
Chapter 1
Fluorescence Lifetime Spectroscopy
and Imaging Techniques in Medical
Applications

Dimitris Gorpas and Laura Marcu

Abstract This chapter reviews the fluorescence lifetime techniques currently
applied in biomedical diagnostics. Specifically the chapter focuses on time-resolved
fluorescence spectroscopy (TRFS) and fluorescence lifetime imaging (FLIM)
technologies for in vivo tissue characterization, with special emphasis on the
translational potential of these techniques and the prospects of autofluorescence to
provide intrinsic contrast for the assessment and diagnosis of human diseases. The
use of these techniques in a number of medical applications, including cancer
(gastrointestinal tract, lung, head and neck, brain and breast), skin and eye diseases,
and atherosclerotic cardiovascular disease, are discussed and their recent develop-
ments towards translational medicine are highlighted.

1 Introduction

Certain molecules in biological tissues have the ability to emit light for a short
duration (typically <10−8 s), following the absorption of photons. This process is
called fluorescence. The measurement of fluorescence emission is an established
method for resolving the molecular composition of biological samples, using a
variety of instruments, i.e. spectrophotometers, microarrays, microscopes, and
endoscopes. Processing of fluorescence signal can reveal not only information on the
specific molecular constituents but also on the local environment surrounding a
specific fluorescence molecule or fluorophore. Fluorescence contrast and dynamics
are often characterized by studying the excitation and emission spectra, quantum
efficiency, polarization and fluorescence lifetime [1–6]. Among the most common
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tissue fluorophores are the aromatic amino acids (tyrosine, tryptophane, and
phenylalanine), structural proteins (elastin, collagens, and collagen cross-links),
enzyme metabolic co-factors [nicotin-amide adenine (phosphate) dinucleotide (NAD
(P)H and flavin adenine dinucleotide (FAD)], lipid components and porphyrins. The
optical properties of these fluorophores have been extensively studied, reviewed, and
reported in literature [2–5, 7–9]. Detection of fluorescence emitted from intrinsic
tissue fluorophores strongly depends on the surrounding micro-environment, making
their in vivo characterization a challenging procedure [4].

The fluorescence emission of exogenous molecular probes has been also used for
tissue diagnosis. With well-defined optical properties, exogenous probes are pri-
marily used in near-infrared applications [10–14], where the background signal
(autofluorescence) is minimal and excitation light penetrates deeper in tissue.
However, among the numerous molecular probes under investigation only a few
have been approved for human use by the U.S. Food and Drug Administration
(FDA). These include fluorescein and indocyanine green (ICG) [7, 14], as well as
porphyrin-based photosensitizers used in photodynamic therapy [15–21].

This chapter focuses on applications assessing the sources of endogenous
fluorescence lifetime contrast and their prospects for in vivo tissue characterization
and diagnosis. An in depth discussion of such applications is provided in the
following sections.

2 Fluorescence Contrast for Tissue Characterization

Fluorescence measurements are commonly used for quantification of the optical
properties of biological cells and tissues. Their interpretation can provide bio-
chemical, functional and structural information of the sources of fluorescence
contrast within these biological entities. Changes in tissue fluorescence properties
can result from pathological transformations, therapeutic interventions, or during
disease development, and thus intrinsic fluorescence has been frequently exploited
as a diagnostic tool. Applications are diverse, ranging from cancer and intravascular
diseases diagnostics to assessment of bioengineered tissues [2–5, 7–9, 15, 17, 20,
22–32]. Improvement in light delivery and collection systems via fiber optics is one
of the key factors that lead to increased scientific and clinical interest towards tissue
fluorescence measurements. Fiberoptic based systems have allowed for the devel-
opment of non- or minimally invasive modules even for remote tissue fluorescence
acquisition by using endoscopes or catheters [33–35]. Numerous published studies
have clearly demonstrated the applicability of fluorescence spectroscopy and
imaging for the assessment of various tissue pathologies.

Both steady-state (intensity and/or spectrum) and time-resolved (time- or
frequency-domain) fluorescence measurements (Fig. 1) have been investigated for
quantitative and qualitative compositional and pathophysiological analysis of bio-
logical tissues. Due to their rather simple and low-cost hardware implementation,
the steady-state methods have been mostly exploited for human tissue diagnostics
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in vivo. Over the past decade commercial systems have emerged. One of the first
fluorescence systems commercially available was the Light-Induced Fluorescence
Endoscopy (LIFE) device from Xillix Technologies Corp. More recently Novadaq
Technologies Inc. released the updated version of LIFE system, known as
PINPOINT Endoscopic Fluorescence Imaging System, previously known as
Onco-LIFE Autofluorescence Endoscopic Technology [36]. Karl Storz has also
released an endoscopic system known as Video Bronchoscope for Autofluorescence
Diagnostics, which was previously known as D-Light® System [37]. Both these
systems have been developed to analyze fluorescence signals and visualize, through
contrasting color assignment, bronchi and gastrointestinal (GI) tract diagnostic
outcomes. The fluorescence excitation light for both of them is in the blue region of
spectrum (400–450 nm for PINTPOINT and 380–440 nm for Video Bronchoscope
for Autofluorescence Diagnostics), while the fluorescence detection is performed in
the green region (470–560 nm) for the first system and in the green and red regions
(475–800 nm) for the second. Other endoscopic fluorescence systems available
nowadays are the SAFE-3000 system (408 nm excitation/430–700 nm detection)
from Pentax [38], the AFI-Lucera® system (395–445 nm excitation/490–700 nm
detection) from Olympus [39], DAFE (390–470 nm excitation/475–650 detection)
from Richard Wolf [40], and Cellvisio (488/600 nm excitation/505–700/680–
900 nm detection) from Mauna Kea Technologies [41] that can provide real-time
microscopic images from endogenous or exogenous fluorophores.

Commercial systems based on combined fluorescence and reflectance spec-
troscopy were also developed for the diagnosis of cervix cancer. Namely two such
systems are Luma Cervical Imaging System (337 nm excitation/360–720 nm
detection) from MediSpectra Inc. (now acquired from SprectraScience Inc. [42])
and LuViva® Advanced Cervical Scan (multiple excitation and detection wave-
length combinations through filter wheel) from Guided Therapeutics [43].

Fig. 1 a Spectro-temporal profile of fluorescence emission induced by sequential excitation light
stimuli; b Fluorescence emission spectrum depicting integrated intensity values per wavelength;
c Fluorescence transient signal as a result of a single excitation light stimulus
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Otolaryngology is another medical specialty for which commercial fluorescence
visualization systems exist. Specifically, LED Medical Diagnostics, Inc. [44] has
developed a device called VELscope Vx (400–460 nm excitation) for the direct
visualization of fluorescence from oral abnormalities. This device does not provide
any classification output; instead it assists the clinician to visually distinguish oral
tissue differentiations, including oral pre-cancer and cancer, based on fluorescence
contrast. Oral soft tissue exam is usually following to assess the lesion type.

Fluorescence intensity measurements, however, are affected by numerous
experimental conditions. These include changes in excitation-collection coupling
due to tissue motion and/or surface profile, the presence of intrinsic absorbers (e.g.
hemoglobin presents high absorbance in both the excitation and emission spectral
bands), and the photobleaching effect that can influence the fluorescence intensity
over time. As a result, although many of these systems report high sensitivity in
detecting tissue abnormalities, their specificity is relatively low [4, 45, 46]. In order
to increase their overall diagnostic accuracy, either diffuse reflectance spectroscopy
has been introduced or rigorous calibration procedures have been designed to
correct for potential factors that non-linearly affect the measured fluorescence
intensity values [6, 23, 28, 45, 47–63].

Time-resolved (lifetime) technique can address the limitations of steady-state
fluorescence measurements. By resolving the dynamics of fluorescence decay such
technique can improve the specificity of the fluorescence measurements [2, 5, 7, 8].
Fluorescence lifetime measures the average time a fluorophore remains in the
excited states after a photon absorption event takes place. This metric can provide
an additional source of contrast (lifetime values), which in the case of tissues can be
of critical interest. Many of the intrinsic fluorophores present strongly overlapping
fluorescence emission spectra [4, 8, 9], with distinct, however, lifetime values.
Moreover, fluorescence lifetime is usually independent of the fluorophore’s con-
centration and quantum yield [2, 3, 8], property which can compensate for the
variation in intensity values due to their dependence on changes in
excitation/emission geometry and excitation light penetration depth.

In contrast to intensity measurements, the time-resolved fluorescence measure-
ment can: (i) provide a means of discrimination between tissue constituents with
overlapping fluorescence emission spectra but different fluorescence decay times;
(ii) provide information regarding the physiochemical environment of the intrinsic
fluorophores, as this figure is sensitive to various parameters of the surrounding
biological microenvironment (pH, ion concentration and binding, enzymatic
activity, temperature, redox state); (iii) provide robust in vivo quantitative mea-
surements, as this metric is independent of all these parameters that affect intensity
measurements (motion, absorption, concentration).

Nevertheless, fluorescence lifetime measurements have not yet been fully
exploited in clinical environments. This is due to a few barriers that are still to be
overcome. This includes the complexity of the instrumental setup combined with a
high cost when compared with the steady-state methods. Recent advances in more
compact and affordable light sources (i.e. solid state pulsed UV lasers) and fast
electronics are expected to address this barrier. A second limiting factor is the
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lengthy data acquisition and analysis, which until recently has prevented real-time
applications of lifetime techniques. The advance of computational units, with
multicore CPUs and GPUs, and the continuously developing parallel computing
algorithms, for both data acquisition and analysis, are expected to impact signifi-
cantly this limiting factor and lead to real-time time-resolved fluorescence imaging
applications within the next few years [33, 64–66].

Most time-resolved fluorescence studies reported have been realized in ex vivo
tissue specimens [2, 4, 8, 26, 67]. In part, this is due to restrictions introduced by the
lengthy data acquisition and analysis. Results from such studies, however, cannot
be fully extrapolated to in vivo cases [26, 68, 69] since the tissue optical properties
(including lifetime) change their values upon excision from the living organism.
Nevertheless, recent advances in real-time fluorescence lifetime techniques have the
potential to be applied in vivo, and combined with various established intra- and/or
post-operative assessment techniques, could assist towards the development of new
optical tissue diagnostic techniques.

3 Fluorescence Lifetime Spectroscopy and Imaging

Fluorescence intensity decay can be measured using either time-domain or fre-
quency domain techniques. Although both techniques provide equivalent infor-
mation about fluorescence decay dynamics, they are considerably different in their
implementation and application. Furthermore, the time-domain techniques can be
implemented using either time-correlated single-photon counting (TCSPC) or pulse
sampling and gated detection techniques. The basic principles behind these tech-
niques are shown in Fig. 2. Instrumentation based on these principles has been
developed for both point spectroscopy (single channel) and imaging spectroscopy
(multiple channels), also known as fluorescence lifetime imaging (FLIM) [2, 3, 7,
67, 69].

In addition, several signal processing techniques have been developed to
approximate the fluorescence intensity decay. The multi-exponential model, and its
more recent stretched exponential model, is the most widely applied approach to
extract the fluorescence decay from the measured transient signals. Other models,
such as the Laguerre expansion model or the emerging phasor approach, have also
been described in literature [3, 70–72].

3.1 Time-Resolved Techniques Used in Tissue
Characterization

The time-resolved fluorescence techniques are based on the measurement of
fluorescence intensity as a function of time-delay following pulsed excitation [2, 3,
67, 73]. The most commonly used technique for such measurement is the TCSPC,
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which has been thoroughly described in literature for both spectroscopic and
imaging applications [2, 3, 7, 67, 73, 74]. The extensive application of this tech-
nique has led to the development of general purpose TCSPC commercial systems
such as FluoTime 300 from PicoQuant GmbH [75] and Simple-Tau 830 from
Becker and Hickl GmbH [76].

The basic principle of TCSPC technique is depicted in Fig. 2a. A high repetition
rate excitation pulsed light source is used to induce fluorescence emission. The time
coincidence in the pulse period for each detected photon is measured and thus
accumulation of photon detection events is realized by means of histogram mem-
ory. Repeating the process for a large number of excitation pulses, the photon
distribution for the entire acquisition time is possible. This technique has been
generally preferred for lifetime measurements due to its high sensitivity, near-ideal
signal-to-noise ratio (all photons appear in the result and the standard deviation of
each measurement can be estimated via Poisson statistics), and a very good time
resolution (time resolution is not limited by the width of the single-electron
response, but by the transit-time jitter in the detector). Moreover, by incorporating
sample scanning modules in the system, spatial information can also be attributed to

Fig. 2 a Principle of time-correlated single-photon counting; b Principle of gated detection (e.g.
by using a gated ICCD camera); c Principle of pulse sampling detection (e.g. by using a high
sampling rate and analog bandwidth digitizer); d Principle of detection in frequency domain. The
ratios B/A and b/a represent the modulation of emission and excitation, respectively, and their ratio
represents the demodulation factor. All schematics were adapted from Lakowicz [3]
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the measurements and thus formation of fluorescence lifetime images is possible.
This represents a direct way to implement FLIM on conventional scanning
microscopes [2, 74, 77, 78].

Two alternative techniques are the gated detection and pulse sampling tech-
niques [3]. Implementation of the former requires the use of a time-gated detector,
with the gating functionality usually provided by optical intensifiers, whose gain
can be modulated through application of pulsed voltage. The basic principle of this
technique is shown in Fig. 2b. The sample is illuminated with finite excitation
pulses and the emitted transient signal is recorded at different relative delays with
respect to the excitation pulse. Integration of the acquired intensities at each delay
time reconstructs the entire fluorescence decay curve. Wide-field time-gated fluo-
rescence lifetime imaging microscopy is an application that has exploited this
technique [2, 79, 80], especially after the introduction of the intensified charge-
coupled devices (ICCD) in the early 1990s.

Recently, the pulse sampling technique (Fig. 2c) has gained popularity due to
recent advances in fast digitizers. In this case the detector remains on until the entire
fluorescence decay is recorded. The output signal from the detector is digitized
through a high sampling frequency and analog bandwidth digitizers (e.g. digitizers
with picoseconds resolution). For fluorophores with relative high quantum effi-
ciency a single excitation pulse is enough to generate a measurable fluorescence
pulse transient (decay). This technique has been employed in several point
time-resolved fluorescence spectroscopy (TRFS) systems [25, 68, 81–86]. More
recently a few groups have implemented scanning applications of this technique,
including 1D-linear, 2D-raster or 2D-rotational scanning and reconstruction of
fluorescence lifetime image [33, 66, 83, 87, 88]. A limitation of this technique,
however, is that the unknown instrumental noise may influence the accurate
recovery of the fluorescence decay. Recent studies try to investigate this issue and
assess the accuracy levels of such systems [33].

In general, the time-domain techniques are based on complex and expensive
opto-electronic equipment that remains a challenge for clinical translation. Both
short pulsed (sub-nanosecond) laser and high speed detectors such as ICCDs and
photomultipliers are required for the fluorescent transient signal detection.
However, time-domain fluorescence measurements present some significant
advantages [67]. The Fourier spectrum of the used pulsed sources is adequately
broad to allow simultaneous acquisition of tissue complex fluorescence decay
dynamics due to co-localization of the numerous endogenous fluorophores. In
addition, measurements with low repetition rates (<10 kHz) of the excitation
sources are not influenced by the ambient light of the surrounding environment,
which is of great significance for the translation of such techniques to clinical
applications [67].

Both single- and multi-photon [77, 89] techniques have been used for tissue
fluorophores excitation. The latter approach is based on high repetition rate and
tunable pulsed lasers in the near-infrared (NIR) region of spectrum, where
numerous commercial options of such sources exist. Furthermore, these lasers
reduce the global tissue phototoxicity and improve significantly the penetration
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depth, compared to the highly absorbed UV radiation. Nevertheless, the increased
complexity of multi-photon based systems has limited their applicability only on
tissues directly exposed to the excitation source, e.g. skin [89]. A commercial
multi-photon excitation system (DermaInspect) for skin time-resolved fluorescence
measurements has been developed by JenLab GmbH [77, 90].

The basic principle of time-resolved frequency domain technique is shown in
Fig. 2d. This technique is based on an intensity-modulated excitation source and
provides lifetime information through quantification of the phase shift between the
sinusoidally modulated excitation and the corresponding emitted fluorescence. The
repetition pattern of the intensity-modulated excitation light does not need to be
purely sinusoidal, because any repetitive waveform can be decomposed into a sum
of sinusoids through Fourier analysis [91]. Detection of frequency-domain fluo-
rescence data is possible by wide-field excitation and a gain-modulated camera, or
by scanning and detecting the fluorescence by gain-modulated point-detectors [73].
In addition, the finite response of the investigated sample results in demodulation of
the emission as defined by the demodulation ratio, Fig. 2d [2, 3, 67]. Although
frequency-domain technique requires relatively simpler instrumentation schemes
than time-domain, acquisition of multiple fluorescence decay signals require
repeated measurements with different modulation frequencies [3, 67]. This
approach is common and accurate in cuvette-based measurements, but it is not
practical for imaging applications because of the increased data acquisition and
processing time. This limits the applicability of frequency-domain fluorescence
measurements in clinical practice [91].

3.2 Analysis of Time-Resolved Fluorescence Measurements

Tissue endogenous fluorophores are characterized by a broad and overlapping
absorption spectrum, resulting into simultaneous multiple fluorophore excitation.
The measured fluorescence decay is consequently the superimposition of all indi-
vidual decays and thus it cannot be modeled by a single exponential decay [3]. In
addition, the shape of the measured fluorescent pulse transient is the result of the
convolution between the actual fluorescence impulse response function (fIRF) and
the instrumental impulse response function (iIRF). The broader the latter the higher
impact on the measured decay [3, 71, 92]. Thus, in order to recover the fIRF from
the measured data a deconvolution process is required to remove the instrumental
response. In time-domain, lifetime measurements are made at N equally spaced
sampling time points and thus it is usually expressed in the following discrete-time
formula:

y kð Þ ¼
Xk
i¼0

I k � ið Þ � h kð Þ þ ek ð1Þ
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for k = 0, ···, N – 1. In this expression y(k) represents the kth measured decay, I(k) is
the iIRF and h(k) is the desired fIRF. With ɛk is represented the additive mea-
surement noise. Thus recovery of the true fluorescence decay from the measured
transient signals encompasses methods of rapid and accurate deconvolution of
Eq. (1). Such methods are based on the mathematical models used to describe the
fluorescence impulse response function. These models are generally categorized in
two groups: parametric models, which require a priori knowledge about the
dynamic behavior of the decay, and non-parametric models, which do not require
such assumption.

For the first category of mathematical models the most commonly applied is the
least-square iterative deconvolution, in conjunction with a multi-exponential
approximation of the decay function [2, 3, 92]:

h nð Þ ¼
XM
i¼1

Ai � e n=sið Þ ð2Þ

where τi and Ai correspond to the decay times and the amplitude coefficients,
respectively, and M is the total number of existing fluorophores in the investigated
sample. Equations (1) and (2) are used to formulate the physical model which,
through the use of non-linear least square optimization methods (i.e. Gauss-
Newton, Levenberg-Marquardt), is fitted to the measured decays and the
multi-exponential parameters are approximated. The applied least-square optimi-
zation schemes are usually computationally expensive. Additionally, since these
models do not form an orthonormal basis, the optimization function could converge
to a minimum of the error function, which might be different with different initial
values of the decay times and amplitude coefficients. Thus a unique solution of
these models is not guaranteed [3].

However, the wide application of the models described in Eq. (2) is due to the
fact that many physical phenomena can accurately be described through first-order
differential equations [93]. Nevertheless this is true when considering known
fluorescence species in controllable environments (i.e. cell imaging). In more
complex systems, like the case of biological tissues, the type and/or the number of
the intrinsic fluorophores is rarely known a priori. In such systems the
multi-exponential approximation cannot be fully justified from a biological per-
spective. Moreover, the assumption of discrete fluorophores is not valid in most
systems (i.e. a fluorophore in a mixture of solvents may be subject to various
relaxation processes). Instead the system can be described by a range of exponential
decays with a range of lifetime values [3, 67], known as stretched exponential
models [71, 94].

In contrast, the application of non-parametric mathematical models does not
require any a priori knowledge of the underlying decay characteristics or any
information regarding the number of the fluorophores. By relying on expansion
basis sets, these models are based on more simplified mathematical expressions and
can be solved through more efficient numerical approaches. Such approaches
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include series based on Fourier [95], Laplace [96], exponential [97] or Laguerre
[98] transforms. Without any information regarding the physical properties of the
investigated fluorescence decays, the non-parametric models, however, are prone to
converge to decays that do not bear any physical meaning, e.g. oscillations.

A robust non-parametric model which has been used to recover the fluorescence
dynamics from biological tissues is based on a Laguerre basis of functions [69, 99,
100] (LBFs). By using this model the fIRF can be expressed as a series of ortho-
normal set of discrete time Laguerre basis functions bl(k):

h kð Þ ¼
XL�1

l¼0

cl � bl kð Þ ð3Þ

where cl represent the Laguerre expansion coefficients and L is the order of the
Laguerre functions. The discrete time Laguerre basis functions can be estimated
through a recursive formula [101]:

b0 kð Þ ¼ a1=2 � b0 k � 1ð Þ þ 1� að Þ1=2�dk0
bl kð Þ ¼ a1=2 � bl k � 1ð Þ þ bl�1 kð Þ½ � � bl�1 k � 1ð Þ

ð4Þ

with bl(– 1) = 0. This recursive formula derived from the analytical expression of
the Laguerre basis functions [101]:

bl k; að Þ ¼ a k�lð Þ=2 � 1� að Þ1=2�
Xl

i¼0

�1ð Þi� k
i

� �
� l

i

� �
� a l�ið Þ � 1� að Þi ð5Þ

where the scale parameter a (0 < a < 1) determines the overall decay rate of the
defined set of Laguerre basis functions.

In this approach the selection of the scale parameter is critical for the successful
convergence of the applied optimization process. In addition, practical use of this
model requires careful determination of the order of the Laguerre functions [71].
Recently this model had been revisited and a semi-parametric model was proposed
by Liu et al. [102]. In the context of fluorescence decay deconvolution, the
semi-parametric model provides constrain parameters to the applied optimization
process, which are extracted by a priori knowledge of the underlying physical
process. A robust technique for estimating the optimal scale factor of the Laguerre
basis functions or their order has been reported [102]. The commonly used
least-square deconvolution technique was also constrained by physical character-
istics of the fluorescence decay signals. Specifically, these decays should always be
positive, monotonically decreasing (not oscillating), strictly convex (exponential
decays), and asymptotically should converge to zero [71, 102].

Another emerging non-parametric method for analysis and visualization of
lifetime data is the phasor approach [72, 103, 104]. This technique, also known as
AB-plot, does not require an iterative optimization process. It is rather a graphical
representation of the lifetime values. To date it is mostly applied to the analysis of
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data from frequency-domain measurements [103]. Briefly, phase and modulation
values of each measurement are projected in the two dimensional polar plot
[72, 104]. The location of these projections, along with basic vector algebra, pro-
vides information regarding the fluorescence decays of the investigated specimens.
Through application of the Fourier transform, the phasor approach is also applicable
to time-domain fluorescence measurements [104]. Since phasor approach does not
rely on fitting processes, it can provide rapid information about the measured
fluorescence decays and is less sensitive to noise than the common optimization
based procedures [104, 105]. Most of the phasor based fluorescence lifetime studies
have been performed in vitro or cuvette measurements [72, 103, 104, 106, 107].
Recently, applications of this technique to fluorescence data from tissues measured
in vivo have been reported in literature [108, 109].

4 In Vivo Assessment of Human Diseases Based on Time
Resolved Fluorescence Measurements

Although numerous clinical studies have been reported, fluorescence lifetime
techniques have not been fully exploited for in vivo tissue diagnosis. In this section
we summarize the main fluorescence-based tissue diagnosis in patients and
emphasize the TRFS and FLIM studies. In general, current reports demonstrate the
application of these techniques to cancer diagnostics (GI tract, bronchi/lung, skin,
head and neck, brain and breast), ophthalmic diseases, and atherosclerotic cardio-
vascular disease.

4.1 Cancer Diagnostics

4.1.1 Gastrointestinal Tract (GI) and Bronchi

Although cancers of esophagus, stomach, and colon are among the most common
types of cancer worldwide, the current state-of-art in diagnosis techniques for early
detection of the disease still rely on conventional white light inspection [110].
Moreover the availability of both commercial endoscopic systems with fluorescence
imaging capability and conventional white-light endoscopic devises (i.e. endo-
scopes, bronchoscopes, and laryngoscopes) have enabled numerous studies of the
GI and pulmonary tracts. Applications include cancer in the GI tract (e.g. colonic
polyps and Barret’s esophagus), as well as cancer in the bronchi and larynx. Most
of these studies are based on intensity measurements and the assessment of the
detected contrast between normal and diseased tissues. In general this contrast,
which is expressed as lower fluorescence intensity values and/or as spectral chan-
ges, is used to delineate the tumor boundaries. The results are overlaid as
pseudo-color maps onto the conventional endoscopic images. Nevertheless, the
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sources of contrast are still unclear, and thus these tools present relatively limited
specificity. For this reason an increasing number of clinical trials are currently
conducted in an attempt to further evaluate the performance of fluorescence tech-
nique either as a standalone diagnostic tool or as a complementary method for other
conventional endoscopic techniques [110].

Similarly to the steady-state studies, the in vivo human time-resolved fluores-
cence measurements were implemented using the existing clinical endoscopic
systems. In order to access the tissue of interest, a fiber-optic was introduced in the
accessory port of the commercial endoscope. Results from these studies are very
promising for GI and bronchi early cancer detection [110]. However, in contrast to
rather large number of steady-state in vivo human studies, the reports on
time-resolved fluorescence are sparse (Table 1).

The first TRFS study was reported in 1998 by Mycek et al. [84] for the diagnosis
of colonic polyps. The study employed a pulse-sampling TRFS instrument for the
discrimination of adenomatous from hyperplastic colonic polyps. A pulsed nitrogen
laser (337 nm, 4 ns, 20 Hz repetition rate) was used to excite the endogenous
fluorophores, while the emitted fluorescence was detected at 550 ± 20 nm by an
avalanche photodiode connected to a digital oscilloscope (500 MHz bandwidth, 2
GS/s sampling rate). A total of 17 patients were examined. The reported average
lifetime values indicated that the emission decay from adenomatous (τavg = 9.3 ns)
was faster than from non-adenomatous polyps (τavg = 10.5 ns). These values were
approximated through the evaluation of the fluorescence pulse width, rather than
the application of a model-based or model-free deconvolution approach. After
analyzing these findings the authors claimed a sensitivity of 85 % and a specificity
of 91 % in distinguishing adenomatous from non-adenomatous colon polyps. These
statistical figures were revisited (73 % sensitivity; 70 % specificity) in a subsequent
study from the same group and in a much larger data set (68 patients) [120].

More recently (2014) Coda et al. [121] reported comprehensive results from
experiments conducted in colonic tissue using a fiberoptic-based TCSPC technique.
The measurements were conducted in freshly biopsied/resected tissue specimens
from patients undergoing endoscopy. Two pulsed diode lasers were used as exci-
tation sources with central emission wavelengths of 375 and 435 nm. Both lasers
emitted pulses of 50–150 ps duration and were configured to operate at 20 MHz.
The emitted fluorescence was collected by 14 fluorescence detection fibers and
imaged onto the input slit of a grating, which was attached to a 16 channel
multi-anode photomultiplier tube (PMT) detector. The PMT was linked to a
computer with a TCSPC card, allowing collection of fluorescence decays in 16
spectral channels spanning a wavelength range of 400–600 nm. A sketch of the
developed system is shown in Fig. 3. The approximation of the lifetime values was
based on the fitting onto a bi-exponential model. A total of 47 endoscopic samples
from different regions of colon were collected from 17 patients undergoing
colonoscopy. All measurements were implemented shortly after excision. By
combining various spectroscopic parameters the neoplastic vs non-neoplastic pol-
yps were discriminated with a sensitivity/specificity of 75 %/83 %. Although fur-
ther work is required to investigate if the discrimination statistical figures of this
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study can be improved through the use of e.g. other excitation wavelengths, or
combinations of fluorescence spectroscopy with other non-invasive optical tech-
niques, this study provided thorough insight for the use of time-resolved fluores-
cence measurements to assess neoplastic colonic polyps. It also provided valuable
information regarding the sources of any contrast resulted from the two excitation
wavelengths.

Another application of TRFS in the GI tract was reported by Pfefer et al. [85]. It
concerns the diagnosis of high grade dysplasia in Barrett’s esophagus in 37 patients.
The instrumental setup used for this study is a modified version of the TRFS system
used by Mycek et al. [84] and allows for simultaneous acquisition of both wave-
length- and time-resolved fluorescence data from tissue upon 337 and 400 nm
excitation. The fluorescence decays in this study were approximated through an
iterative optimization process and by modeling the decays as a bi-exponential
model. It was found that for 337 nm excitation the dysplastic tissues emit fluo-
rescence with faster decay than the non-dysplastic tissues, while 400 nm did not
provide effective means of tissue diagnosis. Moreover, this study revealed that
changes in TRFS data were not significant enough to support the development of
diagnostic algorithms. A retrospective statistical analysis indicated that none of the
parameters calculated from TRFS could achieve sensitivity and specificity values
above 60 %.

TRFS measurements have also been applied to detection of cancer in the
bronchi. One such study was implemented by Uehlinger et al. [46]. This study was
conducted in 11 high-risk lung cancer patients undergoing conventional white-light
bronchoscopy. The excitation source of the apparatus used was a nitrogen

Fig. 3 Optical configuration of the fiber-optic probe-based fluorescence lifetime spectroscopy
system. Insets show the arrangement of the optical fibers in the custom fiber bundle at the distal
end of the probe and at the output of the fluorescence detection branch of the proximal end of the
probe. Cores shown in green are fluorescence detection fibers; fibers colored blue are used to
deliver the laser excitation; the orange and red cores were unused in this study. Adapted from
Coda et al. [121]
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laser-pumped dye laser emitting at 405 nm (500 ps pulse width, 1–50 Hz repetition
rate), while a streak camera positioned at the imaging plane of a spectrograph
spectrally (640 channels, 15 nm resolution) and temporally (480 channels, 280 ps
resolution) resolved the transient fluorescence signals. The fluorescence decays
were analyzed using the Levenberg-Marquardt iterative nonlinear least-squares
deconvolution fitting algorithm, assuming an a priori bi-exponential model. This
study concluded that the decay parameters obtained from healthy bronchial mucosa
and preneoplastic or neoplastic lesions show no statistically significant differenti-
ation. In fact, the quantified differences are smaller than inter- and intra-patient
variations of the healthy mucosa. These results suggest that the heterogeneities in
the healthy mucosa affect the fluorescence decay measurements and that make the
discrimination of diseased vs. healthy tissue difficult. Nevertheless, this study
provided useful insights into the mechanisms underlying the fluorescence spectral
and intensity contrasts in bronchial tissue.

Overall these studies do not conclude on statistically significant results for the
detection of cancer in the GI tract and bronchi, they have significantly contributed
to the better understanding of the fluorescence sources in these tissue types. Further
systematic investigations are required to correlate other spectroscopic parameters,
or combinations of such parameters, with histopathological findings, in an attempt
to increase the diagnostic power of fluorescence lifetime technique.

4.1.2 Head and Neck Cancer

The relative accessibility of the oral cavity to flexible (fiber optic), semi-flexible
(light guide), or rigid (direct illumination) light guides led to the development of a
large number of both point spectroscopy and wide-field imaging devices to assess
various lesion types. Table 2 summarizes the main fluorescence studies of oral
cancer in patients.

As in the case of GI tract or bronchi, most of the studies in head and neck cancer
(see Table 2) are based on either steady-state spectroscopy or intensity imaging. In
order to improve specificity of the fluorescence measurements most of these studies
included complementary diagnostic techniques, such as diffuse reflectance spec-
troscopy [57, 60], light scattering spectroscopy [57], depth sensitive probes [60],
and digital image processing [127]. Only a limited number of studies demonstrate
the applications of fluorescence lifetime techniques for the diagnosis of oral car-
cinoma in patients. These are described in brief below.

Chen et al. [128] employed a point spectroscopy lifetime technique consisting of
a handheld optical fiber-based probe connected to a commercial TCSPC system
(HORIBA Jobin Yvon IBH, UK). A pulsed laser diode (wavelength 408 nm, pulse
width 70 ps) was used for tissue excitation. The fluorescence emission was resolved
in 632-nm band pass filter (bandwidth 20 nm) corresponding to porphyrin fluo-
rescence. The acquired signals from 55 patients were fitted to a bi-exponential
model and an ANOVA test applied to the resulting average lifetime values was used
to determine their ability to resolve normal oral mucosa (NOM), epithelial
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hyperplasia (EH), verrucous hyperplasia (VH), and epithelial dysplasia (ED). In
addition a Fisher discriminate analysis was used to find optimal thresholds for
different types of samples and to develop the classification algorithm. This study
resulted in an accuracy rate of 75 % for VH and EH, of 93 % for ED, and of 100 %
for NOM samples.

Meier et al. [83] reported the use of a point spectroscopy TRFS technique based
on pulse sampling for diagnosis of head and neck squamous cell carcinoma
(HNSCC). The study was conducted in 9 patients. The measurements were taken
from 53 sites including buccal mucosa, tongue, vocal cord and floor of the mouth.
The fluorescence was induced with a pulsed nitrogen laser (337 nm, 700 ps pulse
width), spectrally resolved with a monochromator (360–610 nm spectral range,
5 nm interval), detected with a gated multichannel plate photo-multiplier tube, and
time-resolved with a digital oscilloscope (2.5 GHz bandwidth, 40 GS/s sampling
rate). A Laguerre basis function deconvolution scheme was employed to approxi-
mate the fluorescence decays. The lifetime values were computed at 1/e of the
intensity’s maximum value. With this apparatus both spectrally and temporally
resolved fluorescence characteristics were recorded and comparison between the
malignant and normal tissue was performed using 2-way ANOVA. Significant
spectral intensity peaks of normal and malignant tissue were noted at two spectral
bands: 370–400 nm (corresponding to the collagen emission) and 440–470 nm
(corresponding to the NAD(P)H emission). In general, this study revealed that
across all wavelengths between 360–610 nm, the absolute fluorescence intensity
was significantly decreased in carcinoma compared to the normal mucosa. These
findings agree with other fluorescence steady-state studies [57, 60, 125–127]. In
addition, when considering all anatomical sites, the average lifetime at the 370–
400 nm spectral band did not present any statistically significant differentiation,
while at the 440–470 nm spectral band, the average lifetime was 1.50 ± 0.05 ns for
normal areas and 1.38 ± 0.05 ns for malignant tissue (P < 0.001). These differences
are most probably attributed to different ratios of free and bounded NAD(P)H in the
two tissue types. When bound to proteins, the NAD(P)H fluorescence lifetime is
known to increase multifold [3, 8].

Sun et al. [124] recently reported on the findings of a FLIM based study from 26
sites in the oral cavity (Fig. 4). This study was conducted in a subset of patients
involved in Meier’s TRFS study [83] described above and used the same pulsed
nitrogen laser (337 nm, 700 ps pulse width) for fluorescence excitation. However,
the emitted fluorescence was recorded by a gated optically intensified CCD camera
(minimum gating time of 200 ps; repetition rate up to 200 kHz) and a band-pass
filter (460 ± 25 nm). Both excitation and emission lights were delivered via a
customized imaging probe with a high numerical aperture (NA = 0.48) excitation
fiber and a collection fiber image bundle (10,000 fibers, *0.6 mm total diameter)
and a GRIN lens objective (FOV = 4 mm). The Laguerre basis function based
deconvolution scheme was also employed to approximate the fluorescence decays.
The findings in this study were equivalent to the ones in the TRFS study.
Specifically, the average fluorescence lifetime of HNSCC presented smaller values
when compared with that of normal tissue.
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The results from these two independent studies (Meier et al. [83] and Sun et al.
[124]) demonstrate that upon 337 nm excitation the approximation of the fluores-
cence decay dynamics in the 460 nm centered band can provide statistically sig-
nificant discrimination of oral carcinoma tumors (regardless of their location) from
the surrounding normal tissue. Further measurements are required to sufficiently
account for intra- and inter-patient variability and to construct a dense database for
the development of efficient diagnostic tools.

4.1.3 Brain Tumors

The highly infiltrative nature of brain tumors makes the delineation of positive
margins a challenging procedure. The development of an intra-operative tool that
would assist neurosurgeons in assessing the infiltration of tumor cells in normal
brain tissue is still an unmet clinical need. As shown in Table 3, overall only a few
groups have explored the application of fluorescence spectroscopy techniques to
diagnosis of brain tumors. Moreover, the clinical application of TRFS and FLIM
techniques is even less explored [81, 82, 129]. These studies are briefly reviewed in
the following.

Fluorescence decay characteristics for both high and low grade glioma were
primarily assessed in three studies [81, 82, 129]. These characteristics were com-
pared to the corresponding quantities from normal cortex and white matter. All of
them were conducted in patients undergoing surgery for brain tumor removal.
Measurements were conducted through customized fiber-optic probes that were used
to remotely access the brain tissues during conventional craniotomy procedures.

Fig. 4 Fluorescence lifetime imaging (FLIM) system for intraoperative diagnosis of oral
carcinoma. a Endoscopic FLIM schematic. b Picture of the semiflexible integrated endoscope used
in patients studies. c Picture of the FLIM probe applied to oral cavity. Adapted from Sun et al.
[124]
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In the two TRFS studies [81, 82] fluorescence was induced with a pulsed
nitrogen laser (337 nm, 700 ps pulse width), spectrally resolved with a mono-
chromator (360–550 nm spectral range, 10 nm interval), detected with a gated
multichannel plate photomultiplier tube, and time-resolved with a digital oscillo-
scope (1 GHz bandwidth, 5 GS/s sampling rate). A Laguerre based deconvolution
scheme was used to approximate the fluorescence decays. Univariate statistical
analysis (one-way ANOVA) was used to identify the set of spectroscopic param-
eters that best discriminate between distinct tissue types, as defined by the histo-
pathologic analysis. The first of these studies was conducted on 17 patients [81],
while fluorescence from 42 patients was acquired for the second study [82]. Results
demonstrate that intensity ratio between 390 ± 10 nm (collagen emission peak) and
460 ± 10 nm (NAD(P)H emission peak) bands, as well as the corresponding
fluorescence decay dynamics, have the potential to discriminate between normal
brain tissues and low and high grade gliomas. Moreover, by using combined
spectral and temporal parameters of the TRFS measurements it was possible to
classify low-grade gliomas with high sensitivity and specificity (100 and 98 %,
respectively) [82]. However, when high-grade gliomas were assessed, the sensi-
tivity was limited (47 %), but specificity remained high (94 %). A possible source
for the low sensitivity was the heterogeneous nature of the investigated tumors, as
well as phenotypic diversity.

FLIM measurements [129] were conducted in 13 sites from 3 patients. A 337 nm
pulsed nitrogen laser (337 nm, 700 ps pulse width) was used to excite fluorescence,
while detection was achieved through a fast-gated ICCD equipped with a bandpass
filter (460 ± 25 nm). The schematic of the FLIM system is shown in Fig. 5, along
with some characteristic measurements. To distinguish between tissue types (tumor
vs. normal), FLIM decay characteristics were assessed using ANOVA. Findings
were complementary to the two TRFS studies. Specifically, fluorescence decay
parameters at 460 nm have the potential to successfully discriminate between gli-
omas and normal brain tissues.

A common conclusion in all three studies is that further investigation is required
in order to account for gliomas genetic sub-classification associated with prog-
nostics. Fluorescence emission of the diverse brain tumor phenotype (e.g. malignant
astrocytomas, mixed gliomas and oligodendroglioma) has not yet been fully
investigated in order to conclude on the ability of fluorescence signatures in ana-
lyzing and distinguishing gliomas.

4.1.4 Other Cancers

Additional clinical applications reported include the detection of cervical cancer
and assessment of breast cancer margins. Representative studies are summarized in
Table 4.

Several steady-state fluorescence studies of cervical cancer were reported.
Nevertheless most of them have employed combined fluorescence and diffuse
reflectance measurements to improve tissue classification accuracy. Recently Hariri
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Tabrizi et al. [23] published a review summarizing all optical spectroscopy tech-
niques used for this clinical problem. Other pertinent reviews were also previously
reported [45]. In addition, commercial devices based on fluorescence and reflec-
tance spectroscopy have been developed for the diagnosis of cervix cancer, some of
which have been described previously [42, 43]. In general, optical spectroscopy has
been applied as a complementary technique to conventional colposcopy. It has been
shown, however, that both optical spectroscopy and conventional colposcopy show
equivalent performance when applied as stand-alone diagnostic tools [45].
Promising results were reported by many studies; however, further investigations
with larger samples are required [23]. Nevertheless, despite the increased scientific
interest in fluorescence measurements for cervical cancer diagnosis, no
time-resolved spectroscopic or imaging techniques were reported. The inherent
nature of the fluorescence lifetime measurements can potentially improve the
specificity of the fluorescent measurements conducted in cervix and eventually can
initialize a totally new clinical application area for time-resolved techniques.

Breast cancer detection and margins assessment is another challenging and still
unmet clinical need that fluorescence measurements can address. As summarized in
Table 4, a few SSFS studies were conducted in the attempt to intra-operatively
assess breast cancer margins on fresh excised tissue samples. However, all of them
conclude that steady-state fluorescence measurements cannot discriminate between
fibrotic and malignant tissues and thus many proposed approaches are combined
with diffused reflectance measurements [28, 52]. Up to date only one paper reports
a time-resolved fluorescence study focused on breast cancer margins assessment

Fig. 5 a Schematic of the FLIM instrument setup, including a picture of the tip of the imaging
bundle probe positioned on the interrogated area of the cortex. Representative fluorescence
intensity and lifetime images. b, c, and d are intensity images. e, f, and g are fluorescence average
lifetime images. h, i, and j show fluorescence lifetime histograms. j Depicts lifetime histograms of
two ROIs identified in (g), where the arrow indicates the tumor area. For each image, the average
lifetime value was retrieved from the 2 × 2 binning pixel of four original pixels (2 × 2 square). All
average lifetime values for each binning pixel in the ROI were plotted together to show a
histogram of average lifetime distribution. Adapted from Sun et al. [129]
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[135]. The customized system included a supercontinuum pulsed laser source with
a 5 ps pulse width and a broadband spectrum (*440 nm to 2 μm) at a repetition rate
of 20 MHz. The excitation wavelength was selected using a 447 ± 30 nm bandpass
filter. The emitted fluorescence was detected at four spectral bands (532 ± 5,
562 ± 20, 632 ± 11, and 684 ± 12 nm) via a cooled PMT and a PC-based single
photon counting card (Fig. 6). All measurements were conducted on a total of 93
locations across 6 breast cancer cases (34 from invasive ductal carcinoma regions,
31 from fibrotic tissue regions and 28 from adipose tissue regions) immediately
after their resection through mastectomies or lumpectomies. Fluorescence decay
was approximated via a bi-exponential model, and a multinomial logistic regression
was used as the classification tool. This study concluded that the mean fluorescence
lifetime values were significantly different between invasive ductal carcinoma and
the two other types of benign breast tissue, predominantly at 532 and 562 nm. At
these wavelengths the lifetime contrast was attributed mainly to flavins and lipo-
pigments. Also this study concluded that DRS technique is more robust in distin-
guishing the malignant tissues from the other two types, than lifetime
measurements.

Fig. 6 a A simplified block diagram of the dual-modality data acquisition system; b an illustration
of the probe tip geometry; c A picture showing breast specimen being measured by the optical
fiber. The colors on the edges of the specimen are due to ink labeling done by the pathologist as a
conventional procedure to mark anatomical/structural sides of the breast sample. AFLM
Autofluorescence lifetime measurements; LRS Light reflectance spectroscopy. Adapted from
Sharma et al. [135]
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Based on these results, the same group expected that the methodology described
in [135] is highly likely to work for detection and classification in other types of
cancer as well. Thus, recently the system in Fig. 6 was also used for the detection of
prostate cancer of fresh ex vivo radical prostatectomy specimens from 37 patients
with high volume, intermediate-to-high-grade PCa (Gleason score, GS ≥ 7) [136].
Findings were equivalent to the breast cancer margins assessment study [135].
However, since there is limited understanding of the origin of fluorescence sources
at these wavelengths, it is expected that further investigation of the molecular
contrast sources will assist towards the identification of fluorescence decay
parameters with best discrimination power.

4.2 Human Skin Diagnostics

Because of the direct accessibility of skin, fluorescence techniques have been
broadly applied for the analysis of skin physiology, optical biopsy of skin, and
detection of dermatological disorders. The latter includes fungal infections, skin
age, hair pigment, and cancer. Table 5 summarizes the most representative studies.
The fluorescence contrast sources commonly investigated in these studies are the
endogenous bio-molecules such as flavins, NAD(P)H coenzymes, metal-free por-
phyrins, components of lipofuscin, melanin, elastin, collagen and keratin.
Moreover, a broad range of customized fluorescence-based devices have been
developed, such as multi-photon excitation and high resolution scanning systems,
or free-optics based systems. The direct accessibility of the skin has permitted the
extensive exploitation of both steady-state [47, 48, 58, 137–141] and time-resolved
techniques [77, 86, 89, 142–144]. For example SSFS measurements have been
shown to present the potential to discriminate non-melanoma skin cancer (NMSC)
[86, 142]. Nevertheless, the wide intra-patient variability and the heterogeneity of
skin fluorescence strongly influence the development of any classification archi-
tecture. This lead to limited specificity in skin tissue diagnosis, even in studies
where fluorescence measurements are complemented with DRS measurements [58].

One of the most commonly applied techniques for human skin diagnostics is the
multi-photon scanning approach, including FLIM. This approach offers the
opportunity for non-invasive optical sectioning of skin and disease stage in vivo.
Many of these studies are summarized in recent reviews [6, 22, 89, 140]. Studies
conducted on excised human skin [89] have provided valuable information on the
sources of fluorescence lifetime contrast and their potential to distinguish between
various skin conditions. Nevertheless, measurements on excised tissues are not
suitable to assess the applicability, as well as the accuracy metrics, of this technique
for skin diagnostics. For example, skin freezing is prone to reduce NAD(P)H, the
dominant fluorophore in the viable epidermis, and most likely affects skin fluo-
rescent measurements ex vivo.

The development of a commercial multi-photon excitation system
(DermaInspect) for skin time-resolved fluorescence measurements has contributed
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to the increased number of in vivo skin fluorescence studies in humans. The
developed FLIM module includes a tunable NIR light source (titanium sapphire
laser: repetition rate of 80/90 MHz, pulse width 75–120 fs FWHM), a x-y
galvano-scanner module, and a TCSPS unit. This technique is not only compatible
with fast scanning but also capable of recording FLIM images in several wave-
length channels simultaneously. Moreover, multi-exponential fit is commonly used
to analyze and approximate fluorescence decay, with the bi-exponential model
being the most frequent. One detailed study using DermaInspect device was
reported by Dimitrow et al. [137]. This was the first clinical in vivo study of benign
and malign melanocytic skin lesions using this imaging device. A total of six
distinctive malignant melanoma features were measured and statistically assessed
from 83 melanocytic skin lesions. Sensitivity values up to 95 % (range: 71–95 %)
and specificity values up to 97 % (range: 69–97 %) were achieved for diagnostic
classification. In addition, this study showed that architectural disarray of the epi-
dermis, poorly defined keratinocyte cell borders, as well as the presence of pleo-
morphic or dendritic cells were of prime importance. By means of this procedure
accuracy values up to 97 % were reached.

The TRFS applications for skin diagnostics are sparse [86, 142]. One repre-
sentative study was reported by Blackwell et al. [142]. Within the framework of this
study TCSPC measurements were conducted on 75 patients (37 healthy subjects
and 38 diabetic subjects) and on various locations of a 31-year-old healthy
Caucasian male. The excitation source was a LED (375 ± 5 nm, 700 ps FWHM),
while the emitted fluorescence was recorded via a photomultiplier attached to a
monochromator at four distinct wavelengths (442, 460, 478, and 496 nm). The
intrinsic fluorescence decays were approximated via a tri-exponential model and
fitted to the acquired data with application of the Levenberg-Marquardt method. In
this study fluorescence characteristics were assessed as a function of location,
gender, skin complexion and age and results indicated that specific decay com-
ponents can be associated to free and bound NADH, while others to advanced
glycation end product (AGE) crosslinks.

Subsequent studies in this area, however, have not been reported despite the
promising results reported in current studies. The increased heterogeneity of human
skin is the most significant limiting factor. Thorough histological investigations, in
conjunction with further lifetime measurements are required to assess (a) the
intrinsic fluorophores of human skin and (b) any possible correlation between
fluorescence decay parameters and the intrinsic fluorophores as a function of dif-
ferent wavelengths and of different skin types (location, gender, etc.).

4.3 Eye Diseases Diagnostics

Intrinsic fluorescence has been also investigated as a diagnostic tool for human eye
diseases. Applications include the detection of metabolic alternations in early stages
of age-related macular degeneration and diabetic retinopathy. Similar to the human
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skin, the human eye can be directly accessed. In addition, the availability of
commercial fluorescence imaging systems has led to numerous in vivo fluorescence
case studies. Table 6 depicts the most representative reports.

Time-resolved fluorescence measurements of the eye are significantly chal-
lenging due to numerous reasons. For example the eye is sensitive to direct illu-
mination and special considerations must be adopted regarding the applied
wavelengths and exposure levels. Other reasons include the efficiency of light
propagation through the ocular media and the ability to define a single imaging
plane as the eye anatomy and its multilayer structure present variations between
individuals. An additional challenge is the compensation of the motion blur, which
is especially present during ocular imaging applications.

In an attempt to address such problems, Schweitzer et al. [150] developed a
FLIM-based scanning laser ophthalmoscope (SLO) that was used in several other
studies of this group [148, 151, 152]. The excitation source of this system was a
picosecond laser (448 nm, 70 ps FWHM), while the emitted fluorescence was
detected by a TCSPC module at two consecutive spectral bands (490–560 and 560–
700 nm). A tri-exponential model was used to fit the recorded fluorescence decays.
Results from these studies demonstrate that a good correspondence can be found
between the first component of the tri-exponential model and the retinal pigment
epithelium in the 490–560 nm band. Lifetime values from the second component
were attributed to the neuronal retina, while the third component was correlated to
the connective tissue in the choroid and was covered by the fluorescence emitted
from the crystalline lens. Moreover, by investigating healthy subjects, this group
reported highest repeatability at the papillo-macular bundle, followed by the fovea
and the optic disc. Repeatability was higher in the 490–560 nm band (mean
coefficient of variation 7.9 %) than in the 560–700 nm band (mean coefficient of
variation 17.7 %) [148].

The contribution of multiple fluorophores distributed among the different fundus
layers cannot be efficiently approximated via the tri-exponential model used in these
studies. Nevertheless, these studies demonstrate a very unique and challenging
application of FLIM. The development of real-time imaging applications could
account for many of the existing challenges permitting the implementation of fur-
ther studies.

4.4 Atherosclerotic Cardiovascular Diseases

One of the most significant, but still unmet, clinical needs is the development of an
imaging technology for in vivo analysis of atherosclerotic cardiovascular diseases.
Such tool should be capable of discriminating the constituents of atherosclerotic
plaque, as its composition plays an important role on plaque instability and sus-
ceptibility to rupture [153–156]. Fluorescence techniques, both steady-state and
time-resolved, have been extensively investigated as prospect tools for research and
diagnosis of atherosclerotic cardiovascular diseases, mostly because of their ability
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to detect the emitted fluorescence from elastin, collagen, lipid components and
other constituents in normal and diseased arterial wall. Current studies have shown
the ability of fluorescence measurements to detect plaque disruption [157], plaques
with thin fibrous caps [158], and lipid-rich lesions [159]. A detailed review of the
most recent fluorescence lifetime studies has been recently reported by Marcu [26].

Nevertheless, most of time-resolved fluorescence studies, TRFS or FLIM, were
realized either on excised specimens or on in vivo animal models [33, 70, 153, 156–
163]. These are summarized in Table 7. However, only very few in vivo studies in
humans were reported.

One of the very few applications of point TRFS measurements for in vivo
assessment of plaque fluorescence in humans was reported by Marcu et al. [68].
Within the framework of this study tissue fluorescence was induced with a pulsed
nitrogen laser (337 nm, 700 ps pulse width), while the emitted fluorescence was
dispersed by an imaging spectrograph/monochromator (360–550 nm; 10 nm
spectral increments) and detected with a gated microchannel plate PMT connected
to a digital oscilloscope (bandwidth 1 GHz, sampling rate 5 Gsamples/s).
A schematic of the developed system is shown in Fig. 7 (Module A).
A Laguerre-based deconvolution method was used to approximate the fluorescence
decays. In order to identify a set of spectroscopic parameters that best discriminate
between different tissue types, a univariate statistical analysis (one-way ANOVA)
was used. The developed classification architecture was based on a stepwise linear
discriminant analysis (SLDA) approach. This study was applied on 65 patients
undergoing carotid endartectomy (CEA) procedure. However, due to limitations
imposed by clinical protocols, only 28 areas were measured. Moreover, out of these
only 10 measurements were correlated to histopathologic analysis of the plaques.
Some representative results from this study are shown in Fig. 7 (Module B). This
small number of measurements underscores the challenge to validate the fluores-
cence results against gold standard methods in histopathology. Results from this
study indicated that the spectral intensities and time-dependent parameters, at dis-
crete emission wavelengths, allow for discrimination (sensitivity > 81 %, speci-
ficity > 94 %) of various compositional and pathological features associated with
plaque vulnerability, including infiltration of macrophages into intima and
necrotic/lipid core under a thin fibrous cap. Moreover the results revealed a linear
correlation with plaque biochemical content, i.e. elastin, collagen, inflammatory
cells, and necrosis.

To date no TRFS or FLIM studies in vivo during catheterization have been
reported. Such attempts would require advanced engineering of specialized cathe-
ters and blood flushing systems. Recent reports demonstrate a progress in the
development of such catheters capable for in vivo measurements [33, 70, 165].
Another limiting factor for using these techniques in vivo is the required time for
data acquisition. Spectroscopic measurements are in general relatively slow pro-
cedures (a few seconds per point for the acquisition of the entire spectrum).
Recently (2014) a scanning TRFS device has been reported that confronts this
challenge, as it is capable of acquiring fluorescence decays in multiple spectral
bands in a few microseconds [33]. Moreover, [33] reports, for the first time, the
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development and validation of a hybrid intravascular diagnostic system combining
multispectral fluorescence lifetime imaging (FLIM) and intravascular ultrasound
(IVUS) for cardiovascular imaging applications. The developed system allowed for
helical scanning of narrow arterial vessels and sequential acquisition of
time-resolved fluorescence data and ultrasonic data. The guide-wire artifact, present
in data from both modalities, allowed for fluorescence lifetime data and ultrasonic
images co-registration at the lumen/intima interface. The functionality of this hybrid
system was tested ex vivo in explanted intact swine hearts, experiments that
demonstrated the ability of this bimodal system to operate reliably in coronary
arteries and to provide registered biochemical and structural information. Some
representative results from this study are shown in Fig. 8.

Fig. 7 Schematic representation of the TR-LIFS system used to induce, collect, record and
analyze the fluorescence emission of the carotid plaques and sample results. Adapted from Marcu
et al. [68]
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The system in [33] has been also evaluated in vivo in a pig artery, demonstrating
for the first time the ability of a TRFS system to acquire data in a blood vessel
in vivo and under a continuous pull-back motion [70]. To address the increased
blood optical absorption the distal end of the catheter was enclosed into 1.5 mm
inner diameter silicon tubing. During the imaging sequence, the tube was inflated
with saline until it sealed the vessel (standard balloon occlusion procedure).
Fluorescence signal from the wall was then acquired through the balloon without
obstruction from blood. This group is currently working towards the development
and evaluation of a co-axial catheter configuration, enabling the FLIM and IVUS
components to rotate and acquire data simultaneously. This will maintain the
co-registration of the two modalities even during vessel wall motion. In addition, as
the developed system is capable of acquiring data in timeframes equivalent to the

Fig. 8 Bimodal imaging of ex vivo coronary artery with fluorescence marked drug-eluting stent
(DES) deployed in the lumen. a Overview of the pig heart with catheter inserted in the left anterior
descending artery. b Close-up of the drug-eluting stent showing the painted sections. c Fluorescence
intensity spectra of fluorescent paints, arterial tissue, and the spectral bands of the wavelength
selection module. d Fluorescence intensity images, average lifetime images, and intensity weighted
lifetime images of four spectral channels showing the stent structure (green paint marked struts are
pointed by arrows and the guide wire (vertical line). e IVUS cross-sectional image of the vessel
with fluorescence lifetime registered over the arterial wall. Stent struts and guide wire can be
identified with both FLIM and IVUS contrast. Adapted from Ma et al. [33]
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conventional bolus injection approaches, this research group is investigating the
possibility to address the blood optical absorption without the use of the silicon
tubing via injection of a flushing agent with appropriate optical property.

5 Challenges in Clinical Translation for Time-Resolved
Fluorescence Techniques

Current studies summarized above have demonstrated that steady-state fluorescence
measurements can provide good sensitivity for various tissue diagnostic applica-
tions, but they present limited specificity. The latter is usually improved when
complementary techniques are used, like diffuse reflectance spectroscopy.
Nevertheless, due to the heterogeneity of the various tissues and an increased
intra-patient variability the overall specificity remains relatively low when com-
pared with the standard histopathological diagnostics.

The measurement of lifetime can provide an alternative means to evaluate tissue
fluorescence without the need of any exogenous contrast and has the potential to
improve specificity of the diagnostic methods. However, with a few exceptions,
most of time-resolved studies have enrolled a limited number of patients, and thus
the diagnostic potential of these techniques has not been fully evaluated yet.
Overall, two critical challenges remain to be addressed in order to facilitate practical
time-resolved fluorescence measurements in vivo in patients.

First, fluorescence lifetime techniques require rather complex and expensive
instrumentation. This, in addition to the limited number of available excitation
sources and sensitive detectors, has prevented the development of practical clinical
time-resolved devices. Moreover, the majority of current TRFS and FLIM systems
are characterized by a slow data acquisition speed, which either makes the mea-
surement subject to motion artifacts or results in a limited number of measurements.
Moreover, most of TRFS or FLIM studies conducted in vivo employed pulsed
nitrogen lasers as an excitation light source. Although the wavelength and output
power of these lasers is suitable for most studies, their low repetition rate has
precluded the development of high-speed spectroscopic or imaging modalities. On
the other hand, most ultraviolet and blue range emission pulsed diode lasers,
operating at high repetition rates do not provide adequate output power levels.
Recent advances on pulsed solid-state lasers in the ultraviolet spectral region,
including compact fiber lasers, can address this need and could become an important
component of future time-resolved fluorescence systems. Similarly to the excitation
sources, there is a limited choice of fast and sensitive detectors. Most applications
employ fast MCP-PMTs or avalanche photodiodes, streak cameras, gated ICCDs
and TCSPC modules. These detectors are suitable for clinical applications; however,
the limited number of manufacturers has still retained their prices at relatively
increased levels. Overall, a broader availability of both excitation sources and
detectors could boost the TRFS and FLIM research in clinical environments.
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Second, the lack of robust and fast analytical methods for accurate approximation
of the fluorescence decays from time-resolved measurements represents a challenge
in the development of real-time tissue diagnostic systems. There is also a need for
accurate interpretation of the decay components in relation to tissue pathophysiol-
ogy. A major drawback of parametric models is that they require a priori knowledge
about the fluorescence decay model (e.g. multi-exponential approximation function).
Knowledge of such model would increase both accuracy and time efficacy of the
deconvolution problem. However, an optimal model does not exist, mainly because
tissue fluorescence is emitted by several biological molecules with overlapping
emission spectra. In addition the characteristics of fluorescence decay strongly
depend on the molecular micro-environment, thus no unique solution can be asso-
ciated with one molecular species. Moreover, accurate estimation of the fluorescence
decays would require encountering for scattering and absorption within the inves-
tigated tissue, as well as accurate modeling of the tissue surface profile. This can be
accomplished through the analytical model of radiative transfer equation, or any of
its deterministic or stochastic approximations (i.e. diffusion approximation, Monte
Carlo). However, finding a solution for such models besides being time consuming
is also based on a priori knowledge of the fluorophores distribution within the
tissues, as well as the distribution of any other molecule that absorbs or scatters the
wavelengths of interest. In order to simplify the solution of this optimization
problem, most fluorescence lifetime studies apply an exponential approximation
(mostly bi- or tri-exponential) to evaluate the fluorescence decay dynamics.
Although this approach is adequate when a dominant fluorescence source is present,
it cannot accurately approximate the true number and their relative contribution of
the existing tissue fluorophores. In addition, the solution of the optimization problem
with this model strongly depends on the applied initial values of the time constant
and fractional contribution of the exponential function. Such problems are prone to
converge to different local minima of the error function. Thus a unique solution of
these models is not always guaranteed [3].

Several studies have shown that non-parametric models (model-free) are very
promising alternatives for evaluating the fluorescence decay without a priori
knowledge of the decay function. Although these models do not bear any physical
meaning, they succeed in fitting the fluorescence decay with increased time effi-
cacy. One such example is the Laguerre functions-based deconvolution. Also, more
recently, the phasor approach has gained a significant attention mainly because it
does not require any iterative optimization process to approximate the measured
fluorescence decays. Overall, these techniques can provide rapid quantification of
the fluorescence decays and are less sensitive to the inherited noise than most of the
other deconvolution methods [104, 105]. These non-parametric studies enable
further development of real-time TRFS or FLIM diagnostic systems.

An additional clinical translation challenge for fluorescence lifetime based
techniques is the ability to correlate the fluorescence decay parameters measured
in vivo with the numerous pathophysiological conditions in tissue. Fluorescence
data from in vivo studies are typically validated with results from conventional
histopathological analysis of tissue removed from optically interrogated regions.
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This approach, however, is subject to both sampling/registration errors as well as to
changes in tissue conditions post-excision (physiology, metabolism, morphology,
etc.). As a result, a quantitative interpretation of the fluorescence decay data is
practically impossible, especially for metabolically active tissues such as tumors.

Finally, one major drawback of fluorescence measurements is the shallow
penetration depth of the excitation light, typically in the ultraviolet-visible wave-
length range. For example, single-photon measurements are based on ultraviolet
excitation sources, which can provide a tissue interrogation depth bellow 0.5 mm.
Multi-photon applications are based on near-infrared excitation sources, which
enable higher penetration (*1.5 mm), however it remains mainly a shallow
interrogation. As a result TRFS and FLIM measurements are limited to the surface
of the investigated tissues/organs. Nevertheless, because early pathological
molecular changes usually occur at the surface of the tissue/organ, these techniques
are very sensitive to biochemical changes within small tissue volume (high spatial
resolution). Future development of hybrid multimodal systems combining tech-
niques capable of providing complementary information (i.e. structural—OCT,
ultrasound; molecular—near infrared molecular fluorescence; biochemical—TRFS,
FLIM, Raman) could expand the diagnostic ability of current fluorescence-based
techniques.

The use of exogenous fluorescence probes can address several of these chal-
lenges. Most of exogenous probes are designed for visible and near-infrared
excitation sources, which increases the tissue sampling depth when compared with
fluorescence measurements that takes advantage of endogenous contrast that are
typically excited at the ultraviolet wavelength range. In addition, the high quantum
efficiency of the exogenous fluorophores increases the sensitivity of these tech-
niques, while efforts are made to increase also their specificity by improved tar-
geting properties of the fluorophores. A number of clinical studies using exogenous
probes or photosensitizers for tissue diagnosis or fluorescence guided surgery are at
the edge of clinical translation. A few extensive reviews focused on fluorescence
based intraoperative guidance and decision making were recently published by de
Boer et al. [166] and Hsu et al. [167]. Fluorescence-guided tumor resection
(FGR) during neurosurgery, in particular, has gained significant traction during the
last few years [19, 21]. Nevertheless, as noted above, among the numerous
molecular probes under investigation only a few have been approved for human use
by the FDA (i.e. fluorescein and indocyanine green [7, 14]; porphyrin-based
photosensitizers [15–21]). Extensive studies are required to demonstrate the
pharmacodynamics/pharmacokinetics along with the binding specificity of such
molecular probes. Potential toxicity is an additional factor that hampers the testing
and use of new fluorescent probes in humans.
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6 Conclusion

Current TRFS and FLIM studies reported by several research groups have dem-
onstrated the potential of fluorescence lifetime measurements as a diagnostic tool to
discriminate between normal and diseased tissue in clinical environments.
However, the relative limited number of these studies, as well as the small sample
population enrolled to date, do not allow for full assessment of the diagnostic
potential of TRFS and/or FLIM techniques. Further investigation on both the
approximation of the fluorescence decay dynamics and their interpretation in
relation to the histopathological analysis is required. Inter- and intra-patient vari-
ability studies are also important for the in vivo applicability of these techniques.

Recent advances in excitation sources and detectors, as well as in data analysis
and management (i.e. GPU programming, solid-state drives) can influence the
future development of compact TRFS and FLIM systems with fast data acquisition
and analysis capabilities suitable for practical studies in clinical environments.
Extrapolating on the current clinical successes of the fluorescence systems based on
intensity and spectral information only, it is anticipated that the addition of
time-resolved fluorescence measurements capabilities to current steady-state devi-
ces can improve their diagnostic accuracy.

Finally, TRFS and FLIM modules could easily be adapted to work in con-
junction with existing SSFS devices and thus take advantage of the extensive
evaluation of these devices in clinical settings. Such approach could boost further
investigation of TRFS and FLIM as diagnostic tools and whether such technologies
can be used to improve the specificity of fluorescence measurements. An alternative
approach would be the development of multimodal devices, where structural and
biochemical information would be fused to provide direct characterization of var-
ious tissue pathologies. Either approach can enable the investigation of TRFS and
FLIM potential to impact the clinical management of critical human diseases and
the intraoperative decision-making.
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