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ABSTRACT OF THE THESIS 

 

Characterization and Optimization of a Normalized Fluorescence Lifetime Imaging System of 

Biological Samples 

 

By 

 

Adria Jardeni Sherman 

 

Master of Science in Bioengineering 

University of California, Los Angeles, 2013 

Professor Warren Grundfest, Chair 
 
 

Fluorescence lifetime imaging microscopy (FLIM) is a technique that has shown the ability to 

differentiate malignant from benign tissue in vivo and ex vivo. However, the complexity, long 

duration and effort required to generate this information has limited the adoption of these 

techniques in a clinical setting. Our group has developed a time-resolved imaging system that 

does not require the extraction of lifetimes or use of complex curve fitting algorithms to display 

the needed information. The technique converts fluorescence lifetime decay information directly 

into visual contrast by a normalization method. Numerous human tissues has been imaged, 

including head and neck squamous cell carcinoma and brain cancer biopsy specimens. This 

method is capable of providing both anatomical and chemical information for the pathologist 

and the surgeon. These results suggest that this technology has a possible role in identifying 

tumors in tissue specimens and detecting tumor margins during procedures. 
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Chapter 1 

Introduction 

 Fluorescence lifetime imaging microscopy (FLIM) is a technique that has been proven to 

produce quantitative and qualitative differentiation and identification of substances with good 

specificity and sensitivity based on lifetime extracted information. This technique has shown the 

ability to also differentiate between a wide range of tissue types to identify malignant from 

benign tissue in vivo and ex vivo. However, the complexity, long acquisition times and data 

processing times required to generate this information has limited the adoption of these 

techniques in a clinical setting. The Biophotonics group at UCLA has developed a time-resolved 

imaging system that does not require the extraction of lifetimes or use of complex curve fitting 

algorithms to display the needed information. The technique converts fluorescence lifetime 

decay information directly into visual contrast. Preliminary studies performed, prior to this 

work, using Fluorescein and Rhodamine-B demonstrated the feasibility of this approach. 

Subsequent studies demonstrated the ability to separate collagen and elastin powders. The 

technique uses nanosecond pulsed UV LEDs at 375 nm for average illumination intensities of 

~4.5 µW on the tissue surface with detection by a gated CCD camera. To date, we have imaged 

30 surgical head and neck squamous cell carcinoma and brain cancer biopsy specimens 

including both normal and malignant regions. Images at multiple wavelengths clearly 

demonstrate differentiation between benign and malignant tissue, which was later confirmed by 

histology. Contrast was obtained between fluorophores with 35 µm spatial resolution and an 

SNR of ~30 dB allowing us to clearly define tumor margins in these highly invasive cancers. This 

method is capable of providing both anatomical and chemical information for both the 

pathologist and the surgeon. Our results insinuate that this technology has a potential role in 

identifying tumors in tissue specimens and detecting tumor margins during procedures. 
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1. Overview 

 
The motivation behind this lifetime fluorescence imaging research comes from the 

clinical need to accurately and rapidly diagnose and assess tumor margins for cancers where 

surgical resection is one of the leading treatment options. Such cancers include pancreatic 

cancers, colorectal cancers, brain tumors, and head and neck cancers. In many cases, patients 

have improved prognoses and survival rates after complete resection of the malignant lesion. 

For the purposes of this research study, we have focused specifically on gliomas and head and 

neck cancers due to resource availability and cancer prevalence, but have also had the 

opportunity to image a plethora of various types of tissues to build a database of information for 

this new technology.  

Gliomas are more than 70% of all brain tumors and occur in roughly every five to ten 

people out of 100,000 [1, 2]. One of the main types of gliomas are astrocytomas. Of 

astrocytomas the most common and aggressive is glioblastoma multiforme (GBM). On average, 

the survival of patients diagnosed with malignant gliomas is less than 1 year and less than 3% of 

patients are still alive after 5 years [1, 3]. Determinants of improved prognoses include 

pretreatment, such as age, the grade of the glioma, and treatment effectiveness. The most 

common treatment option for malignant gliomas is surgical resection followed by chemotherapy 

and radiation therapy.  Radiotherapy has been found to decrease the volume of the tumor and 

improve symptoms, but does not affect the overall survival of the patient [4]. While 

chemotherapy often improves symptoms and decreases the tumor volume, these effects are not 

permanent and in most cases, the tumor returns. One of the primary determinants of survival in 

patients diagnosed with malignant glioma is the degree of surgical resection that can be 

performed, which is largely limited by difficulties in visually detecting differences between 

normal and malignant brain tissue during surgery [3]. Patients may either experience an 
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inadequate resection of the malignant glioma or neurological morbidity due to excessive 

resectioning of normal brain tissue. 

Malignant astrocytomas occur de novo and can be discriminated from normal brain 

tissue based on characteristic molecular abnormalities [5]. Surgical resection has been found to 

extend survival and improve neurological function. The extent and preciseness of surgical 

resection is a principal determinant of patient outcome prognoses [3, 6]. Incomplete resection is 

associated with tumor recurrence and decreased survival longevity [7-9]. A recent study 

reported that patients with postoperative residual tumor had around 7 times higher risk of death 

when compared to patients without a residual tumor [10].  

Similar to gliomas, head and neck cancers (H&N cancer) must also be completely 

removed for improved prognoses. H&N cancer is the sixth most common type of cancer with 

around 643,000 new diagnoses per year [11]. Of all H&N cancers, 40% are known to be head 

and neck squamous cell carcinomas (HNSCC) and less than 50% of patients with oral cancer 

survive after 5 years. A variety of commercial oral diagnostic aids have been developed to 

identify and locate oral cancer since the traditional method of visual examination has proved 

ineffective due to the fact that early malignant lesions are clinically indistinguishable from 

benign lesions [12]. These diagnostic aids include oral brush biopsy, toluidine blue staining, 

chemiluminescence, tissue fluorescence imaging, and tissue fluorescence spectroscopy. 

However, brush biopsy, toluidine blue staining, and chemiluminescence have significantly low 

sensitivity and specificity and are not reliable diagnostic procedures. Tissue fluorescence 

imaging and tissue fluorescence spectroscopy have shown higher sensitivity and specificity in 

tumor detection but are limited by the type of lesion that can be identified and have not been 

utilized as diagnostic modalities in any published clinical trials [11]. 

A high degree of tumor resection is often limited by the surgeon’s ability to distinguish 

tumor tissue from the surrounding normal tissue. Therefore, there is a need for the development 
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of an accurate, rapid, and relatively non-invasive method to improve identification and 

delineation of tumors and tumor margins to aid in the precise excision with minimal destruction 

to the surrounding uninvolved tissue. Identification of physiological alterations in cancerous 

tissue and the accompanied fundamental changes in the molecular environment may allow for 

improved determination of cancers and delineation of tumor margins and can be utilized as a 

contrast mechanism to generate high-resolution images of tumor boundaries, allowing the 

development of an accurate and rapid method of tissue characterization using optical techniques 

to have the potential to significantly advance diagnosis and treatment options. 

2. Historical Summary and Current State of Technology 
 

The inception of fluorescence lifetime imaging and foundation of spectroscopy began with 

the study of luminescent properties of various organic compounds in the mid 19th century. In 

1821, Fraunhofer measured the emission of metals with a grating with incredible precision [2]. 

In 1852, after the discovery of photography, Stokes formed the basis of the Stokes’ shift law after 

experimenting with quinine and coined the term ‘fluorescence.’ Up until the mid-19th century, 

researchers mostly explored new materials that would emit fluorescence. In 1859, Edmond 

Becquerel was inspired by H. Fizeau’s work who measured the speed of light using a rotating cog 

wheel [2]. E. Becquerel used this same method to measure the duration of phosphorescence of 

uranyl salts. It was not until 1899 when Abraham and Lemoine measured the duration of 

depolarization of CS2. Their work advanced the detection limit almost 100,000 times and 

provided a new method of measuring ultrafast intervals of time. Following this achievement, 

both chemists and physicists were making great strides in discovering faster detection methods 

and synthesizing organic fluorescent dyes. By the beginning of the last century, interest in 

organic fluorescent dyes and their applications in chemical analysis, medicine and microscopy 

exploded [2].  
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As previously mentioned, a common approach in the detection of tissue constituents is to 

use autofluorescence intensity measurements to look for contrast between normal and 

cancerous tissue. Studies have shown that fluorescence emission of endogenous fluorophores in 

a tissue are related to the structural properties of the emitting molecules and are dependent on 

concentration, spatial distribution, and the surrounding environment and the intensity differs 

between cancerous and noncancerous tissue [6, 12-14]. Although this method is well-reported in 

the literature, autofluorescence intensity measurements are susceptible to many confounding 

factors that inhibits it’s use in a clinical setting such as variable yield, non-uniform excitation, 

and absorption by blood which quenches the fluorescence of the tissues of interest [15].  

An alternative technique is fluorescence lifetime imaging microscopy (FLIM) which 

extracts the exponential fluorescence decay rates of each fluorophore in the tissue.  There are 

two methods to measure fluorescence lifetimes: time-domain and frequency-domain. Although 

the data acquisition technique and the instrumentation for these two methods are different, 

both are mathematically equivalent and the data from one can be converted to the data from the 

other by the Fourier transform[2].  

In frequency-domain, the intensity of the incident light is sinusoidally modulated. Since the 

fluorescence decay is not instant, the fluorescence emission will display a phase shift and a 

decrease in modulation (change in amplitude) [2, 16, 17]. Molecules that have longer lifetimes 

exhibit larger phase shifts and smaller demodulation ratios. There are two requirements in 

order to apply frequency-domain FLIM: (1) the excitation light source has to be modulated, and 

(2) the phase and modulation must be extracted from the recorded signal. This can be simple to 

do in scanning microscopes, however in wide field imaging, Fourier analysis must be performed 

on each pixel in the image. This requires taking a sequence of images at varying phase 

differences [16].  
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In time-domain, the incident light is given in a short pulse and the emitted fluorescence is 

measured time resolved (Figure 1) [18]. Currently, there are a variety of detection methods 

available but the most popular is time-correlated single photon counting (TCSPC) which counts 

the arrival times of photons by photomultiplier tubes at very high time resolution. Another 

method of time-domain FLIM is to employ gated intensity measurements to create an 

exponential decay profile and then extract the lifetimes [2, 3, 13, 16, 17]. For the latter, if the 

decay is multi-exponential, which is often the case with a turbid tissue sample, more 

measurements and correction algorithms are required. Furthermore, to apply time-domain 

detection a picosecond pulsed laser is required. These methods are inefficient and time 

consuming since they require long acquisition and processing times, require expensive 

equipment and thus cannot be employed in a clinical environment [16].  

 

Figure 1: Principle of time-domain fluorescence lifetime imaging. Fluorescent molecules are excited 

with a short pulse of light and the emitted fluorescence is measured time-resolved. 
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Chapter 2 

Theory 

1.  Fluorescence Lifetime  
 

In biological tissue, there are two physical phenomena that affect light propagation: 

absorption and scattering. Although scattering is the dominant mechanism, absorption of 

electromagnetic radiation provides valuable information to researchers regarding tissue 

constituents and the concentration of those constituents. When a photon of light is incident onto 

a molecule, a series of photophysical events such as internal conversion or vibrational 

relaxation, fluorescence, intersystem crossing and phosphorescence occurs [2].  

Fluorescence generally corresponds to the radiative transition from its first singlet state 

S1 into the ground singlet state S0 and is characterized by: 1) the fluorescence amplitude as a 

function of wavelength I(λ), 2) quantum yield Φ, the ratio of the total number of emitted 

fluorescence photons to the total number of molecules promoted to the excited state, and 3) 

fluorescence lifetime τ [2, 6, 16, 17]. The average length of time τ for the molecule to decay from 

one state to another is reciprocally proportional to the rate of decay, which include radiative (kf) 

and nonradiative processes (knr): τ = !
(!!  !  !!")

. This average length of time is called the lifetime 

and is equivalent to the amount of time the molecules remains in the excited state. If a 

fluorophore has several conformational states each with a different lifetime, this statement 

becomes invalid. In applications where several different fluorophores within a sample (such as 

biological tissue) have individual decays, the lifetime is defined as a weighted average and two 

factors become important: (1) the individual lifetimes of each component (τi) and (2) their 

fractional contributions (fi) [2]. 



 8 

Fluorescence lifetime follows an exponential decay profile and can be described by the 

following equation: 𝐼 = 𝐼!𝑒!!/!!  where I0 is the initial fluorescence amplitude and τ! is the decay 

constant for molecule i.  If there are multiple exponential decays then the resulting intensity is 

just the sum of each decay profile involved.  

The fluorescence lifetime is a considerable long process compared to the timescale of 

other molecular events. During this long process, there are a multitude of transformations that 

the fluorophore undergoes, such as electron redistribution, geometric alteration, reorganization 

of surrounding molecules, and chemical reactions [2]. In many situations, the energy gained 

from the incident light is lost to non-radiative processes and leads to a decrease of the 

fluorescence lifetime. This phenomenon, called quenching, is inevitable and is a complex 

process, which will not be discussed in detail in this work. However, put simply, the excitation 

energy can be lost due to internal molecular vibrations or by externally transferring the energy 

to the molecules surroundings. 

To conclude, fluorescence lifetime is an ideal discriminatory factor when differentiating 

between tissue types since it is an intrinsic property of the fluorophore of interest and does not 

depend on initial perturbation conditions (i.e. excitation wavelength, duration of light exposure) 

and fluorescence intensity and fluorophore concentration. Fluorescence lifetime is also sensitive 

to changes in fluorophore structure, temperature, and polarity [2].  

2. Variability in cancerous and normal tissue composition 
 

Biological tissue is a turbid medium consisting of a multitude of various molecules that scatter, 

absorb or reflect incident light. Although scattering is the dominant mechanism, many 

endogenous molecules in tissue absorb and fluoresce light.  

In order to employ fluorescence lifetime as an imaging modality for differentiating 

between tissue type, it is necessary to identify the main endogenous fluorophores within human 
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tissue. In this work, the types of human tissue that are illustrated and researched are brain 

tissue, head and neck tissue, adipose tissue, and muscle tissue. In the case of brain tissue, the 

main endogenous fluorophores are collagen, elastin, tryptophan, tyrosine, phenylaline, FAD 

(flavin adenine dinucleotide), NADH (nicotinamide adenine dinucleotide), lipids, and 

porphyrins [6]. The principal endogenous fluorophores for head and neck tissue are, similar to 

brain, NADH, collagen, elastin, FAD, and FMN (Flavin mononucleotide) [19].  

Adipose (fat) tissue is composed of adipocytes, fibroblasts, vascular endothelial cells, a 

variety of macrophages, and proteins such as adiponectin and leptin [20]. 

 Cancer metastasis involves complex cell-cell and cell-stroma interaction and behavior. 

During tumor formation, there are numerous components that play a role in supporting tumor 

growth, such as fibroblasts, macrophages, neutrophils, the vasculature and the components of 

the extracullular matrix (ECM), mainly collagen and elastin. Metastasis involves local invasion 

and three-dimensional migration into the surrounding stroma, which causes local 

environmental changes in the surrounding tissue [21]. Such changes include not only the six 

known hallmarks of cancer but also bioenergetics, as discovered by Otto Warburg in the 1950s, 

and the dissipation and reorganization of the collagen fibrils in the ECM as the tumor mass 

grows [21].  The autofluorescence of collagen is usually attributed to the hydroxylysyl 

pyridinoline and lysyl pyridinoline crosslinkers [22]. There has been found to be a decrease in 

collagen fluorescence in a variety of tumors due to the movement and realignment of the 

collagen fibrils and is currently one of the main cancer identification mechanisms in terms of 

autofluorescence and fluorescence lifetime imaging [13, 21].   
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Fluorophore Excitation (nm) Emission (nm) Fluorescence 
Lifetime (ns) 

Collagen 280-350 370-440 ~5.3 

Elastin 300-370 420-460 ~2.3 

NADH-protein 
bound 350 450 3-6 

NADPH free 300-380 450-500 0.3 

NADPH-protein 
bound 300-380 450-500 ~2.1 

FAD 420-500 520-570 2.91 

FAD-protein bound 420-500 Weak in 520-570 <0.01 

Adipose Tissue 365 430-450, 510 ~2 [23] 

Table 1: Summary of excitation and emission wavelengths of the main endogenous fluorophores 

relevant to human tissue and their respective fluorescence lifetimes 

  

In addition to a decrease in collagen, multiple studies suggest that there is a decrease in 

elastin content of the ECM caused by the tumor in order to promote its metastasis.  Most 

cancers have been found to express the proteolytic enzymes MMP-2 and MMP-9, amongst 

others depending on cancer type, which actively degrade elastin in the tumor’s 

microenvironment [24-26].  

Furthermore, a scientist named Otto Warburg found that that the development of cancer 

may originate from a simultaneous impairment of mitochondrial respiration and increase in 

cellular glycolysis [27-29]. NADH and it’s oxidized form (NAD+) are involved in energy 

metabolism and alterations of the conformation of NADH, such as those found in mutated 

mitochondrial DNA in cancer, lead to the generation of free radicals and apoptosis. FAD and the 

reduced form (FADH2) are another pair of coenzymes that are associated with respiration.  The 

redox (oxidation-reduction) ratio, the ratio of NAD+:NADH, allows monitoring the metabolic 

state of a cell [27]. Another useful intracellular coenzyme, is FAD (flavin adenine dinucleotide) 
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and its redox pair FADH2 which are associated with the oxidative phosphorylation pathway and 

both contribute significantly to autofluorescence.  

To summarize multiple journal articles, the results of research studies have illustrated an 

increase in intracellular NADH fluorescence in cancer cells lines following UV illumination[27, 

30]. Furthermore, protein-bound NADH has a significantly longer lifetime than free NADH and 

is less prevalent in cancerous tissue due to the decrease in the redox ratio.  The natural 

fluorescence of NADH and FAD is sensitive to protein binding and the pH of the local 

environment, which make these two biomarkers useful in the identification of cancer [27].  

Table 1 summarizes the excitation and emission wavelengths for all relevant fluorophores along 

with their fluorescence lifetimes. In conclusion, FAD and NADH are useful biomarkers in the 

identification of cancerous versus noncancerous cells.  

3. Novel fluorescence lifetime imaging system 
 

The Biophotonics Laboratory at UCLA has developed an innovative, time-resolved 

fluorescence lifetime imaging system (patent pending) that extracts normalized, relative 

fluorescence lifetime information without the need to curve fit or employ time intensive 

algorithms. In traditional fluorescence lifetime imaging, there are numerous confounding effects 

that can interfere with the measurement, such as lifetime calculation errors due to low SNR, 

non-uniform illumination, variable pump absorption by the various tissue constituents, and 

variable fluorescence yield of different tissues. Our detection method of measurement utilizes 

long pulsed LEDs coupled with a normalization algorithm to offer superior SNR and faster 

detection rates since only two images are acquired to generate contrast.  The first image is taken 

during the LED excitation and is referred to as the ‘calibration image’ and the second image is 

taken during the fluorescence decay and is called the ‘decay image’. The ‘decay image’ is then 

divided by the ‘calibration image’ to generate a relative lifetime map. A resulting image is 
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created using relative difference in lifetimes between two frames (Figure 2a). Since calculations 

for image generation require only a simple mathematical operation, it is possible to process an 

entire image with good contrast at near video-rate. A further enhancement of this system over 

traditional fluorescence lifetime systems is that illumination diodes encircle the aperture of the 

imaging lens. Also, since the method does not require the extraction of fluorophore lifetimes, 

illumination pulse widths can vary from 2 to 20 ns. This bypasses the need for an expensive, 

pulsed UV-laser and allows the use of inexpensive LED’s [15, 31]. The total acquisition time can 

be reduced to approximately 1 second while processing time is roughly 5 milliseconds for a 1 cm 

x 1 cm FOV at 35µm resolution (1M pixels CCD sensor) [31]. The block diagram of this system 

can be seen in Figure 2b (titled Normalized Fluorescence Yield Imaging, NoFYI, in previous 

publications [15]). 

It has been previously reported that this method is capable of differentiating, with 

significant contrast, between chemical dyes (Fluorescein and Rhodamin-B) whose decay rates 

are relatively similar (4 ns and 1.68 ns, respectively) [15]. To illustrate our method, I imaged 

collagen and elastin powders and found that significant contrast can also be generated. 

Subsequently, our lab’s collaboration with the Department of Otolaryngology from the Jonsson 

Comprehensive Cancer Center and with the Department of Neuropathology at the Brain Tumor 

Translational Resource at UCLA has allowed us to obtain head and neck tissues and brain 

tissues, each sample containing a varying degrees of cancer within the tissue. Furthermore, due 

to our collaboration with the Anatomical Pathology Department, we obtained and imaged 

various pieces of human tissue to build a library of normalized fluorescence lifetime data.  
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(a) (b) 

Figure 2: Normalized fluorescence lifetime imaging system for relative lifetime mapping: (a) 

Diagram of normalization method. Two images are taken, the first during the illumination 

excitation (the “Calibration image”) and the second during the fluorescence decay (the 

“Decay image”). (b) Diagram of system layout. A cooled iCCD camera with an imaging lens is 

focused through an UV LED array on a temperature controlled xyz translational stage. The 

sample is placed on the stage below the LED. The iCCD camera is synched with the pulse 

generator. 
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Chapter 3 

Imaging of Biological Tissue with Normalized 

Fluorescence Lifetime Imaging System 

1. Overall Setup 
 

Normalized Fluorescence Lifetime Imaging Instrumentation and Protocol  

Experiments were carried out on a wide-field normalized fluorescence lifetime imaging 

system designed and built by the Solid State Laser Lab and the Biophotonics Group at UCLA. 

The system consists of an array of 6 UV-LEDs at 375 nm central wavelength arranged in a circle. 

Each LED is rated at 2 mW of optical power illuminating a circular area on an X-Y-Z 

translational stage. The LED circuit is driven by a high-voltage pulse generator (AVR-E2-C, 

Avtech) at 50 volts with a current of ~1 Amp. The LED circuit functions at an average optical 

power of less than 4 µW with peak power of <3mW at 0.02% duty cycle. A low duty cycle 

ensures thermal stability of the LED array which allows long operational time under these 

settings and is well below the ANSI standard for allowable fluence levels. An intensified CCD 

camera (DH 734 18U-03, iStar intensified CCD camera, Andor technology) captures images of 

the fluorescence decay signatures. The duration of the pulse lasts around 20ns with a repetition 

rate of 10 kHz. The gated CCD is triggered by the pulse generator to synchronize the optical 

illumination with the image acquisition. Ten Semrock fluorescence bandpass filters centered at 

407 nm, 434 nm, 465 nm, 494 nm, 520 nm, 542 nm, 572 nm, 605 nm, 652 nm, 676 nm with 

~20 nm bandwidth were used to obtain spectral information of the tissue being imaged. Glass 

was also used as a long pass filter to allow transmission of all wavelengths above 390 nm. 

Data Processing 
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The resulting fluorescence images are first analyzed with MacBiophotonics ImageJ 

software (Rasband, 1997-2012). The two fluorescence images obtained are normalized with each 

other by dividing the second image (decay image) with the first image (calibration image). 

Intensity plots were generated by hand delineating an ROI around one tissue at a time and 

measuring the mean pixel intensities of each ROI. Raw data refers to the resulting normalized 

fluorescence lifetime values in a grey scale from 0 (black/short lifetime) to 1 (white/long 

lifetime). SNR values were calculated using the mean pixel intensity and standard deviation. For 

the HNSCC samples, the normalized fluorescence lifetime images were enhanced for 

background noise and visual contrast adjustments using ImageJ’s built-in algorithms. 

False color maps were then created with a code generated in Matlab to enhance the 

visual contrast of each image. 

Collagen, Elastin, FAD, and NADPH 

In the comparison of Collagen and elastin fluorescence lifetimes, elastin powder (Bovine 

Achilles ligament, Elastin Products Co., Inc.) was spread evenly over a glass slide and collagen 

pieces (Bovine Achilles tendon, Elastin Products Co., Inc.) were spread on top of the layer of 

elastin. 

In the comparison of other powders such as FAD and NADPH powders were placed side 

by side with collagen and elastin to clearly allow visual differentiation of lifetimes in the 

resulting images.  All of these powders have well known, spectrally resolved, fluorescence 

lifetimes and demonstrate a proof of concept and allow assessment the system’s characteristics. 

Human tissue samples 

All patients gave their informed consent to the use of tissue for medical research. In addition 

to the collection of fresh excision biopsies from the Jonsson Comprehensive Cancer Center 

(JCCC) and the Brain Tumor Translational Research (BTTR) at UCLA, we also collaborated with 

the Department of Pathology and Laboratory Medicine to obtain various human tissue samples 
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from autopsies that were available for research-related tissue sharing. Excised Head and Neck, 

Brain and Biopsy tissues were placed immediately into separate containers to be imaged with 

the normalized fluorescence lifetime system. Samples were positioned between two glass slides 

to ensure a clear, flat surface and imaged with the normalized fluorescence imaging system. 

Samples were fixed 5-10 minutes after imaging with formalin and sent for H&E staining. 

 
2. Experiment List 

 

Collagen and Elastin 

As a proof of concept, collagen and elastin powders were used to quantify the degree of 

contrast between the two powders. The powders were illuminated at 375 nm with a 21 ns long 

pulse width and the iCCD camera acquired the images with 21.5 ns steps between each 

acquisition. Images of contrast generated between collagen and elastin can be found in Figure 3, 

while normalized relative fluorescence lifetime values for the collagen and elastin powders per 

each filter can be seen in Figure 4. Hand delineated ROIs (represented in yellow in Figure 3a) 

were drawn over an area of elastin and a piece of collagen to generate the normalized relative 

lifetime graphs. The images generated an SNR of ~30 dB and significant visual contrast was 

obtained. The relative lifetime intensity images in Figure 3(c)-(m) show that even as the 

illumination levels decrease and the SNR drops in the perimeter of the images, significant 

contrast can still be seen between the collagen and elastin powders. Further, collagen had 

consistently greater relative lifetime values compared to elastin across the spectrum with at least 

10% difference between the visual contrast, which can be improved with image enhancements. 
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Figure 3: Collagen and elastin powders. (a) Color image of powders with hand delineated ROIs 

for subsequent data analysis. (b) Fluorescence amplitude image. Images (c)-(m) are the 

normalized fluorescence lifetime images using bandpass filter centered at (c) glass, (d) 407 nm, 

(e) 434nm, (f) 465 nm, (g) 494 nm, (h) 520 nm, (i) 542 nm, (j) 572 nm, (k) 605 nm, (l) 632 nm, 

(m) 676nm. 
 

 
Figure 4: Normalized relative fluorescence lifetimes of collagen and elastin powders per 

bandpass filter central wavelength. 
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Normalized fluorescence lifetime imaging of HNSCC 
 

After showing that the normalized fluorescence lifetime system is capable of discriminating 

between collagen and elastin powders without performing full lifetime extraction, we imaged 

biological tissues to observe if the system is capable of detecting tissue morphology and 

discriminating between tissue types. Figure 5, 7, 9 and 11 show the color image, fluorescence 

amplitude image, and the background-corrected normalized fluorescence lifetime images of the 

HNSCC samples using the 10 different bandpass filters. Normalized relative fluorescence 

lifetimes from the first excised tumor can be seen in Figure 5. This tissue sample contains 

adipose in the top-left region and a tumor in the bottom-right region of the sample. The LEDs 

had an 8 ns illumination pulse width. Figure 5(c)-(m) show the background noise-corrected 

images of the normalized relative fluorescence lifetimes.  Clear tissue structure can be seen in 

these images and there is an evident separation between cancerous and fatty tissue. Figure 6 

shows a column graph of the relative fluorescence lifetimes of the two tissue types. In the 407 

nm to 465 nm images, the cancerous tissue exhibits a longer relative fluorescence lifetime 

compared to the fatty tissue. In the 494 nm to 572 nm images, the relative fluorescence lifetimes 

shift and the normal tissue has a higher value. The filters at wavelengths longer than 572 nm 

shows that the cancerous tissue has a longer normalized fluorescence lifetime again. Further, all 

filters at wavelengths longer than 494 nm do not exhibit a large degree of change between 

normalized fluorescence lifetime values of cancerous versus normal tissue. Note that the small 

area of cauterized tissue found in the fatty region does not produce a signal in the background-

enhanced fluorescence lifetime images. 
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Figure 5: (a) Color image of a piece of HSNCC tissue containing both tumor and adipose 

tissue. The fat is located at the topmost part of the sample and the tumor is located in the 

bottom-right half. (b) Fluorescence amplitude image. Images (c)-(m) are the normalized 

fluorescence lifetime images using bandpass filter centered at (c) glass, (d) 407 nm, (e) 

434nm, (f) 465 nm, (g) 494 nm, (h) 520 nm, (i) 542 nm, (j) 572 nm, (k) 605 nm, (l) 632 nm, 

(m) 676nm. (n) Microscopy of H&E stained region of cancerous tissue shows evidence of 

squamous cell carcinoma. (o) Microscopy of H&E stained region of adipose tissue. 
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Figure 6: Normalized fluorescence lifetime of HNSCC and normal head and neck tissue per bandpass 

filter central wavelength. 

 

 
Figure 7: (a) Color image aerial view of three pieces of HHSCC tissue with hand delineated ROI. The 

tissues on zthe top left in image (a) are HNSCC tissue. The small, pale tissue on the bottom right is 

noncancerous tissue. (b) Side view. (c) Fluorescence intensity images. The following images (d)-(n) 

are the normalized fluorescence lifetime images using bandpass filter centered at (d) glass, (e) 407 

nm, (f) 434nm, (g) 465 nm, (h) 494 nm, (i) 520 nm, (j) 542 nm, (k) 572 nm, (l) 605 nm, (m) 632 nm, 

(n) 676nm. (o)  Microscopy of H&E stained region of cancerous tissue shows evidence of a high-grade 

squamous cell carcinoma. (p) Microscopy of H&E stained region of normal tissue. 
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Figure 7 presents a second set of HNSCC tissue samples placed adjacent to each other on 

the same glass slide. The two pieces of tissue on the top left of the image are from the same 

tumor mass, but cut in half and laid open to achieve a flat surface. The small piece of tissue in 

the bottom right of the image is normal tissue. The LEDs had a 13 ns pulse width. For this 

specific set of tissues, it is relatively easy to discriminate between cancerous and normal tissue 

in the color image. However, as seen in later images, the extent of the tumor is difficult to 

delineate by mere visual quantification. And it can even be seen in Figure 7(e) and (f) that there 

might be some places within the proposed tumor mass that is normal tissue and did not need to 

be excised. A graph of the normalized mean pixel intensities of each tissue is shown in Figure 8. 

Similar to the previous set of HNSCC tissue samples, the filters at 407 nm to 465 nm in Figure 8 

show that the cancerous tissue exhibits a longer lifetime compared to the normal tissue. In the 

filters at 494 nm to 676 nm, the relative fluorescence lifetimes shift and the normal tissue has a 

 
Figure 8: Normalized fluorescence lifetimes of HNSCC and normal head and neck tissue 

samples per bandpass filter. 
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higher value. And, again, at the red region there were very low differences between the 

normalized fluorescence lifetime values. 

The next set of HNSCC tissue samples were oriented so that the cancerous (top) and 

normal (bottom) tissues are placed adjacent to each other on the same glass slide to be imaged 

concurrently. The LEDs had an illumination pulse width of 13 ns. Figure 9 displays the color, 

fluorescence amplitude, and normalized lifetime images for each of the 10 filters. By looking at 

these images, it is evident that the cancerous tissue has more complex morphology, especially in 

the right-most region. When generating the bar graph of the normalized fluorescence lifetime 

values for each filter in Figure 10, the  

 

ROI does not take into account morphology that can easily be seen in an image. Similar to the 

previous HNSCC samples, the cancerous tissue exhibited higher normalized fluorescence 

 

Figure 9: (a) Color image of a HNSCC tissue (top) and normal head and neck tissue (bottom) 

placed adjacent to each other with hand delineated ROI for subsequent data analysis. (b) 

Fluorescence amplitude image. Images (c)-(m) are the normalized fluorescence lifetime 

images using bandpass filter centered at (c) glass, (d) 407 nm, (e) 434nm, (f) 465 nm, (g) 494 

nm, (h) 520 nm, (i) 542 nm, (j) 572 nm, (k) 605 nm, (l) 632 nm, (m) 676nm. 
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lifetimes for the filters ranging from 465 to 572 nm, while exhibiting a shorter fluorescence 

lifetimes for the filters in the blue and red regions of the visible light spectrum. There is a low 

degree of contrast between the longer wavelength filters.  

 

 
Figure 10: Normalized fluorescence lifetimes of HNSCC and normal head and neck tissue 

samples per bandpass filter. 

 

The final set of HNSCC tissue samples, found in Figure 11, shows an obvious distinction 

between the relative lifetime values for the different tissues. During imaging, the LED 

illumination pulse width was set to 13 ns. Relative lifetime values for each filter are quantified in 

Figure 12 and shows consistently higher values for the cancerous tissue compared to the normal 

tissue. The results in Figure 12 do not demonstrate the same trends as seen in the rest of the 

H&N figures which might be due to some artifact within this specific set of tissues or the images 

that aren't consistent with the rest of the data. More H&N tissues need to be obtained and 

imaged to increase sample size and also to determine the cause of such an aberration. 
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. 

 
Figure 11: (a) Color image of a cancerous tissue (left) and normal tissue (right) placed adjacent to 

each other with hand delineated ROI for subsequent data analysis. (b) Fluorescence amplitude 

image. Images (c)-(m) are the normalized fluorescence lifetime images using bandpass filter 

centered at (c) glass, (d) 407 nm, (e) 434nm, (f) 465 nm, (g) 494 nm, (h) 520 nm, (i) 542 nm, (j) 572 

nm, (k) 605 nm, (l) 632 nm, (m) 676nm.  (n) Microscopy of H&E stained region of cancerous tissue 

shows a high-grade basaloid squamous cell carcinoma with little extracellular collagen. (o) 

Microscopy of H&E stained region of normal epithelial tissue and muscle tissue. 
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Figure 12: Normalized fluorescence lifetimes of HNSCC and normal head and neck tissue 

samples per bandpass filter. 

 

Normalized fluorescence lifetime imaging of brain tumors 
 

Brain tissue samples were obtained from the BTTR and were also used to perform 

quantitative analysis for our normalized fluorescence lifetime imaging system characterization. 

Two samples, one a low-grade Glioma and one normal, were imaged separately. Figure 13 and 

Figure 14 illustrate the relative fluorescence lifetime images of each sample while Figure 15 

demonstrates the relationship between the relative fluorescence lifetime values. Unlike the 

relative fluorescence lifetime images for HNSCC, the relative lifetime images for brain tissue 

were not modified with the background noise subtraction algorithm. In the case of brain tissue, 

better image quality and contrast was achieved with just the raw normalized images without 

background subtraction. Similar to the relationship found for the HNSCC tissue, there is a 

significant difference in relative lifetimes between the two samples in the glass filter and 407 to 

465nm filter, where the normal brain tissue has longer relative lifetimes compared to the 

Glioma. However, the filters centered at 494 nm to 542 nm and the 605 nm show that the 
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normal tissue has a shorter relative lifetime compared to the cancerous. The remaining filters 

show a longer lifetime of normal to cancerous tissue.  

 

Figure 13: (a) Color image of normal brain tissue with hand delineated ROI for subsequent 

data analysis. (b) Fluorescence amplitude image. Images (c)-(m) are the normalized 

fluorescence lifetime images using bandpass filter centered at (c) glass, (d) 407 nm, (e) 

434nm, (f) 465 nm, (g) 494 nm, (h) 520 nm, (i) 542 nm, (j) 572 nm, (k) 605 nm, (l) 632 nm, 

(m) 676nm, (n) Microscopy of H&E stained region of the brain sample which was diagnosed to 

be have a low cellularity Glioma. 
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Figure 14: (a) Color image of the low-grade Glioma with hand delineated ROI for subsequent 

data analysis. (b) Fluorescence amplitude image. Images (c)-(m) are the normalized 

fluorescence lifetime images using bandpass filter centered at (c) glass, (d) 407 nm, (e) 434nm, 

(f) 465 nm, (g) 494 nm, (h) 520 nm, (i) 542 nm, (j) 572 nm, (k) 605 nm, (l) 632 nm, (m) 676nm, 

(n) Microscopy of H&E stained region of the brain sample which was diagnosed to be a low grade 

Glioma. 

 
Figure 15: Normalized mean pixel intensity values per bandpass filter of Glioma samples. 
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 Another brain tissue sample was obtained and diagnosed to be a Glioma with no definite 

high-grade features, thus indicated that it would be challenging for a surgeon to see where to cut 

since it is difficult to know where the tumor margins are. Figure 16 shows the normalized 

fluorescence lifetime images in gray scale. The outer edges of the sample appear to be brighter 

which should correspond to longer fluorescence lifetimes. Figure 16(a) demonstrates two hand-

delineated ROIs, one that corresponds with the darker regions of the relative fluorescence 

lifetime images and another one that corresponds to the lighter region. The darker region in 

Figure 17 has similar values to the cancerous tissue in Figure 15, while the lighter region in 

Figure 17 has similar values to the normal tissue in Figure 15. This led me to the conclusion that 

the surgeon might have been unsure of the tumor margins, being that it was in fact a low-grade 

Glioma, so he or she excised extra tissue. This therefore reinforces the need for an imaging 

system to help delineate tumor margins during surgical operations. 

 

Figure 16: (a) Color image of the low-grade Glioma with hand delineated ROI for subsequent data 

analysis. (b) Fluorescence amplitude image. Images (c)-(m) are the normalized fluorescence lifetime 

images using bandpass filter centered at (c) glass, (d) 407 nm, (e) 434nm, (f) 465 nm, (g) 494 nm, (h) 

520 nm, (i) 542 nm, (j) 572 nm, (k) 605 nm, (l) 632 nm, (m) 676nm. 
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Keeping the recent hypothesis in mind, another brain sample (diagnosed to be a 

Glioblastoma) that had multiple areas with varying colors was imaged and the resulting areas 

were measured separately for pixel intensity. Figure 18 shows the color image, the black and 

white image, the autofluorescence image, and the normalized fluorescence lifetime images using 

the 10 bandpass filters. For the relative fluorescence lifetime pixel intensity measurements, four 

different regions were hand-delineated and measured, as can be seen in Figure 19. Figure 20 

shows the resulting measurements of the normalized fluorescence lifetimes for each of the 

regions.  If the above hypothesis remains consistent, Region 1 is a cancerous region, while 

Regions 2, 3, and 4 are normal. In fact, the histology results (seen in Figure 19) show that 

Region 1 has evidence of glioblastoma and Region 3 and 4 contain normal tissue. However, 

Region 2 was still diagnosed to have glioblastoma cells. This analysis, leads us to the next few 

experiments of brain tissue described below.  

 
Figure 17: Normalized mean pixel intensity values per bandpass filter of Glioma tissue 
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Figure 18: (a) Color image of the Glioblastoma. (b) black and white image, (c) fluorescence amplitude 

image. Images (d)-(n) are the normalized fluorescence lifetime images using bandpass filter centered 

at (d) glass, (e) 407 nm, (f) 434nm, (g) 465 nm, (h) 494 nm, (i) 520 nm, (j) 542 nm, (k) 572 nm, (l) 605 

nm, (m) 632 nm, (n) 676nm. 
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Figure 19: Four regions of the Glioblastoma sample for subsequent relative fluorescence lifetime 

intensity measurements: (a) Region 1, (b) Region 2, (c) Region 3, (d) Region 4, (e) Microsocpy of H&E 

stained tissue from Region 1 showing evidence of blood vessels and Glioblastoma, (f) Microscopy of 

H&E stained tissue from region 2 showing evidence of glioblastoma, (g) Microsocpy of H&E stained 

tissue showing normal brain tissue and is representative of Regions 3 and 4. 

Figure 20: Normalized mean pixel intensity values per bandpass filter of Glioma tissue sample. 
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After recognizing a pattern with the brain samples, we started comparing the histology 

between two regions where I saw variations in brightness in order to correlate these regions with 

varying degrees of cancer.  In Figure 21, two different regions were delineated due to the fact 

that they had two very different intensities in the normalized fluorescence lifetime images. The 

resulting normalized relative fluorescence lifetime values can be seen in Figure 22. The resulting 

histology was scored and despite the fact that these two regions showed different relative 

lifetimes, they both had 80-90% moderate cellularity and fibrillary astrocytes. Although this 

specific sample did not show the desired results, the next few samples did show differences in 

cellularity between the two regions and correlated well with the above relationship of 

normalized relative fluorescence lifetime values for cancerous and normal tissue. Figure 23 and 

Figure 25 show the color image, autofluorescence image, and normalized relative fluorescence 

lifetime images for the 10 bandpass filters for 2 different sets of brain tissue. After observing a 

difference in contrast between two regions, they were then separated from each other and sent 

off to histology. The regions were scored and the results showed that Region 1 of both Figure 23 

and Figure 25 correlated to 80-90% moderate cellularity of fibrillary astrocytes while Region 2 

corresponded to 0-50% cellularity and 60-70% tumor cellularity, respectively. Therefore, this 

has led us to believe that the system has the sensitivity to generate contrast between tissues that 

have tumor cellularity differences of at least 10-20%. The brain samples in Figure 27 and Figure 

29 also showed varying areas of intensity in the normalized fluorescence lifetime images. 

Unfortunately, I could not have the histology slides scanned before this thesis was submitted but 

the two regions were scored by the Neurosurgeon and Region 1 and 2 of Figure 27 both display 

low to moderate cellularity while Region 1 of Figure 29 shows moderate cellularity and Region 2 

of Figure 29 shows mostly cortex and grey matter.  
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Figure 22: Normalized mean pixel intensity values per bandpass filter of brain tissue sample. 
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Figure 21: (a) Color image of the brain tissue. (b) Fluorescence amplitude image. Images (c)-(m) are 

the normalized fluorescence lifetime images using bandpass filter centered at (c) glass, (d) 407 nm, 

(e) 434nm, (f) 465 nm, (g) 494 nm, (h) 520 nm, (i) 542 nm, (j) 572 nm, (k) 605 nm, (l) 632 nm, (m) 

676nm, (n) Microscopy of H&E stained tissue from Region 1 showing 80-90% moderate cellularity 

and fibrillary astrocytes, (o) Microscopy of H&E stained tissue from Region 2 showing 80-90% 

moderate cellularity and fibrillary astrocytes 
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Figure 23: (a) Color image of the brain tissue with hand delineated ROI for subsequent data analysis. (b) 

Fluorescence amplitude image. Images (c)-(l) are the normalized fluorescence lifetime images using 

bandpass filter centered at (c) glass, (d) 407 nm, (e) 434nm, (f) 494 nm, (g) 520 nm, (h) 542 nm, (i) 572 

nm, (j) 605 nm, (k) 632 nm, (l)  676nm, (m) Microscopy of H&E stained tissue from Region 1 showing 

80-90% moderate cellularity and fibrillary astrocytes, (n) Microscopy of H&E stained tissue from 

Region 2 shows a gradation in cellularity ranging from ~5% to 50% cellularity. 

 

Figure 24: Normalized mean pixel intensity values per bandpass filter of brain tissue sample. 
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Figure 25: (a) Color image of the brain tissue with hand delineated ROI. (b) Fluorescence amplitude 

image. Images (c)-(m) are the normalized fluorescence lifetime images using bandpass filter 

centered at (c) glass, (d) 407 nm, (e) 434nm, (f) 465 nm, (g) 494 nm, (h) 520 nm, (i) 542 nm, (j) 572 

nm, (k) 605 nm, (l) 632 nm, (m) 676nm, (n) Microscopy of H&E stained tissue from Region 1 showing 

80-90% tumor cellularity of fibrillary astrocytes and gemistocytes, (o) Microscopy of H&E stained 

tissue from Region 2 showing 60-70% tumor cellularity of fibrillary astrocytes and gemistocytes. 

 

Figure 26: Normalized mean pixel intensity values per bandpass filter of brain tissue sample. 
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Figure 27: (a) Color image of the brain tissue with hand delineated ROI for subsequent data analysis. 

(b) Fluorescence amplitude image. Images (c)-(m) are the normalized fluorescence lifetime images 

using bandpass filter centered at (c) glass, (d) 407 nm, (e) 434nm, (f) 465 nm, (g) 494 nm, (h) 520 

nm, (i) 542 nm, (j) 572 nm, (k) 605 nm, (l) 652 nm, (m) 676nm. 

 

Figure 28: Normalized mean pixel intensity values per bandpass filter of brain tissue sample. 
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Figure 29: (a) Color image of the brain tissue with hand delineated ROI for subsequent data analysis. 

(b) Fluorescence amplitude image. Images (c)-(m) are the normalized fluorescence lifetime images 

using bandpass filter centered at (c) glass, (d) 407 nm, (e) 434nm, (f) 465 nm, (g) 494 nm, (h) 520 

nm, (i) 542 nm, (j) 572 nm, (k) 605 nm, (l) 632 nm, (m) 676nm. 

 

 
Figure 30: Normalized mean pixel intensity values per bandpass filter of brain tissue sample. 
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Normalized fluorescence lifetime imaging of Autopsy Tissue  
 

Collaborations with UCLA’s Decedent Services allowed us to collect and image various 

human tissue to develop a library of normalized fluorescence lifetime information. The tissue 

obtained included: Sciatic Nerve with adipose tissue, Bone and muscle tissue, uterine lining and 

tumor masses, skin, and Prostate tissue. Figure 31, Figure 33, and Figure 35 correspond to the 

montages that include the normalized fluorescence lifetime images for each bandpass filter, 

while Figure 33, Figure 34, and Figure 36 correspond to the normalized mean pixel intensity 

values per bandpass filter.  

 
Figure 31: (a) Color image of a piece of human sciatic nerve with surrounding adipose tissue. (b) side 

view, (c) fluorescence amplitude image. Images (d)-(n) are the normalized fluorescence lifetime 

images using bandpass filter centered at (d) glass, (e) 407 nm, (f) 434nm, (g) 465 nm, (h) 494 nm, (i) 

520 nm, (j) 542 nm, (k) 572 nm, (l) 605 nm, (m) 652 nm, (n) 676 nm. 
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Figure 32: Normalized fluorescence lifetimes of sciatic nerve and adipose tisue per bandpass filter. 
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Figure 33: (a) Color image of a piece of human bone from a femur on top of a piece of muscle 

tissue. (b) Fluorescence amplitude image. Images (c)-(l) are the normalized fluorescence lifetime 

images using bandpass filter centered at (c) glass, (d) 407 nm, (e) 434nm, (f) 465 nm, (g) 494 nm, 

(h) 520 nm, (i) 542 nm, (j) 572 nm, (k) 605 nm, (l) 652 nm, (m) 676 nm. 

 

Figure 34: Normalized fluorescence lifetimes of bone and muscle tissue per bandpass filter. 
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Figure 35: (a) Color image of a piece of human skin. (b) Fluorescence amplitude image. Images (c)-

(m) are the normalized fluorescence lifetime images using bandpass filter centered at (c) glass, (d) 

407 nm, (e) 434nm, (f) 465 nm, (g) 494 nm, (h) 520 nm, (i) 542 nm, (j) 572 nm, (k) 605 nm, (l) 652 

nm, (m) 676 nm. 

 
Figure 36: Normalized fluorescence lifetimes of human skin and adipose tissue per bandpass filter. 
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4)  Statistical Analysis  

In order to assess statistical significance between the means of cancerous versus normal tissue, a 

Welch’s t-test assuming unequal variances was performed. The mean pixel intensity was 

measured for both cancerous and normal H&N tissue.  

Table 2 shows the p-value, t-value and 95% confidence interval for all tissues for each 

filter.  

Filter Wavelength t-variable p-value 
95% Confidence 

Interval 

Glass (>390 nm) 0.394 0.712 -7.9%  to 11% 

407 nm 3.127 0.029 0.55% to 0.59% 

434 nm 1.842 0.126 1.7% to 10% 

465 nm 0.929 0.394 -3% to 8% 

494 nm 0.512 0.933 4.5% to 6.6% 

520 nm 0.271 0.800 3.5% to 4.2% 

542 nm -0.118 0.913 -3.2% to 4.2% 

572 nm 0.056 0.959 2.6% to 2.8% 

605 nm -0.097 0.926 -1.4% to 1.3% 

632 nm 0.027 0.980 -2.5% to 2.6% 

676 nm 0.559 0.606 -1.9% to 2.8% 

 

Table 2: Welch’s t-test results for t-variable, p-value and Confidence interval for cancerous and 

normal tissues through each bandpass filter central wavelength. 

 

From this table, we can see that differences in mean pixel intensity tends towards 

statistical significance for the lower bandpass filter central wavelength. Additionally, the t-
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variable is generally larger for filters of lower central wavelength, indicating a greater difference 

between the two means.  

5) Discussion 

Utilizing the normalized fluorescence lifetime imaging system has provided great information 

on tissue morphology and surface characteristics of cancerous and noncancerous tissue. 

Specifically with the H&N tissue, we found varying normalized fluorescence lifetimes with 

respect to different bandpass filters. These results suggest that the fluorescence lifetime of H&N 

tissue are both tissue-type dependent and wavelength dependent. This could mean that the 

system is generating highly sensitive information on the endogenous fluorophores found within 

both malignant and normal tissue. Further analysis of this topic will be discussed later in 

Chapter 4.  

 The results of normalized fluorescence lifetime imaging of normal and cancerous brain 

tissue are quite different than for H&N tissue. In general, it was found that normal brain tissue 

displayed longer fluorescence lifetimes compared to cancerous tissue. Furthermore, this trend is 

consistent even when there are differences in 10-20% cellularity when using the 434 nm central 

wavelength bandpass filter. This is most likely caused by the increased presence of NADPH in 

tumors compared to normal tissue. Further analysis of the exact fluorophores that contribute to 

the difference in fluorescence lifetimes need to be considered.  

 Normalized fluorescence lifetime imaging of various human tissues obtained from the 

decedent department gives us insightful information regarding the relationship of lifetimes of 

various tissues and showed us that our system is fully capable of discriminating between a wide 

range of tissues.  
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Chapter 4 

System and Data and Optimization and 

Quantification 

1. Experiment List 

False Color Maps  

One of the major advantages of medical images is the ability to perform visual and contrast 

enhancements with a computer. There are a multitude of techniques to enhance the image to 

view a desired image characteristic. Besides the built in commands ImageJ provides, Matlab and 

Labview were also employed to obtain a better image.  All the figures below show Matlab 

generated false color maps of tissue. Currently, Labview is being employed to further refine and 

enhance the features but an efficient technique and code is still being developed. Figure 37 

through Figure 40 show the previously displayed head and neck tissue but are generated in a 

false-color map to enhance specific features within the tissue. Figures 41 through 48 show the 

previously displayed brain tissue but generated in false-color maps. And Figures 49 through 51 

show the previously displayed autopsy tissue but generated in false-color maps. 
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Figure 37: (a) Color image of a piece of HSNCC tissue containing both tumor and adipose tissue. (b) 

Fluorescence amplitude image. Images (c)-(m) are the false color maps of the normalized 

fluorescence lifetime images using bandpass filter centered at (c) glass, (d) 407 nm, (e) 434nm, (f) 

465 nm, (g) 494 nm, (h) 520 nm, (i) 542 nm, (j) 572 nm, (k) 605 nm, (l) 652 nm, (m) 676nm. 
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Figure 38: (a) Color image of a piece of HSNCC tissue and normal head and neck tissue. (b) 

Fluorescence amplitude image. Images (c)-(m) are the false color maps of the normalized 

fluorescence lifetime images using bandpass filter centered at (c) glass, (d) 407 nm, (e) 434nm, 

(f) 465 nm, (g) 494 nm, (h) 520 nm, (i) 542 nm, (j) 572 nm, (k) 605 nm, (l) 652 nm, (m) 676nm. 
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Figure 39: (a) Color image of a piece of HSNCC tissue and normal head and neck tissue. (b) 

Fluorescence amplitude image. Images (c)-(m) are the false color maps of the normalized 

fluorescence lifetime images using bandpass filter centered at (c) glass, (d) 407 nm, (e) 434nm, 

(f) 465 nm, (g) 494 nm, (h) 520 nm, (i) 542 nm, (j) 572 nm, (k) 605 nm, (l) 652 nm, (m) 676nm. 
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Figure 40: (a) Color image of a piece of HSNCC tissue and normal head and neck tissue. (b) 

Fluorescence amplitude image. Images (c)-(m) are the false color maps of the normalized 

fluorescence lifetime images using bandpass filter centered at (c) glass, (d) 407 nm, (e) 434nm, 

(f) 465 nm, (g) 494 nm, (h) 520 nm, (i) 542 nm, (j) 572 nm, (k) 605 nm, (l) 652 nm, (m) 676 nm. 
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Figure 41: (a) Color image of an Oligoastrocytoma (brain) sample. (b) Fluorescence amplitude 

image. Images (c)-(m) are the false color maps of the normalized fluorescence lifetime images 

using bandpass filter centered at (c) glass, (d) 407 nm, (e) 434nm, (f) 465 nm, (g) 494 nm, (h) 520 

nm, (i) 542 nm, (j) 572 nm, (k) 605 nm, (l) 632 nm, (m) 676nm. 
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Figure 42: (a) Color image of an Oligoastrocytoma (brain) sample. (b) Fluorescence amplitude 

image. Images (c)-(m) are the false color maps of the normalized fluorescence lifetime images 

using bandpass filter centered at (c) glass, (d) 407 nm, (e) 434nm, (f) 465 nm, (g) 494 nm, (h) 520 

nm, (i) 542 nm, (j) 572 nm, (k) 605 nm, (l) 632 nm, (m) 676nm. 
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Figure 43: (a) Color image of a Glioma sample. (b) Fluorescence amplitude image. Images (c)-(m) 

are the false color maps of the normalized fluorescence lifetime images using bandpass filter 

centered at (c) glass, (d) 407 nm, (e) 434nm, (f) 465 nm, (g) 494 nm, (h) 520 nm, (i) 542 nm, (j) 

572 nm, (k) 605 nm, (l) 632 nm, (m) 676nm. 
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Figure 44: (a) Color image of a Glioblastoma sample. (b) Fluorescence amplitude image. Images 

(c)-(m) are the false color maps of the normalized fluorescence lifetime images using bandpass 

filter centered at (c) glass, (d) 407 nm, (e) 434nm, (f) 465 nm, (g) 494 nm, (h) 520 nm, (i) 542 nm, 

(j) 572 nm, (k) 605 nm, (l) 632 nm, (m) 676nm. 
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Figure 45: (a) Color image of a Glioblastoma sample. (b) Fluorescence amplitude image. Images 

(c)-(m) are the false color maps of the normalized fluorescence lifetime images using bandpass 

filter centered at (c) glass, (d) 407 nm, (e) 434nm, (f) 465 nm, (g) 494 nm, (h) 520 nm, (i) 542 nm, 

(j) 572 nm, (k) 605 nm, (l) 632 nm, (m) 676nm. 
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Figure 46: (a) Color image of a Glioblastoma sample. (b) Fluorescence amplitude image. Images 

(c)-(m) are the false color maps of the normalized fluorescence lifetime images using bandpass 

filter centered at (c) glass, (d) 407 nm, (e) 434nm, (f) 465 nm, (g) 494 nm, (h) 520 nm, (i) 542 nm, 

(j) 572 nm, (k) 605 nm, (l) 632 nm, (m) 676nm. 

 

 

 



 55 

 
 

Figure 47: (a) Color image of a Glioblastoma sample. (b) Fluorescence amplitude image. Images 

(c)-(m) are the false color maps of the normalized fluorescence lifetime images using bandpass 

filter centered at (c) glass, (d) 407 nm, (e) 434nm, (f) 465 nm, (g) 494 nm, (h) 520 nm, (i) 542 nm, 

(j) 572 nm, (k) 605 nm, (l) 652 nm, (m) 676nm. 

 

 



 56 

 
 

Figure 48: (a) Color image of residual astrocytoma from a brain sample. (b) Fluorescence 

amplitude image. Images (c)-(m) are the false color maps of the normalized fluorescence lifetime 

images using bandpass filter centered at (c) glass, (d) 407 nm, (e) 434nm, (f) 465 nm, (g) 494 nm, 

(h) 520 nm, (i) 542 nm, (j) 572 nm, (k) 605 nm, (l) 652 nm, (m) 676nm. 
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Figure 49: (a) Color image of sciatic nerve with surrounding adipose tissue. (b) Fluorescence 

amplitude image. Images (c)-(m) are the false color maps of the normalized fluorescence lifetime 

images using bandpass filter centered at (c) glass, (d) 407 nm, (e) 434nm, (f) 465 nm, (g) 494 nm, 

(h) 520 nm, (i) 542 nm, (j) 572 nm, (k) 605 nm, (l) 652 nm, (m) 676 nm. 
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Figure 50: (a) Color image of a piece bone on top of muscle tissue. (b) Fluorescence amplitude 

image. Images (c)-(m) are the false color maps of the normalized fluorescence lifetime images 

using bandpass filter centered at (c) glass, (d) 407 nm, (e) 434nm, (f) 465 nm, (g) 494 nm, (h) 520 

nm, (i) 542 nm, (j) 572 nm, (k) 605 nm, (l) 652 nm, (m) 676 nm. 
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Figure 51: (a) Color image of a piece of human skin with subcutaneous layer of fat. (b) 

Fluorescence amplitude image. Images (c)-(m) are the false color maps of the normalized 

fluorescence lifetime images using bandpass filter centered at (c) glass, (d) 407 nm, (e) 434nm, 

(f) 465 nm, (g) 494 nm, (h) 520 nm, (i) 542 nm, (j) 572 nm, (k) 605 nm, (l) 652 nm, (m) 676 nm. 

 

Filter Optimization 

The ability to maximize the efficiency of our system in generating contrast and providing the 

most information from the given specimen is of great importance and will ultimately aid the 

surgeon during surgery. Originally 10 Semrock bandpass filters spanning the visible light 

spectrum were ordered and utilized to give spectral information of the specimen being imaged. 

It is clear from the above shown data that 10 filters are not needed since the SNR significantly 

decreases in the orange wavelengths. In this section, filter throughputs were measured and 

verified with Semrock’s standards in addition to taking the Andor iCCD’s quantum efficiency 

into consideration in order to evaluate which filters are of most important. Furthermore, SNR 

along with spectral information of the main endogenous tissue fluorophores are considered to 

narrow down the filters needed for imaging. 
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 A white light source was used to measure the throughputs (average intensity) of each of 

the ten filters. Figure 52 represents the graph of the transmission of each bandpass filter and 

ensures that there are no errors in the Semrock’s specifications.  

 
Figure 52: Transmission of a glass filter and the ten Semrock Brightline Bandpass filters. 

 Although we can filter out unwanted light, the ability of the iCCD camera to detect the 

light is governed by the ability of the detector’s depletion region to absorb photons and convert 

these photons into electronic charges (quantum efficiency). Photons with longer wavelength 

have a low probability of absorption and can pass through the depletion region without being 

detected, while photons with shorter wavelengths are absorbed before they can be detected. A 

CCD camera that has the highest possible quantum efficiency will ultimately improve the SNR.  

 The main sources of noise for a charge-coupled device are shot noise, dark noise, clock 

induced charge noise, and readout noise. Noise can be reduced by various methods, such as 

keeping the temperature down, operating the camera at certain clocking speeds, and 

amplification of the signal (adding an intensifier to the charge coupled device). Figure 53 is the 

quantum efficiency curve the Andor iCCD camera we utilize in our system. Taking into 
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consideration the quantum efficiency for each wavelength and the transmission of each filter, 

the percent transmission of light through the system is calculated (Table 3). 

 

Figure 53: Andor iStar 18U-734 Gen 2 (W-AGT,-03) Quantum Efficiency Curve. 
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 Wavelength Transmission %  iCCD quantum 
efficiency Total Throughput 

407 96% 14% 13.4% 

434 92% 16% 15.2% 

465 97% 17% 16.5% 

494 96% 14% 13.4% 

520 94% 13% 12.2% 

542 95% 11% 10.5% 

572 98% 8% 7.8% 

605 94% 6% 5.6% 

632 98% 5% 4.9% 

676 98% 4% 3.9% 

Table 3: Total throughput of light at 10 different wavelengths. 

 Due to the fact that there is low quantum yield in the 600 nm region and above, low 

SNR images are produced. Considering this and the total throughput at the selected wavelengths 

and the emission spectrum of relevant endogenous fluorophores within human tissue (as listed 

in Table 1), it can be concluded that the following filters provide us the most information: 407 

nm, 434 nm, 465 nm, 542 nm, and 572 nm. However, information will still be collected using 

the remaining filters.  

 

Variable Gate Times 

The normalized fluorescence lifetime method employed in our system increases the detection 

sensitivity and allows for differentiation of decay processes that have multiple exponential decay 

profile. Additionally, our system has the ability to obtain information from both fast and slow 

decay profiles. For example, if there are two constituents, one with a 2 ns decay constant and 

another with a 8 ns decay constant, the time period between the two frames (the step time) can 
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be adjusted for us to focus on one or the other. Figure 54 displays two different decay profiles, 

one with a short decay and one with a long decay. If we delay the second frame by 2 ns, the 

constituent with the shorter decay profile will be suppressed by roughly 63%, while the 

constituent with a longer decay will have greater sensitivity. 

 

 
Figure 54: Two decay profiles to demonstrate our systems ability to differentiate between long and 

short decay profiles. 

 To demonstrate this, collagen and elastin powders were imaged on the normalized 

fluorescence lifetime system using different step times. A hand drawn ROI was drawn over a 

region of both collagen and elastin powders (Figure 56c) and the pixel intensity was measured 

along that line. Figure 55 shows that as the step time increases the change in intensity increases 

from position 1 to 85 and position 85 to 240. The increase in intensity is roughly a 5% increase 

in pixel intensity between the two regions for a 19 ns step and a 10% increase in pixel intensity 

for a 24 ns step.  
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Figure 55; Pixel Intensity along a hand-delineated line ROI as the step time increases. 

 

             Further, increasing the gate time, without altering the step time, will enhance the 

sensitivity for the constituents and increase the SNR. To demonstrate this, collagen and elastin 

powders were imaged on the normalized fluorescence lifetime system using different gating 

times ranging from 1 ns to 19 ns and a step of 19 ns between the two acquired images.  Figure 56 

shows pictorially how the SNR and sensitivity increases as gating time increases. Notice that 

images (c) through (j) show that collagen has lower pixel intensity than the elastin but in images 

(k) through (t), the collagen has a higher pixel intensity. This is due to the fact that such short 

gating time doesn’t allow much light to be acquired in each acquisition and since collagen has a 

much longer lifetime than elastin, not many photons from collagen are acquired. However, with 

longer gating times, more photons are allowed to reach and be detected by the CCD camera from 

tissues and is therefore a better representation of the actual lifetimes. Figure 57 shows the 

graphical representation of this data. A linear ROI was drawn over a segment of elastin and 

collagen (ROI can be seen in Figure 56c). Pixel intensity correlates well between the two below 

figures, but it is clear that as the gate time increases, the plot becomes less noisy. In fact, the 
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SNR was calculated and low gate times gives an SNR of 26 dB and high gate times gives an SNR 

of 29 dB.  

 
Figure 56: Montage of collagen and elastin normalized fluorescence lifetime images with varying 

gating times. (a) Color image of collagen piece on top of elastin powder and (b) black and white 

image. Images (c)-(t) show the normalized fluorescence lifetime image with the following gating 

times: (c) 2 ns, (d) 3 ns, (e) 4 ns, (f) 5 ns, (g) 6 ns, (h) 7 ns, (i) 8 ns, (j) 9 ns, (k) 10 ns, (l) 11 ns, (m) 12 

ns, (n) 13 ns, (o) 14 ns, (p) 15 ns, (q) 16 ns, (r) 17 ns, (s) 18 ns, (t) 19 ns.  
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Figure 57: Graphical Representation of Pixel Intensity along each point of a line ROI as the gate time 

increases. 

  

NADH and FAD and other fluorophore contribution to fluorescence lifetime 

For the normalized fluorescence lifetime images of Head and Neck tissues, it is clear that great 

tissue detail can be seen in the filters centered at 407, 434, and 494 nm. Furthermore, the 

cancerous tissue samples generally exhibited longer relative fluorescence lifetimes for the filter 

with shorter wavelengths. It is important to note that these graphs were generated prior to 

background enhancement of the images, thus the data is the raw result of our normalization 

method. It was also found that as the filter wavelength increased, the cancerous tissue displayed 

a lower relative normalized fluorescence lifetime when compared to the normal or fatty tissue. 

Although SNR dropped with increasing bandpass filter central wavelength, visual contrast was 

still maintained. It has been previously reported that NADH, one of the primary endogenous 

fluorophores in both H&N and brain tissue absorbs radiation at approximately 350 nm and 

emits at 450 nm. Beyond 450 nm, fluorescence lifetime of cancers have been found to decrease 

due to the transition of NADH from its bound form to its free form [2]. This shift we see in the 
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normalized fluorescence lifetimes of cancerous and normal tissue might be due, in part, to 

fluorescence activity of NADH, according to the data found in Mikhail et al [2]. This correlates 

well with our results as we see shorter lifetimes of cancerous tissues at the shorter wavelength 

filters. At filters longer than 450 nm, NADH emission may no longer be detected and part of the 

fluorescence signal could be due to FAD which emits in the 520-570 nm range and has a 

significant fluorescence emission in cancerous tissue rather than in normal tissue. This might be 

the reason as to why we see longer fluorescence lifetimes of cancerous tissue [2].  

 In order to evaluate whether our system is capable of detecting such constituents, 

NADPH (NADPH tretrasodium salt; Catalog NO: ALX-480-004-M050) and FAD (Flavin 

adenine dinucleotide disodium salt hydrate; Catalog NO: ALX-480-084-M050) powders were 

purchased from Enzo Life Sciences. FAD powder was placed in between collagen and elastin 

powders and imaged. Figure 58 displays the normalized fluorescence lifetime images for each 

bandpass filter of 3 powders placed adjacent to each other. Collagen is on the left, FAD is in the 

middle, and elastin is on the right. An ROI was drawn over each of the separate powders and the 

mean pixel intensity was measured for all three to generate Figure 59. From these figures, we 

can see that the FAD lifetimes remains around 1 (indicating no change in lifetime i.e. the lifetime 

is not detected through the filters) until the 572 nm filter in which it becomes visible. This find 

correlates well with the emission spectrum for FAD recorded in the literature and also shows 

that are system is able to detect FAD and differentiate it from collagen and elastin. Furthermore, 

FAD is documented to have a fluorescence lifetime of 2.91 ns, which is in between the 

fluorescence lifetimes of collagen (5 ns) and elastin (2 ns).  Thus, the representation of relative 

lifetimes in the Figure 59 is accurate in the 572 nm, 605 nm, 632 nm, and 676 nm filters.  
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Figure 58: (a) Color image of collagen (left), FAD (center), and elastin (right) powders. (b) 

Fluorescence amplitude image. Images (c)-(m) are the normalized fluorescence lifetime images 

using bandpass filter centered at (c) glass, (d) 407 nm, (e) 434nm, (f) 465 nm, (g) 494 nm, (h) 520 

nm, (i) 542 nm, (j) 572 nm, (k) 605 nm, (l) 652 nm, (m) 676nm. 

 

 
Figure 59: Normalized mean pixel intensity values per bandpass filter of brain tissue sample. 
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 Similarly, NADPH powder was placed adjacent to both collagen and elastin powders.  

Figure 60 displays the normalized fluorescence lifetime images of collagen (left), NADPH 

(center), and elastin (right) powders.  

Figure 61 represents the relative normalized fluorescence lifetimes of each powder measured as 

mean pixel intensities from the normalized images. NADPH has a shorter fluorescence lifetime 

than both collagen and elastin and emits at around 450-500 nm. This relationship of relative 

fluorescence lifetimes remains accurate in our data. 

 
 

Figure 60: (a) Color image of collagen (left), NADPH (center), and elastin (right) powders. (b) 

Fluorescence amplitude image. Images (c)-(m) are the normalized fluorescence lifetime images 

using bandpass filter centered at (c) glass, (d) 407 nm, (e) 434nm, (f) 465 nm, (g) 494 nm, (h) 520 

nm, (i) 542 nm, (j) 572 nm, (k) 605 nm, (l) 652 nm, (m) 676nm. 
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Figure 61: Normalized mean pixel intensity values per bandpass filter of brain tissue sample. 

 

In summary, our system is so far capable of differentiating between the main endogenous 

tissue constituents that have been identified as markers for the detecting of cancerous and 

normal tissue. Furthermore, the method generates accurate relationships between the 

constituents. 

Depth Sensitivity of Normalized Fluorescence Lifetime Imaging System 

An important characterization of any imaging system is to determine its ability to provide depth 

information. This information is particularly useful if a patient happens to have a tumor that lies 

beneath a layer of other, noncancerous tissue. Optical penetration depth (OPD) is characteristic 

of the wavelength of light used and the optical characteristics of the tissue. The OPD is defined 

as the depth at which the intensity of the propagating light is attenuated by ~37% of its initial 

value. The primary absorbers of UV light in human tissue are water, oxygenated hemoglobin, 

and melanin. Previous studies have published measurements of UV light penetration into 

human skin. The main absorber within human skin that limits UV lights ability to penetrate 
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deep is melanin. UVA wavelengths (320-400 nm) can transmit through the skin all the way to 

the subcutaneous layer beneath the dermis, which is approximately 0.05-1.5 mm deep [32].  

 Since the application for our imaging system does not include skin, melanin is not a 

limiting factor to depth penetration. It is mostly hemoglobin and water along with other 

proteins and amino acids. Recently, a H&N tissue sample was obtained and imaged with the 

normalized fluorescence lifetime imaging system. For this specific case, the tumor, and adenoid 

cystic carcinoma, was covered by a thin layer of mucosa. In Figure 62, the tumor was palpated to 

be towards the left-hand side of the image around the region of the dark red area, while a 

normal area is towards the center of the image, just left of the metal staple. From the resulting 

color map images, there does, in fact, appear to be a margin between the two areas. Histological 

sectioning from this sample showed that the thickness of the mucosal layer covering the tumor 

is 1.7 mm.   

 More studies are required in order to further characterize the depth penetration for the 

tissues of interest. This information would be highly valuable for cases similar to the one shown 

above, where the tumor might not be superficial. 
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Figure 62: (a) Color image of a piece of HSNCC tissue and normal head and neck tissue. (b) 

Fluorescence amplitude image. Images (c)-(m) are the false color maps of the normalized 

fluorescence lifetime images using bandpass filter centered at (c) glass, (d) 407 nm, (e) 434nm, (f) 

465 nm, (g) 494 nm, (h) 520 nm, (i) 542 nm, (j) 572 nm, (k) 605 nm, (l) 652 nm, (m) 676 nm. 
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Chapter 5 

Conclusion 

In this thesis, I utilize a time-resolved fluorescence lifetime imaging method that does not 

require full lifetime extraction in order to characterize and optimize the system. Initial proof of 

concept studies were performed in the past using fluorescent dyes and collagen and elastin 

powders. However, this is the first work to demonstrate its usage on a variety of different tissue 

types to characterize the system’s ability and sensitivity to the tissue’s endogenous fluorophores. 

Furthermore, this was the first study to demonstrate the ability of the system to differentiate 

between NADPH and FAD. The results found here corroborate well with other ex vivo results 

found using much more complicated and inefficient systems and therefore indicates it’s large 

potential for use during surgical excision of tumors.  Our normalized fluorescence lifetime 

imaging system does not require time-intensive, pixel by pixel lifetime calculations nor long 

acquisition times. The ability to use LEDs with nanosecond range pulse widths instead of UV 

lasers with picosecond pulses drastically reduces the system’s cost and complexity. Therefore, 

our system makes it possible for a video-rate, wide-field lifetime discriminating fluorescence 

imaging system. Further studies need to be performed to enhance the system’s sensitivity and 

field of view, integrate the system with efficient image processing techniques to maximize the 

contrast generated, and further translate it into a clinical diagnostic tool.  
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