,
were first initialized to load the data acquisition setting. The scanning parameters,
including the numbers of scanning pixels, scanning steps, and scanning wavelengths, can
also be set in the software interface. Time-resolved fluorescence signals of each pixel
were acquired and saved into a computer in sequence. Additional data analysis was
carried out in a graphical-user-interface software programmed in MATLAB: 1) to retrieve
the lifetime using the Laguerre-based deconvolution [92], 2) to calculate fluorescence
steady-state spectra, and 3) to reconstruct hyperspectral lifetime images.

System initialization
(AQTF, digitizer, scanning
stage, and pulse
generator)

Scanning parameters
setting
(scanning pixels, scanning
step, wavelength)

Start data acquisition

|

Single point data

acquisition
Single point data save into Move to next
.dat file position

Scanning
finished ?

Exit

Figure 7-2. The flow chart of hyperspectral FLIM data acquisition.
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7.2.3. Phantom preparation

The performance of the system was calibrated and validated using three standard
fluorescence dyes: 0.1 mM fluorescein in ethanol (emission peak: 515 nm and lifetime:
4.1 ns [16]), 1 mM 9-cyanoanthracene in ethanol (emission peak: 445 nm and lifetime:
11.8 ns [16]), and 0.1 mM coumarin-6 in ethanol (emission peak: 510 nm and lifetime:
2.5 ns [95]).

Solid phantoms were used to validate the capability of the system to obtain
hyperspectral images. Phantom matrices were fabricated to simulate the optical properties
of biological tissue: 1 gram agar powder (A1296, Sigma-Aldrich, St. Louis, MO) was
slowly mixed into 50 mL boiled deionized water and cooled to the room temperature.
Intralipid (20% v/v Baxter Corp, Toronto, Ontario) with a volume of 2.5 mL was added
into the agar solution during the cooling process to achieve a reduced scattering
coefficient of 1.6 mm™ at 460 nm. This was calculated based on Intralipid calibration data
measured by a photospectrmeter. Fluorescence phantoms were achieved by adding
fluorescent dye solutions into the phantom matrix solution during the cooling process.
Small capillary tubes with outer diameter of 1 mm, inside diameter of 0.5 mm were used
to hold the solid fluorescence phantom, and then inserted into the phantom matrix to
obtain different phantom patterns.

To validate the performance of hyperspectral FLIM, several phantoms were
fabricated as shown in Figure 7-3. Phantom #1 was a pair of capillary tubes with
fluorescein that were embedded at the surface of the phantom matrix. This was used to
characterize the effect of the scanning step on the imaging quality. Phantom #2 included
three capillary tubes with different fluorescence dyes (fluorescein, 9-cyanoanthracene,
and coumarin-6) which were embedded parallel at the surface of the phantom matrix gel
for observing the performance of one-dimensional raster scanning. Phantom #3 included
three capillaries of fluorescence dyes (fluorescein, 9-cyanoanthracene, and coumarin-6)
inserted in the phantom matrix in the perpendicular direction. This phantom was used to
validate the capability of the system to resolve different fluorescence dyes by lifetime and
intensity characteristics.

It should be noted that the agars gel did not emit fluorescence with the excitation at
355 nm, whereas Intralipid has the strong fluorescent emission that cannot be ignored.
Therefore, the background signal was measured from a phantom matrix without
fluorescence dye but with same optical properties and then subtracted from the measured
fluorescence signals.

Besides fluorescence phantoms, fresh porcine skin specimens purchased from a local
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butcher shop were tested in this study. Two solid fluorescent phantoms
(9-cyanoanthracene and fluorescein) were embedded into the porcine skin to determine
the sensitivity of our system in differentiating the distinct features (chemical composition
and structures) of the fluorophores from the autofluorescence background. Saline was
used to keep the tissue wet during the experiment.

Fiber Fiber Fiber
probe probe probe
Phantom matrix Phantom matrix Phantom matrix
(a) (b) (c)

Figure 7-3. Diagrams of different solid phantom patterns. (a) Phantom #1, (b) Pantom#2, and (c) Phantom
#3.

7.3.  System validation on tissue phantoms and biological tissue

7.3.1. Scanning system calibration

2-D hyperspectral FLIM was obtained by scanning the fibre probe using the 2-axial
translation stage. The spatial resolution of the image depends on many factors including
optic-fibre core diameter and numerical aperture, scanning step, illumination beam size,
and probe-to-target distance. In this section, we investigated the effects of the
aforementioned parameters on the spatial resolution.

To characterize the effect of scanning step on spatial resolution, the fluorescence
emission of phantom #1 was measured with different scanning steps (0.1 mm, 0.2 mm,
and 0.3 mm). Fluorescence decay at the emission peak of 515 nm was acquired over a
scanning area of 5 x 2 mm”. Figure 7-4a and 7-4b show the intensity and lifetime images,
respectively. The average lifetime values did not change with the scanning steps, whereas
the imaging quality degraded as the scanning step increased from 0.1 mm to 0.3 mm;
especially in the lifetime images of 0.2 mm and 0.3 mm scanning steps, where the
fluorescence tube cannot be visualized. Figures 7-4c and 7-4b show the intensity and
lifetime variation over the cross section. The FWHM of the intensity profiles did not
changes with the scanning steps.
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Figure 7-4. Effects of the scanning steps on the spatial resolution (image quality). The intensity (a) and
lifetime (b) images are obtained at three different scanning steps (top to bottom: 0.1 mm, 0.2 mm, and
0.3 mm). (c) and (d) the cross intensity and lifetime variance along the x-scanning direction respectively. :

The FLIM images were collected from the fluorescence phantom #1 at 515 nm.

During clinical studies, the probe-to-target distance (PTD) may change over the
scanning area due to the curvature of biological samples. Therefore, both the laser
illumination area and power change at each location of the tissue surface and affect the
spatial resolution of the images. The effect of the PTD on spatial resolution was
investigated by holding the fibre probe at different positions (0.5 mm, 2 mm, and 5 mm)
above the surface of the tissue phantom. The illumination area and power of laser beam
on the sample were calculated at different PTDs as shown in Table 7-1. The laser power
density deceased dramatically when increasing the PTD. Two-D FLIM images of
intensity and lifetime from different PTDs are shown in Figure 7-5a and Figure 7-5b,
respectively. Figure 7-5¢ and 7-5d provide the variations of the intensity and lifetime
across the x-scanning direction, respectively. Fluorescence intensity decreased
significantly with the increase of PTD and caused a low signal-to-noise ratio of the image.
The margin of capillary tubes cannot be identified in the lifetime image with PTD of
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Figure 7-5. Scanning performance with different probe-target distances (PTD). (a)The intensity and (b)
lifetime images at different PTDs. The cross intensity and lifetime changes along the x-scanning direction

are shown in (c) and (d) respectively.

Table 7-1. Laser illumination area and power of each PTD

PTD (mm) lumination area (mm®)  Power (pJ/mmz)
0 0.126 19.9
0.5 0.212 11.8
2 0.608 4.11
5 2.009 1.24

In order to verify the stability of scanning module, the forward and reverse scanning
over the phantom #1 were collected. Figure 7-6 shows the intensity and lifetime over the
scanning direction. The results illustrated that the intensity and lifetime were stable for
both forward and reverse scanning.
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Figure 7-6. Scanning performance of stability for forward and reversed scanning. (a) Intensity, (b) lifetime.
7.3.2. 1-D scanning for different fluorescence dyes

The one-dimensional raster scanning was performed on the phantom #2. The fibre
probe was placed at 1 mm above the surface of the phantom. Time-resolved spectroscopy
was obtained at a raster scanning distance of 6.5 mm with a scanning step of 0.3 mm as
shown in Figure 7-7. Figure 7-7a demonstrates the changes in the steady-state spectra
over the scanning distance. The fluorescein, courmain-6, and 9-cyanoanthracene can be
identified straightforward according to their spectral features. Figure 7-7b presents the
intensity changes over the scanning distance at different wavelengths of 515 nm, 490 nm,
and 435 nm that perform the emission peaks of fluorescein, coumarin-6, and
9-cyanoanthracene respectively. Meanwhile, the average lifetime values varied from 4 ns
to 2.5 ns and finally became 11.8 ns across over the scanning distance, which indicates
the position of fluorescein, courmain-6, and 9-cyanoanthracene, respectively.
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Figure 7-7. One-dimensional raster scanning preformed on the fluorescence phantom #2. (a) The
time-resolved fluorescence spectra over the raster scanning length. (b) The intensity mapping at the
emission peak wavelengths of three fluorescence dyes (515 nm, 490 nm, and 435 nm) as well as averaged

lifetime over the scanning distance
7.3.3. Fluorophores in the tissue phantom

The performance of hyperspectral FLIM system was validated on the tissue phantom
to characterize its capability of resolving multiple fluorophores spectrally, temporally,
and spatially. Figure 7-8c shows the arrangement of three embedded fluorophores within
Phantom #3. The fluorescence decays were collected in the range of 380-550 nm with
10 nm intervals for each pixel. The total scanning area was 3.5 x 1.5 mm” with 0.05 mm
scanning step. After data acquisition, the hyperspectral intensity and lifetime images were
constructed off-line. Figure 7-8a and 7-8b show the fluorescence intensity and averaged
lifetime images obtained from five wavelengths: 410 nm, 450 nm, 510 nm, 520 nm, and
550 nm. As expected, 9-cyanoanthracene is clearly visible in the centre of the intensity
and lifetime images at 410 nm and 450 nm with an average lifetime of 11.2 ns. Its
intensity decreased at longer wavelength whereas the lifetime remained constant.
Fluorescein and courmarin-6 shared the same intensity variation trend but have different
lifetime values (2.6 ns for coumarin-6, 3.9 ns for fluorescein) in the range of 450 nm to
550 nm. The averaged spectra and lifetime of these three fluorophores in the phantom are
shown in Figure 7-8d and 7-8e respectively, which provides the detailed intensity and
lifetime variation information over the observed spectral range. We can see that
9-cyanoanthracene has a broad emission spectrum in the wavelength range of
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400-550 nm, while fluorescein and coumarin-6 emit between 450-550 nm. Although the
coumarin-6 and fluorescein have similar emission spectra, they still can be distinguished
using lifetime features. The average lifetime values at the emission peaks of coumarin-6,
9-cyanoanthracene, and fluorescein have been shown in Table 7-2, which are in very
good agreement with Refs [16,95]. These results demonstrate that a combination of both
spectral and time-resolved fluorescence features can be used to resolve the fluorescence
emission of multiple fluorophores. Moreover, images also provide us with the
morphological feature of each fluorophore, thus helping to identify the location of the

fluorophores.
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Figure 7-8. Spectral and temporal resolving of the fluorescence emission for three fluorophores embedded
in the phantom matrix. The intensity (a) and lifetime (b) images are obtained at different wavelengths
(410 nm, 450 nm, 510 nm, 520 nm, and 550 nm) over a 3.5 x1.5 mm”area. (c) A schematic view of the
phantom #2 (#1: Coumarin-6, #2: 9-cyanoanthracene, and #3: fluorescein). Normalized intensity (d) and

lifetime (e) spectroscopy can provide the detailed information of three different fluorophores.
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Table 7-2. Lifetime for three fluorescence phantoms

Fluorophores Emission peak (nm) Lifetime (ns) Reference
Coumarin-6 510 2.6+0.1 2.5
9-cyanoanthracene 450 11.2+04 11.8~12.8
Fluorescein 515 3.9+£0.2 4.1

7.3.4. Biological tissue study

The system was also validated using fresh porcine skin specimens to demonstrate the
capability of acquiring the autofluorescence from biological tissue. The scanning area is
4.5 x 3 mm’” (30 x 20 pixels) with 0.15 mm scanning step. Figure 7-9a and 7-9b show the
intensity and lifetime images at 405 nm, 450 nm, and 515 nm. The embedded
fluorescence dyes were clearly resolved against the autofluorescence background from
the skin tissue. The 9-cyanoanthracene is resolved at both 405 nm and 450 nm
wavelengths, whereas the fluorescein is observed at 515 nm. The autofluorescence of the
porcine skin has strong intensity emission and lifetime around 4.5 ns at the images of
405 nm and 450 nm, which are primarily contributed by collagen (emission peak around
390 nm to 405 nm) and elastin (emission peaks around 440 nm to 460 nm) in skin tissue.
The decrease of 9-cyanoanthracene lifetime at 515 nm is attributed to diffusion of the
fluorescein dyes in same area. Figure 7-9d and 7-9e present the intensity and lifetime
spectroscopy of the selected spots from the porcine skin specimen and the embedded
fluorescence dyes as the black arrows point out in Figure 7-9b. We can see that the
autofluorescence of the porcine skin tissue has a broad emission spectrum with a peak at
440 nm, and then decreases quickly after 500 nm, whereas the fluorescein has a relatively
narrow emission spectrum with a peak at 515 nm. In the time-resolved spectrum, the
autofluorescence lifetime value of the porcine skin tissue decreased at longer wavelengths,
whereas the fluorescein lifetime remained constant at around 4 ns over the spectral region.
Therefore, the fluorescein target was easily resolved from the skin tissue based on the
chemical and morphological features. This experiment demonstrated that the system is
capable of measuring the autofluorescence of biological tissue and distinguishing the
fluorescence targets from the autofluorescence background.
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Figure 7-9. The evaluation results of the hyperspectral FLIM on the porcine skin specimen with the
fluorescence targets to observe its ability to spectrally and temporally resolve autofluorescence and
distinguish the fluorescence targets against autofluorescence background. Fluorescence intensity (a) and
lifetime (b) images are shown at different wavelengths (405 nm, 450 nm, and 515 nm). (¢) A photograph of
the porcine skin specimen with two fluorescence targets [fluorescein (F), 9-cyanoanthracene (9-CA)]. The
scanning area is marked by the red square. Normalized intensity (d) and lifetime (e) spectroscopy at the

selected spots from the skin tissue and fluorescein (black arrows in (b)).

7.4. Discussion

An AOTF-based hyperspectral FLIM system was presented in this Chapter. It is able
to spectrally, temporally, and spatially resolve the fluorescence signals from biological
tissue in the wavelength range of 370-550 nm. Fluorescence intensity and lifetime images
at different wavelengths can be constructed from the fluorescence decay signals after the
data acquisition. The data acquisition time is ~ 300 ms for each pixel, which is
compatible with clinical studies. Currently, the acquisition time of 2-D hyperspectral
FLIM is limited by the laser repetition rate of 1 kHz. Some high repetition rate UV lasers
are now available and may further reduce the data acquisition time [47]. In this study, a
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2-axial motorized stage was used to move the fibre in order to demonstrate the feasibility
of generating a 2D FLIM image, e.g. demonstrating spatial resolving capability. Although
this setup is useful for ex vivo investigation of specimens removed from patient, it is
certainly not intended to be used for in vivo studies. There are many high-speed
beam-scanning techniques exist (e.g. galvanometer mirrors, rotating fibres) which will be
used in our system in future.

The spatial resolution of the FLIM images depends on many factors such as the
scanning step, the fibre probe size, and the probe-to-target distance. The relationship
between the scanning step and the spatial resolution is illustrated in Figure 7-4. The
scanning step can be changed during the experiment to obtain an expected spatial
resolution. In many cases, the spatial resolution of surgical margin detection is around
1-2 mm [120]. Therefore, this system is feasible to detect the tumour margin with
sufficient spatial resolution. The resolution of our system is limited by the 400 um core
fibre size. In further beam steering setup, where a focusing Gradient refraction index
(GRIN) lens may be used, the focal spot size is expect to be much smaller [119].

In conclusion, a hyperspectral fluorescence lifetime imaging setup that provides the
multi-dimensional information of endogenous and exogenous fluorophores in space,
spectrum, and time was demonstrated. The performance of system has been characterized
and evaluated using fluorescence tissue phantoms and biological tissue. The results
suggest that this technique has a potential to be used as an optical biopsy tool for tissue
diagnosis.
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Chapter 8 Conclusion and future work

The combination of the fluorescence and diffuse reflectance spectroscopy towards
intraoperative detection of brain tumour margin is presented in this dissertation. This
chapter provides a summary of the work presented and suggests further research inspired
from current state of art optical techniques and an outlook on the future of the optical
biopsy technique for clinical application.

8.1. Conclusion

Optical biopsy provides a promising minimally invasive tool to determinate
biochemical composition and morphological structures of biological tissue in real-time.
Fluorescence spectroscopy and diffuse reflectance (DR) spectroscopy are two common
optical biopsy modalities. The goal of this dissertation is to combine the time-resolved
fluorescence (TRF) and DR spectroscopy for the intraoperative detection of brain tumour
margin. Several milestones have been achieved towards this goal.

e A clinically compatible TRF-DR spectroscopy system was developed as an
intraoperative tool for clinical studies. It was calibrated, and evaluated using the
tissue phantom to demonstrate its capability of detecting the fluorescence and optical
properties accurately (Chapter 3 and Chapter 4).

e A robust Laguerre-based deconvolution method was optimized to retrieve impulse
response functions accurately and quickly from measured signals with low SNR
(Chapter 5). In addition, a fast selection method of Laguerre parameters was
developed for real-time analysis during clinical studies.

¢ A pilot study on the ex vivo brain specimens has been carried out to investigate the
fluorescence and diffuse reflectance properties of different brain tumour types
(Chapter 6). Fluorescence features can be used to discriminate the different tumour

types.

e A hyperspectral fluorescence lifetime imaging system was proposed to collect
fluorescence lifetime images for optical biopsy (Chapter 7).

The integrated TRF-DR spectroscopy instrument was built and calibrated to retrieve
fluorescence and diffuse reflectance signals from biological samples. The fluorescence
spectra and lifetime, as well as the spatially resolved diffuse reflectance spectra can be
collected using a dual-modality fibre optic probe near real-time (2s). The fluorescence
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decays at different wavelengths are collected by the AOTF-based spectrometer, whereas
the steady-state fluorescence spectra can be collected by the grating-based spectrometer.
The spatially resolved diffuse reflectance spectra at three different source-detector
distances are collected by three independent spectrometers. The system was performed on
the fluorescence phantoms. The results indicate that our system has the ability to
accurately retrieve the fluorescence and diffuse reflectance properties of the samples.

Towards on-line diagnosis, the Laguerre deconvolution method was optimized to
overcome the over-fitting problem that was introduced by the low signal-to-noise ratio
and high-order Laguerre functions. The physical profiles of fluorescence decay were used
to constrain the least squares fitting. In addition, a look-up table of the optimized
Laguerre scale parameter o for different lifetime values was generated to realize fast
Laguerre parameter selection during the clinical study.

A pilot study on the ex vivo brain specimens was investigated using the time-resolved
fluorescence and diffuse reflectance spectroscopy. The fluorescence and diffuse
reflectance characteristics of different tumour types including meningiomas (grade I,
grade II) and high-grade gliomas (glioblastoma multiforme, astrocytoma
oligodendroglioma) have been demonstrated in this study. Meningiomas show higher
intensity and larger lifetime value at 400 nm due to its high collagen concentration. Some
spectral and time-resolved features (e.g. intensity ratios, lifetime values, and the LEC
ratios) were selected to classify the different tumour types that are categorized based on
the diagnostic results. The meningioma grade I can be differentiated from the
meningioma grade II with the sensitivity and specificity of both 100%. However, due to
lack of detailed histopathological results and limited specimens volumes, this
classification results need to be carefully interpreted.

In addition, to overcome the small detection tissue volume of single-point
measurements, a hyperspectral fluorescence lifetime imaging setup was developed to
provide the fluorescence lifetime and intensity images for tissue diagnosis. It can resolve
the fluorescence features of biological tissue spectrally, spatially, and temporally, which
may improve the accuracy of tumour margin detection.

8.2. Future works

8.2.1. Clinical studies

The changes in biochemical composition and morphological structures of tumours
can be used to indicate its tissue statues, thus finding the resection margin during
neurosurgery. The pilot study on the brain specimens using the time-resolved
fluorescence and diffuse reflectance spectroscopy has demonstrated their potential as
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intraoperative tissue diagnostic tools. However, the result of this investigation is limited
by the sample size, which may not reflect the real properties of different tumour types.
Therefore, a large number of clinical studies are needed to evaluate the sensitivity and
specificity of the discrimination models. In addition, gliomas especially high-grade
gliomas are the primary causes of patient death of brain tumours. Our future clinical
studies will focus on the discrimination between the high-grade gliomas and the
surrounding normal tissue to improve the resection accuracy.

8.2.2. Intrinsic fluorescence extraction from turbid tissue

The absorption and scattering properties of turbid tissue alter the laser and
autofluorescence signals in TRF measurements. From the experimental results in Section
4.3, fluorescence lifetime was not altered by the optical properties, whereas the
fluorescence intensity varied with the changes in optical properties. Therefore, the
distortions on fluorescence intensity are the main problem that needs to be solved to
obtain the intrinsic fluorescence signal. Diffuse reflectance spectroscopy provides a
method to retrieve the optical properties at the same tissue volume with fluorescence
measurements. Hence, once we obtain the optical properties in the UV-visible range from
DR measurements, it is possible to estimate the transmission path of the laser and
fluorescence signals in biological tissue, thus determining the exact location of the
excited fluorophores in the tissue and retrieving the intrinsic fluorescence spectrum.

Several intrinsic fluorescence recovery methods have been investigated using the
diffuse reflectance theory [78, 79] and the Monte Carlo simulation [81-83]. In our case,
since the diffuse reflectance spectroscopy and fluorescence spectroscopy are collected
from different channels, the diffuse reflectance spectroscopy cannot directly predict the
fluorescence transmission path using the diffuse theory. Therefore, both the laser and
fluorescence transmission in the tissue will be estimated using the Monte Carlo
simulation using calculated optical properties. A series fluorescence phantoms with
different optical properties will be prepared and measured to investigate the relationship
between the fluorescence distortions and optical properties of turbid tissue. A look-up
table will be created based on this simulation and experimental results. It can be used to
determine the intrinsic fluorescence signal during the clinical study in real-time [121].

8.2.3. Intraoperative hyperspectral FLIM for neurosurgery

The hyperspectral FLIM demonstrated in Chapter 7 can be used to resolve the
fluorescence signal in spectra, time, and space. However, the current configuration is not
suitable for the in vivo clinical study due to the large-size of scanning stage and slow
scanning speed. In the future, the laser with the high repetition rates can be used to
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improve the scanning speed. Other scanning techniques, such as galvanometer mirrors
and rotating fibres, also can be used to minimize the size of scanning module.

8.3. Closing remarks

The work presented in this dissertation has been dedicated to the improvement of the
performance of TRF and DR spectroscopy towards intraoperative tumour margin
detection. A clinically compatible integrated TRF-DR spectroscopy instrument was built,
calibrated, and evaluated for optical biopsy studies. A robust Laguerre-based
deconvolution method has been optimized to solve the over-fitting and oscillation
problems. In addition, a pilot study on the ex vivo brain specimens was carried out to
investigate the fluorescence and diffuse reflectance characteristics of different brain
tumour types. The results demonstrated the feasibility of TRF and DR spectroscopy in
resolving the different tissue types. A hyperspectral fluorescence lifetime imaging setup
was also developed to resolve the fluorescence signal from biological tissue. The findings
of this thesis will act as a springboard to inform future research of intraoperative
detection of brain tumor margin using optical biopsy methods.
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Appendix I: AOTF background noise

A weak background was found at the position of the diffracted beams after the light
transmitted through the AOTF crystal as shown in Figure Al-1a. This was caused by the
light scattered from the crystal surface and the bulk. The background introduced a
background decay signal in the fluorescence decay as shown in Figure Al-2. For the
steady-state signal measurement, this background signal could be easily eliminated
during the measurement by subtracting it from the measured signal. However, for the
time-resolved fluorescence measurement, it is very hard to compensate by subtracting the
background signal which will introduce errors in the deconvolution. To eliminate the
background, an Iris with the aperture of 6 mm diameter was aligned in the optical path
right after the plano-convex lens to block the dispersed fluorescence light away from the
collimated beam. Therefore, the background light was eliminated as Figure Al-1 shows.

Background noise

G ‘/’ \
o/ /
T T
+1st Central -]st +1st Central -1st
beam beam
(a) (b)

Figure AI-1. Background noise caused by dispersed fluorescence light. (a) and (b) are the diffraction beam

with /without the 6 mm aperture.

700

N —— Signal
600 “ | — Background| |

Amplitude(mV)
Dow B W
S © 2o 9
S & S S

j=3
=3

(=3

'
j=3
(=}

10 20 30 40 50 60
Wavelength(nm)

(=}

Figure AI-2. The background noise decay was introduced by the scattered light from the AOTF crystal at

the diffracted beam position.
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Appendix II: AOTF calibration results

RF frequency  Wavelength Left Right Amplitude Difference- Difference
(MHz) (nm) (nm) (nm) (%) O-ray (nm) e-ray (nm)
182.5 370 370.2 369.9 20% 0.2 -0.1
177.69 375 374.6 375.5 17% -0.4 0.5
173.45 380 379.9 380.2 14% -0.1 0.2
168.52 385 384.9 385.5 14% -0.1 0.5
164.58 390 389.6 390.2 11% -0.4 0.2
161.03 395 394.7 395.2 9% -0.3 0.2
157.15 400 400 400.6 9% 0 0.6
153.57 405 404.7 405.3 10% -0.3 0.3
150.5 410 409.7 410.3 11% -0.3 0.3
147.35 415 415 415.3 11% 0 0.3
144.35 420 420 420.3 14% 0 0.3
141.6 425 424.7 425.3 14% -0.3 0.3
138.8 430 429.7 430.3 14% -0.3 0.3
136.13 435 435 435.3 14% 0 0.3
133.9 440 439.8 440.1 14% -0.2 0.1
131.58 445 444.8 445.1 14% -0.2 0.1
129.38 450 449.5 450.1 14% -0.5 0.1
127.25 455 454.9 455.2 16% -0.1 0.2
124.95 460 459.9 460.2 18% -0.1 0.2
122.97 465 464.9 465.2 18% -0.1 0.2
121 470 470 470.3 20% 0 0.3
119.27 475 474.7 475 25% -0.3 0
117.32 480 480 480.3 40% 0 0.3
115.73 485 484.8 484.8 40% -0.2 -0.2
113.98 490 489.8 490.1 40% -0.2 0.1
112.34 495 494.8 495.1 50% -0.2 0.1
110.77 500 499.9 500.3 50% -0.1 0.3
109.22 505 504.9 505.2 50% -0.1 0.2
107.73 510 509.9 510.2 50% -0.1 0.2
106.85 515 515 515.3 50% 0 0.3
104.85 520 520 520 50% 0 0
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103.5 525 525 525 50% 0 0

102.2 530 529.8 530.1 50% -0.2 0.1
100.85 535 534.8 535.1 50% -0.2 0.1
99.7 540 539.8 540.1 50% -0.2 0.1
98.4 545 544.9 545.2 50% -0.1 0.2
97.22 550 549.9 550.5 50% -0.1 0.5
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Appendix II1: Data analysis software in Chapter 5

The Laguerre-based deconvolution method was used in this study. The program was
developed in the MATLAB (2013a, MathWork). The flowcharts of the data preprocessing
and the Laguerre-based deconvolution method are shown in Figure AIIl.1 and Figure
AIIL.2 respectively.

Load
raw spectral data
. dat’ file
laser decay data
‘Laser 512.mat’

read the data acquisition
parameters

!

reshape the raw data to two
dimensions

J

data preprocessing: eliminate
the noise, truncate the data
length

preprocess data saved in
‘.mat’ file

Figure AIII-1. Data preprocessing flow chart.
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reload ‘.mat’ file for
Laguerre fitting

No

optimize a

Ye

calculated the FWHM of

all decay signals input the a

look-up table
ofa

choose the suitable a

V

laguerre-based
deconvolution processing

\!

convolve the laser beam
with Laguerre function to
obtain the V(n)

v

recall the LSQLIN
function to solve the
constrain problem

lifetime calculation and
fitting performance
validation

Fitting results saved in
* 'd’_lagf.mat’

Figure AIII-2. The flow chart of the CLF -based deconvolution method
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TRFS Curve Fitting

Preprocess.

Data folder =

Laser file

Point before peak 20
Point after peak 80
Mean vector index )
Data Length 128
Timing Interval 0.278 ns
Spec Interval 5 nm
preprocessing

[~ multi-expoential fitting
MaxFunsEvals 5000
Maxlter 5000 Mulitexponential_fitting
1~ Laguerre curve fitting
Alpha 0.78 OLF
Laguerre Order 4
CLF
" optimal_alpha ?
~Plot
| ChoosePlotFie |
| Pta J

Figure AIII-3 Software user interface including the data preprocessing and deconvolution parts. Both

multi-exponential-, CLF-, and OLF-based deconvolution methods can be used in this software.
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