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Foreword

Imaging technologies for retinal diseases have made considerable progress in the
last decades. One of the cornerstones of retinal imaging is based on autofluores-
cence. Fundus autofluorescence (FAF), including quantitative fundus autofluores-
cence, which measures the intensity of autofluorescence of endogenous fluorophores,
is nowadays an established imaging modality in clinical ophthalmology. However,
fluorescence cannot only be quantified by its intensity but also by its lifetime.
Fluorescence lifetime imaging provides information on how long a fluorophore
remains, on average, in its excited state before returning to its ground state. In con-
trast to intensity imaging, fluorescence lifetime imaging depends on the molecular
environment of the fluorophore but not on its concentration and therefore is able to
provide entirely new insights into the pathology of retinal and macular diseases.
With the introduction of the fluorescence lifetime imaging ophthalmoscopy (FLIO),
our understanding of fluorescence lifetimes of endogenous retinal fluorophores has
expanded tremendously and new impetus has been generated for research of various
retinal diseases.

This book is meant to provide a review of current knowledge of fluorescence
lifetime imaging of the retina and an overview of fluorescence lifetime findings in
common retinal diseases, starting from techniques and principles to clinical applica-
tions of FLIO. The book has been written for anyone interested in retinal imaging
and understanding fluorescence lifetime imaging or in learning more about it.

We would like to express our sincere appreciation to Heidelberg Engineering
who have further refined fluorescence lifetime imaging of the retina based on a
confocal scanning ophthalmoscope and have supported the advancement of FLIO
with relentless dedication. We would also like to thank the staff at Springer
Publishing for their professional commitment and efficiency to publish this book
and to promote this emerging imaging technique.

Bern, Switzerland Chantal Dysli
April 2019 Martin Zinkernagel
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Abstract

Introduction

Fluorescence lifetime imaging ophthalmoscopy (FLIO) allows noninvasive in vivo
measurement of autofluorescence lifetimes of natural fluorophores of the retina
upon laser excitation. Beyond autofluorescence intensity, autofluorescence lifetimes
provide further information about the metabolic state of the retina. By now, various
publications and reports are available on FLIO. These include studies in healthy
subjects, various degenerative and hereditary retinal diseases as well as laboratory
studies in mouse models.

This book shall summarize the current state of knowledge in the field of fluores-
cence lifetime imaging in ophthalmology, and highlight the most important basic
and clinical features of this technique.

Methods

Fluorescence lifetime imaging was performed using a fluorescence lifetime imag-
ing ophthalmoscope (Heidelberg Engineering, Heidelberg, Germany), which
includes an excitation laser (470 nm), two detection channels (short wavelength:
498-560 nm and long wavelength: 560720 nm), and an infrared camera to correct
for eye movements. Thereby, within the image acquisition time of about 2 minutes,
an autofluorescence intensity image and corresponding lifetime map, and an infra-
red image are gained. Subsequently, individual lifetime parameters can further be
analyzed. Data was correlated with clinical information and other imaging modali-
ties such as color fundus images, optical coherence tomography, and others as
appropriate.

ix



X Abstract

Results and Discussion

This book includes a basic section about the background, the technique, and the
image analysis. Subsequently, results of in vitro measurements of individual fluoro-
phores and compounds, and measurements in tissues, healthy eyes, and various reti-
nal diseases are presented, interlinked, and discussed. At the end, possible future
directions are outlined.

Conclusion

Fluorescence lifetime imaging ophthalmoscopy represents an interesting tool for
early detection of retinal metabolic changes in various diseases. It can be used for
diagnostic purposes as well as for follow-up examinations, and potentially provides
a targeted tool for future interventional trials.
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Chapter 1
Introduction

Martin Zinkernagel, Chantal Dysli, and Sebastian Wolf

FLIO is a noninvasive imaging modality based on fundus autofluorescence (FAF)
intensity imaging. With each FLIO measurement, FAF intensity images are obtained
simultaneously. In addition, the time between the excitation of the retinal fluores-
cence and the detection of fluorescence signal is recorded with FLIO, which is
referred to as fluorescence or FAF lifetime or decay time. Imaging FAF lifetimes
holds multiple advantages over only imaging the FAF intensity. FAF intensity
images are dominated by the strong autofluorescence of lipofuscin. Other fluoro-
phores with weaker FAF intensities may not be differentiated from stronger fluoro-
phores with this imaging modality, although these weak fluorophores may play a
crucial role in the pathophysiology of retinal diseases. In addition, changes in the
distribution of such fluorophores may provide potential markers for early metabolic
changes and therefore reveal additional information about retinal diseases.

The FLIO technique has originated from fluorescence lifetime imaging micros-
copy (FLIM) where the approach is used for detection of changes in the cellular
environment such as the oxidation level, the pH value and protein binding stages
[1]. This technique was originally adapted for the application in ophthalmology by
Schweitzer et al. in 2002 [2]. Since then the technique has been further developed
by Heidelberg Engineering and is now established for measurements in healthy eyes
as well as in retinal diseases [3]. The current state of research shows that FLIO pro-
vides promising additional information compared to other imaging modalities and
provides insights into early pathophysiologic changes.
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Department of Ophthalmology and Department of Clinical Research, Inselspital,
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This book shall summarize the current state of knowledge in the field of fluores-
cence lifetime imaging in ophthalmology, and highlight the most important basic
and clinical features of this technique. It includes a basic section about the back-
ground, the technique and the image analysis. Subsequently, results of in vitro mea-
surements of individual fluorophores and compounds, measurements in tissues,
mouse models, healthy eyes, and various retinal diseases are presented, interlinked
and discussed. Possible future directions are outlined.

References
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Chapter 2
FLIO Technique and Principles

Martin Zinkernagel and Chantal Dysli

Fluorescence lifetime imaging is ideally suited for observing fluorescing mole-
cules within the retina. Fluorophores have a multitude of spectroscopic properties
including specific excitation maxima, individual emission spectra, and specific
fluorescence lifetimes. These lifetimes can be influenced and modified by the
local metabolic environment of the fluorophores. Thereby, FLIO cannot only be
used to obtain information about the fluorophores concentration, but also about
the fluorophores molecular environment with high sensitivity and signal specific-
ity. A schematic illustration of the setting of fluorescence lifetime imaging oph-
thalmoscopy is provided in Fig. 2.1. When a molecule absorbs a photon, it is
transformed into an excited state [1]. In order to return from this excited state to
the ground state it releases energy by emitting photons of longer wavelengths.
This results in a fluorescence emission where intensity decreases exponentially
over time. The resulting fluorescence decay is a single exponential function for
homogenous populations of fluorophores. However, for heterogenous populations
of molecules, such as in the retina or choroid, the decay is a multiexponential
function, because more than one fluorophore specimen is present. In the currently
available FLIO device, the depth resolution is approximately 300 pm, and there-
fore not high enough to separate the fluorescence signal for individual retinal
layers. As such, the incoming fluorescence signal derives from the entire neuro-
sensory retina, the retinal pigment epithelium as well as from the choroid and
possibly the sclera. Therefore, the obtained fluorescence lifetime signal in FLIO
is a mixture from a myriad of different fluorophores [2, 3].
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Fig. 2.1 Schematic illustration of the FLIO setup. For excitation of retinal autofluorescence, a
470 nm laser raster-scans the location of interest on the retina. An infrared camera is used for track-
ing of eye movements. Emitted fluorescence is registered in two distinct detection channels: a short
(SSC, 498-560 nm) and a long (LSC, 560-720 nm) spectral channel. Corresponding decay curves
are displayed for both channels. After calculation of the mean fluorescence lifetime (t,,), a color
coded lifetime map is displayed in parallel to the fluorescence intensity image for each channel
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I: intensity

t: time

T: lifetime

n: number of components
a: amplitude/weighting

Each emitted photon has to be registered in correlation to its arrival time.
Furthermore, the exact location in the retina has to be recorded in order to obtain
spatially resolved fluorescence lifetime data. In the FLIO device this is been
achieved by employing a confocal laser scanning system for image registration. In
order to obtain consistent time resolution, and resolution of multiexponential decay
functions, a number of decay cycles with 12 ns interval are measured and sorted into
multiple time channels. A theoretical decay function is plotted on the measured data
from which decay components are then derived and fluorescence lifetimes finally
calculated. In order to obtain an approximation for a higher order exponential decay,
a higher number of photons is required. Furthermore, spatial resolution is restricted
by the number of photons recorded. To reach a sufficient number of photons to
achieve the statistical requirement to calculate an accurate decay approximation a
higher binning factor of 1 or even 2 can be used. However, this is at the expense of
spatial resolution of the FLIO image. If a sufficient number of photons has been
recorded, a binning factor of O can be considered to calculate the lifetime for each
single pixel in an image. Acquisition of at least 1000 photons is recommended in
order to calculate an appropriate decay approximation [4].

There are several potential limitations for the currently used FLIO system. Because
there may still be emission of photons present after the measurement cycle of 12 ns,
or in other words, there may be incomplete decay of fluorescence, photons from the
previous cycle may bleed into the next cycle and bias the lifetime measurements.
Therefore, an incomplete decay model is used for fluorescence lifetime approxima-
tion. Other factors such as opacities of the optical media (cataract or corneal disease)
may lead to scattering of incoming photons and influence lifetime measurements.
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Chapter 3
FLIO Historical Background

Martin Hammer

Although fluorescence lifetime measurement is considered a relatively new tech-
nique in biomedical imaging (see Berezin and Achilefu for review [1]), it has been
discovered in the nineteenth century already. In 1859 Edmond Bequerel developed
the so called phosphoroscope with a time resolution of 10~ s. In the 1920s, time
resolution was improved to 10~% s which enabled the first fluorescence lifetime mea-
surements [2, 3]. However, only the advent of short pulse lasers and the introduction
of time correlated single photon counting (TCSPC) [4, 5] made fluorescence life-
time measurement sufficiently sensitive for the detection of intrinsic fluorophores in
living tissue. Fluorescence lifetime imaging microscopy (FLIM) evolved based on
two different techniques: Firstly, a full field illumination, and the use of gated or
streak cameras. This approach was pursued in frequency domain technique.
Secondly, the time-domain approach in combination with confocal scanning laser
microscopy. Specifically, two-photon excitation microscopy [6], using an inherently
pulsed fluorescence excitation source, was used for FLIM investigations. Whereas
FLIM of intrinsic fluorophores gives detailed information on cell metabolism [7]
and may detect malignant changes [8—10], the development of genetically expressed
fluorescent proteins resulted in further progress in structural as well as functional
imaging [11]. Another milestone in fluorescence microscopy was the introduction
of Forster resonance energy transfer (FRET) enabling the detection of interaction
between labeled molecules [12]. Steady state FRET, however, relies on careful cali-
bration. FLIM-FRET, however, allows to observe the molecular interaction directly
from the quenching of the FRET donor [13, 14]. Recent developments in micros-
copy use fluorescence to overcome the diffraction limit of resolution with tech-
niques such as stimulated emission depletion (STED) [15]. This can be combined
with FLIM to obtain high resolution images providing a molecular signature of
biological specimen [16, 17].
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Delori et al. were the first to measure fundus autofluorescence (FAF) spectra from
single retinal locations [18]. First images of FAF were recorded by von Riickmann
et al. in the 1990s [19-24]. As the age pigment lipofuscin, which accumulates in the
retinal pigment epithelium (RPE) and is involved in the pathogenesis of age-related
macular degeneration (AMD), was found to be a major retinal fluorophore, subse-
quent FAF studies addressed this disease. FAF was used to describe the progression
of geographic atrophy of the RPE [25-29] and different patterns of FAF distribution
were found [30-32]. This revealed the association of specific fluorescence patterns
to sub-types of AMD as well as to its progression. However, observing the distribu-
tion of fluorescence intensities over the image did not give a clue on single fluoro-
phores which might be of pathogenetic relevance. In order to distinguish fluorophores,
Schweitzer et al. developed fluorescence lifetime ophthalmoscopy (FLIO), a method
to measure fluorescence decay time which is specific for fluorophores as well as
their embedding matrix [33-39]. These authors first applied lifetime imaging to the
human retina in vivo in 2001 [35]. They fiber-coupled a mode-locked argon-ion laser
into a scanning ophthalmoscope (cLSO, Carl Zeiss, Jena, Germany) and used
TCSPC for fluorescence detection. However, the lack of an image registration algo-
rithm limited the time available for the recording of an image without motion arti-
facts to few seconds. This resulted in the registration of some hundred photons per
pixel only. Despite the resulting low signal to noise ratio, first fluorescence lifetime
images were recorded [34]. An offline registration of recorded images was intro-
duced in 2002 [36], and first clinical experiments in patients with age-related macu-
lar degeneration (AMD) were published in 2003 using a picosecond diode laser as
light source [37]. Although the resolution was still low due to limited memory of the
TCSPC electronics (64 x 64 pixels with a size of 80 x 80 pm?), the images clearly
revealed an prolongation of lifetimes in age-related macular degeneration [38].
Extensive in vitro and histological studies were performed to identify the fluoro-
phores seen in fundus autofluorescence images, and to measure their emission spec-
tra as well as fluorescence lifetimes [39, 40]. Considerable progress was made with
the use of the Heidelberg Retina Angiograph scanner (Heidelberg Engineering,
Heidelberg, Germany), enabling an online image registration [41]. An industrially
designed prototype device, based on the Heidelberg Engineering Spectralis scanner,
was first used by Dysli et al. in 2014 [42]. Recent clinical research with this device
addressed age-related macular degeneration [43—46], diabetic retinopathy [47, 48],
macular telangiectasia [49], macular holes [50], albinism [51], glaucoma [52],
Stargard’s disease [53, 54], retinal artery occlusion [55], central serous chorioreti-
nopathy [56], choroideremia [57], retinitis pigmentosa [58, 59], Alzheimer’s disease
[60], and macular pigment density and distribution [51, 61].
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Chapter 4
Fluorescence Lifetime Imaging Microscopy

Check for
updates

Martin Zinkernagel

Fluorescence lifetime imaging microscopy (FLIM) is an imaging technique based
on the analysis of exponential decay rates of fluorophores. In FLIM, the contrast
relays on the lifetime of individual fluorophores rather than their emission spectra
and/or intensity [1]. The first reports of FLIM date back to the late 1990s [2]. In
FLIM, a very short pulsed laser is used to excite a sample. For fluorescence detec-
tion, a laser-scanning confocal microscope uses a pinhole effect, blocking all light
from outside the focus. The emitted photons from the fluorophores pass back
through an objective lens, and are then spectrally separated using a dichroic beam
splitter. After the beam splitter, photons are quantified by highly sensitive detectors
(photodiode or photomultiplier). FLIM is based on the differences in the excited
state decay rates from fluorescent samples.

Generally, light absorbing molecules emit photons when returning from an
excited state (S1 or subsequent states) to their ground state (SO). The transition from
the excited state to the ground state is characterized by several parameters, such as,
(a) the fluorescence spectrum, (b) the ratio of the total number of emitted photons to
the number of absorbed photons, and, (c) the fluorescence lifetime. The lifetimes of
most naturally occurring fluorophores typically range within the order of several
nanoseconds (107 s). In order to measure these lifetimes, it is essential to use exci-
tation pulses which are considerably shorter than the decay time of the fluorescence.
Most FLIM systems are equipped with pulsed lasers which have a picosecond
(1072 s) or femtosecond (107" s) pulse duration. According to the “Stokes shift”,
the emitted fluorescence has a longer wavelength and less energy compared to the
excitation light. Gabriel Stokes postulated in 1852 that there is a difference in energy
between the maxima of the absorption and emission spectra. The fluorescence
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lifetime is a very useful parameter in imaging fluorescence, as it represents the
change in fluorescence over time and is highly sensitive to the environment.

The measured mean fluorescence lifetimes, t,,, are mapped spatially within the
microscope image. The acquired nanosecond excited state lifetime is independent
of the fluorophores concentration, sample thickness, or excitation intensity. As such,
the signal is more robust than intensity-based methods. Fluorescence lifetimes
depend on environmental parameters such as pH, ion concentration, and molecular
binding or proximity to other energy acceptors. Therefore, FLIM allows for func-
tional imaging. Super-resolution techniques of fluorescence imaging microscopy
even allow for spatial resolution of single molecules [3].

Most conventional FLIM microscope systems operate in the visible wavelength
range. Some systems operate in the near infrared (NIR) range (400-900 nm) and the
latest developments use deep ultraviolet (UV, 240 nm) [4] or shortwave infrared (IR,
1700 nm) wavelengths [5].

There are several techniques to record the incoming photons. In Time-Correlated
Single Photon Counting (TCSPC), FLIM intensity values are recorded in subse-
quent time channels [6, 7]. These time channels contain the number of recorded
photons after the excitation pulse, which allows to acquire the decay curve for an
individual point or pixel in the image. Fourier-domain FLIM does not record indi-
vidual photon detection events, but rather records the fluorescence signal as a wave-
form [8].

Currently, there are several approaches for image analysis in TCSPC FLIM. The
simplest way to analyze the data is by using a single exponential decay model. In
this model the data is represented by a single decay time. In most cases, however,
the decay profiles are more complex and have to be modelled by two or three expo-
nential functions. These models contain several decay components and amplitude
coefficients. The FLIM image is then presented as a color-coded image where decay
times, or decay components, are represented by different colors.

FLIM can also be used to differentiate fractions of the same fluorophore in
diverse states of interaction with its environment [9]. Several properties of FLIM
can be exploited to gain additional molecular information or information on the
fluorophores environment. Forster resonance energy transfer [10], or FRET, is based
on energy transfer from the first molecule, or the donor molecule, to the second
molecule, or the acceptor. FRET results in a quenching of the donor fluorescence
and therefore decreases the decay time of the donor molecule. Because the energy
transfer rate decreases with distance on a molecular scale, this technique has been
very useful in molecular cell biology as FRET allows verifying whether molecules
are physically linked on a nanometer scale [11, 12]. The use of FRET is currently
the most frequent FLIM application.

Other applications include fluorescence quenching by oxygen, which is a
quencher for a large number of fluorophores [12] or fluorophore quenching by ions
such as Ca®>* and Cl-, both of which are found in vast amounts in the neuronal
system.

In autofluorescence FLIM, autofluorescence serves as an intrinsic, label free
contrast. Because a mixture of intrinsic fluorophores can usually be found in a tissue
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sample, the decay profiles of tissue autofluorescence are multiexponential with life-
time components ranging from below 100 ps to several nanoseconds. In this case,
multiple lifetimes may be observed as there are more than one fluorophore present

in

the sample or there are different chemical interactions with one fluorophore.

Autofluorescence FLIM shares many similarities with FLIO. However, in the future,
other FLIM applications such as identification of fluorescent dyes or nanoparticles
may be combined with FLIO imaging and may then find clinical application.
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Chapter 5
The Fluorescence Lifetime Imaging
Ophthalmoscope

Chantal Dysli, Martin Zinkernagel, and Sebastian Wolf

Since 2010, prototypical fluorescence lifetime imaging ophthalmoscopes are used
for research purposes, which were developed by Heidelberg Engineering (Heidelberg,
Germany). These devices are called FLIO (fluorescence lifetime imaging ophthal-
moscope) and, by now, they are used for experimental as well as for clinical studies
[1]. The current FLIO setup is refined, based on the first experimental FLIO device,
which was built by Schweitzer et al. in 2002. For this first application, the FLIM
technology (see Chap. 4) was adapted for the use in human eyes [2—4]. Further
details about the historical background of FLIO are presented in Chap. 3.

The currently used FLIO device (Fig. 5.1) is constructed upon a Heidelberg Retina
Angiograph cSLO (HRA2, Heidelberg Engineering) [5]. A schematic illustration of the
technical setup is provided in Fig. 5.2. A 470 nm blue laser diode (Becker & Hickl) with
picosecond pulsed illumination excitation is used for fluorescence excitation. The laser
beam is designed to be confocal to excite retinal fluorophores and thereby minimize the
fluorescence of other ocular components outside from the confocal plane. During image
acquisition, the laser beam raster scans the fundus with a frame rate of 9 Hz and a repeti-
tion rate of 80 MHz. The laser beam emits pulses of 89 ps full width at half maximum
(FWHM). The FLIO device is in accordance with the laser safety guidelines of ANSI
(ANSI, L.I. 0. A., 2007. ANSI Z136.1d2007 American National Standard for Safe Use
of Lasers) and International Electrotechnical Commission (IEC, 2014. IEC International
Electrotechnical Commission. Standard 60825¢1:2007 (Edition 2, ISBN 2-8318-9085-
3), third ed. ISBN 978-2-8322-1499-2). The nominal average laser power is
PO =200 pW. Therefore the energy (E) per pulse would be 2.5 pJ, which results in a
single pulse peak power P of 2.5 x 10712 J/89 x 10712 s = 28 mW. The size of the laser
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Fig. 5.1 Photography of a
fluorescence lifetime
imaging ophthalmoscope.
A camera with a 30° lens is
used. Behind, the power Screen
supply and detection unit is
visible below the screen

Camera

power supply

spot is approximately 75 pm? on the retina, which results in an intensity of 28 mW/75 um?,
respectively 37 kW/cm?. Due to the fast scanning procedure, only a few single laser
pulses (eight pulses with total energy of 20 pJ) sum up at one spot until proceeding to
the adjacent pixel, as the pixel clock of 10 MHz corresponds to 100 ns. Thereby, damage
of the retina applied with a continuous wave laser on a stationary retina spot can be
avoided. Additionally, the duty cycle for the extreme high-laser power density is very
low, that is, 89 ps/12.5 ns = 7 * 10>, The mean power, which is critical for thermal dam-
age, is more than two orders of magnitude lower, (196 pW/75 pm? = 261 W/cm?).
According to the IEC 60825-1:2007 standard, the accessible exposure limit (AEL) for
class 1 laser products is deduced for a single 89-ps laser pulse at 470 nm as follows:
Accessible single pulse exposure limit:

=1.0x"" J=1.0x8.9% XlO(—lleJS) ]
=2.9%x10" J.

AEL

'single

Accessible single pulse exposure for FLIO:

AE =2.5%x10"7J

FLIOsingle
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Fig. 5.2 Technical details of the fluorescence lifetime imaging ophthalmoscope. Details are
described in the text. Retinal autofluorescence is excited with a 470 nm laser, and fluorescence

emission is detected in two distinct detection channels for short (SSC) and long (LSC) emission

wavelengths via time correlated single photon counting modules (TCSPC)

Therefore, the FLIO fulfills, with respect to single pulse exposure, the laser class 1

criteria by far. The pulse energy is almost a factor 104 smaller than the AEL for

single pulses, defined by the standard.

The maximum permissible radiant power through the pupil for a pulsed exposure

MP®B, PLS for FLIO is approximately 2.8 mW. Therefore, FLIO is using an aver-
age laser power well below the limits recommended by the ANSI.
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The standard setting of FLIO covers a field of 30° on the posterior pole. This
refers to an area of approximately 9 x 9 mm at the human fundus. Normally, a cen-
tral internal central fixation target is used resulting in an image section centered at
the fovea. However, it is possible to adjust the position of the internal as well as an
external fixation target in order to adapt the position of the FLIO image to the region
of interest, e.g. to image the optic nerve as well as other pathologies that may not be
found directly inside the macula.

Simultaneously to the fluorescence excitation, single emitted fluorescence pho-
tons are detected by two highly sensitive hybrid photon-counting detectors (HPM-
100-40; Becker & Hickl GmbH, Berlin, Germany). The detectors rely on the principle
of time-correlated single photon counting (TCSPC) [6, 7]. Fluorescence photons are
recorded in two separate wavelengths channels. The short spectral channel (SSC)
detects fluorescence photons with wavelengths between 498 and 560 nm, whereas
the long spectral channel (LSC) records fluorescence photons with wavelengths
between 560 and 720 nm. The channels were chosen by Heidelberg Engineering
according to studies which assumed the LSC to be predominantly influenced by the
emission of lipofuscin [3]. The SSC is believed to detect photons within a range
where several retinal fluorophores emit fluorescence, including flavin adenine dinu-
cleotide (FAD), advanced glycation end-products, collagen/elastin and macular
pigment.

The 30° field imaging results in a 256 x 256 pixel detection frame. For each
pixel, fluorescence excitation results in a repetitive stimulation every 12 ns, and
detected photons are displayed in a logarithmic decay histogram (number versus
timespan). The detected photons are recorded into 1024 time channels for each
pixel, resulting in a photon arrival histogram representing the fluorescence decay.
An inbuilt infrared camera is used for eye tracking and ensures that every single
photon is detected at the correct special location within the detection frame.
According to a standardized protocol, at least 1000 photons are usually recorded as
a minimal signal threshold in the SSC at the foveal center.

The instrument response function (IRF) may slightly vary between individual
devices. The practical minimal time resolution for the FLIO technique depends on
the individual IRF and is as low as approximately 30 ps.

Image acquisition is operated over a modified Heidelberg Eye Explorer (HEYEX)
software, and data is stored within the same platform. Data analysis and further
lifetime calculation is done in an integrated version of SPCImage (Becker & Hickl)
software. Further details can be found in Chap. 6.
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Chapter 6
Image Acquisition and Analysis

Chantal Dysli, Lydia Sauer, and Matthias Klemm

To ensure optimal image quality, a standardized protocol for image acquisition and
analysis is essential. Image acquisition is equivalent to other Heidelberg imaging
modalities, especially FAF intensity imaging. However, there are a few important
points to consider for acquisition of FLIO images. Generally, FLIO images are
taken with maximally dilated pupils, [1, 2] which improves the detected fluores-
cence photon count rate, reduces the image acquisition time, and minimize the pos-
sible influence of lens artifacts. To reduce light scattering and to improve image
quality, complete darkening of the room is recommended while obtaining the mea-
surement. FLIO imaging must be performed before use of fluorescent dye, both
topically for Goldmann applanation tonometry and systemically for fluorescein
angiography (FA) or indocyanine green angiography (ICG).

Before image acquisition, subjects are placed in a comfortable position, using
both, the chin and the forehead rest to ensure stable positioning. Proper opening of
the eyes is important to reduce shadowing from the eyelids and eyelashes. Occasional
blinking is allowed during the measurement and ensures a stable tear film and avoids
corneal dryness, which would result in reduced image quality. For gaze stabiliza-
tion, an internal or external fixation mark is used. Image acquisition in patients with
nystagmus may still be possible due to the inbuilt infrared camera eye tracking
system, however, FLIO image quality may be reduced in such cases.
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The illumination of the fundus should be homogeneously, and the camera focus
should be adjusted for small to medium vessels. In general, a minimal photon count
of 1000 photons per pixel in areas of low autofluorescence is collected in order to
assure an adequate fitting procedure. This leads to an image acquisition time of
approximately 90—-120 seconds per eye. As macular pigment absorbs excitation as
well as fluorescent light, subjects with high amounts of retinal carotenoids (e.g. on
supplementation) may require a slightly longer acquisition time (120—150 seconds
per eye). Patients with significant cataract, on the other hand, may require higher
photon counts (1250-1500) to ensure good image quality. Lens fluorescence
increases with cataract formation, leading to detection of relatively more fluores-
cence from the lens and less photons from the retina. A detailed image acquisition
protocol is provided in the supplementary material.

A recent study investigated possible bleaching effects on the FLIO measurement
[3]. No significant changes in FAF lifetimes were found for the SSC, and all lifetime
changes in the LSC were <10% in magnitude. Interestingly, the acquisition time
was shortened in the bleached state by approximately 20% and the fluorescence
intensity was increased. Therefore, the authors concluded that bleaching does not
present as a relevant confounder in the FLIO application. Furthermore, the measure-
ment of recovered state was comparable to the baseline measurement. The amount
of bleaching in this study exceeds by far any other imaging procedure performed in
clinical routine. It is therefore unlikely that preceding retinal imaging significantly
impacts the FLIO measurements in clinical routine. Nevertheless, FLIO imaging
needs to be performed before any application of fluorescent dye as described before.

For FAF lifetime calculation and image analysis, FLIO raw data, composed of
detected photons over time per pixel for both spectral channels, is imported in
SPCImage software (Becker & Hickl). The original fluorescence lifetime data is
used for approximation of an exponential decay curve in order to calculate a mean
fluorescence lifetime value (t,). This approximation is also referred to as fitting
procedure, since multiple exponential components are fitted to describe the fluores-
cence decay. Additionally, a device-specific instrument response function (IRF) is
included to account for the device-specific beam laser path. For fitting of the fluo-
rescence decay curve, multiple adaptations can be performed depending on the raw
data set and the scientific question to be addressed. Generally, the following settings
are used in previous and ongoing studies. However, fitting procedures may change
if software and hardware technology improve.

1. To increase the number of photons per pixel and, thus, to improve the accuracy
of the exponential fitting procedure, a binning of neighboring pixels is applied.
An advantage of a higher binning factor is a potentially more accurate fit, how-
ever, the disadvantage lies within the loss of detail and spatial resolution.
Therefore, depending on the scientific question, different settings may be used.
Whereas studies taking an average lifetime value over large areas may be best
conducted with a binning factor of 2 or higher, other studies investigating detailed
and small changes in pathology may require not to use a binning factor at all.



6 Image Acquisition and Analysis 25

Currently, in most clinical studies, a binning factor of 1 appears to be useful,
which results in a moving average of a pixel-frame of 3 x 3 pixels. Thus, outlier
values of individual pixels are minimized, and the lifetime values are smooth-
ened without losing too much special resolution.

2. Within the fitting approach, the fluorescence decay curve can be described using one,
two or three decay components. Fitting with one single decay is only applicable in
pure substances where just one lifetime value is expected. As the retina yields contri-
butions of multiple fluorophores, a multi-exponential decay model is preferred in this
setting. Therefore, a two- or three-exponential decay model is commonly applied.
The approximation can be described with the following equation:

I(1) is the fluorescence intensity at time 7 and /, the initial, maximal intensity, a is
the amplitude of each lifetime (z) component, and ) indicates the convolution
integral with the IRF.

1
@ =IRF ®Zai xe ©

0

The goodness of fit can be quantified by the chi? value, whereby values towards
1.0 represent a better decay fit than higher values. As an additional second control,
the SPCImage offers a residual plot which, similar to chi?, also represents the good-
ness of fit.

The two exponential fitting model assumes a short (t;) and a long (t,) decay
component with the corresponding amplitudes o, and a,, whereas the three expo-
nential model additionally includes a third intermediate lifetime component. A
commonly used outcome parameter representing all fluorescence lifetime compo-
nents is the mean fluorescence lifetime Tau mean (t,,). T,, can be derived from the
individual lifetime components according to either of the following formula:

T, X0, +T, X0 . .
T, =——~1—2""2  (2exponential fitting)
(a, +a;)

T X +T, X0l +T, X0 . .
T,=———2—"2_3-2  (3exponential fitting)
(a,+a, +ay)

It represents the amplitude weighted mean fluorescence decay time per pixel and for
each wavelength channel.

In either fitting approach, the first component (t,) usually has the largest ampli-
tude (between 80% and 95%). It therefore also has the largest impact on t,,. This is
reasonable, as T, describes the initial decline of the fluorescence, which is usually
the steepest and most distinctive feature of the fluorescence decay curve. In the
three-exponential approach, the third component usually has a very small amplitude
(<10%), however, as it is multiplied by a relatively long t; it still may have a signifi-
cant influence on t,,.
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3. The decay model can be specified choosing either an incomplete or a complete
decay model. For FLIO data, the incomplete model is preferred, as contribution
of fluorophores with very long decay times are expected in the retina. These
long-decaying molecules are still fluorescent after 12.5 ns and are therefore
counted into the next decay trace.

4. The starting point of fluorescence calculation can be set to the beginning of the
trace, or at the maximum of the fluorescence. Each approach features some
advantages and disadvantages. The use of a tail-fit, which implies the calculation
to start at the fluorescence maximum, may give an approach to eliminate the lens
influence to a certain extent, as this often alters the shape of the incline within the
fluorescence curve. However, this approach may also cut off some information.
Therefore, it is still under discussion and may vary between individual studies.

5. Finally, there are a number of other minor adjustments that can be made, such as
the number of iterations, the shift, the scatter, and the offset. These can be
adjusted according to the dataset used to analyze.

In the software overview, following parameters are displayed simultaneously for
the SSC and the LSC (Fig. 6.1): the fluorescence intensity window, the color coded
fluorescence lifetime image of the desired parameter (mainly t,) with the corre-
sponding distribution histogram with adjustable color range, the fluorescence decay
curve for each pixel with corresponding decay parameters, and the chi? value.

FLIO measurement provides qualitative as well as quantitative data. Short fluo-
rescence decays are depicted in red color, whereas long decays are depicted in blue.
Similarly to the adjustment in brightness in FAF intensity images, color ranges in
FLIO can be adjusted to highlight differences in certain areas. These adaptations are
purely for visualization and do not alter the raw or fitted data. Therefore, a scale bar
is typically provided beside each FLIO image to indicate the visualized range of
fluorescence lifetimes.

Analysis of different decay components such as the individual components T,
and 1, with their corresponding amplitudes (o; and o) in the bi-exponential fitting
approach, and 7y, T,, T3 and oy, ®,, oz in the tri-exponential fitting approach may
provide further information about the distribution and contribution of individual
fluorophores.

In addition, fluorescence data can be displayed and analyzed in multiple other
ways, including but not limited to two dimensional graphs or mathematical
approaches such as the use of a phasor transformation. Using a bi-exponential
approach, the short and the long decay components can be displayed in a two
dimensional histogram. Two dimensional graphs display the decay parameters of
interest (e.g. T; versus T,) and generate clouds of similar decays. Characteristic dis-
tribution clusters can be identified and assigned to specific location within the life-
time map (see also Fig. 8.1). The phasor plot works similarly, taking all lifetime
decays to an imaginary space by applying a Fourier transformation and also creating
clouds with similar decays. Clouds of pure fluorophores can be found along a half
circle according to their decay time. Mixtures of fluorophores present as comet-like
smears that are believed to connect between individual fluorophores. These clouds
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Fig. 6.1 Display and analysis of acquired FLIO data using SPCImage software. The autofluores-
cence intensity image and lifetime map are shown in parallel. Additionally, the distribution histo-
gram of fluorescence lifetimes over the whole image is displayed. For each individual selected
pixel, the decay parameters are provided in detail, and the goodness of the exponential fit is indi-
cated by the x? value. Below, exemplary decay histograms for a pixel within the macular center (1,
red), the temporal retina (2, orange), and the optic nerve head (3, blue) are displayed as the photon
count over a time span of 12 ns. Right at the bottom, the residual plot is shown, which would show
systematic deviation in case of inappropriate curve fitting. The shortest mean fluorescence life-
times within the macular center derive from short decay parameters with high amplitudes. On the
other hand, in the area of the optic nerve head, low amplitudes of short fluorescence lifetime
parameters in combination with higher amplitudes of long decay parameters contribute to longer
mean fluorescence lifetime values

may further indicate the presence of specific and potentially pathognomonic fluoro-
phores [4].

Data as well as images of interest can then be exported for further quantification
and display. For quantitative analysis of fluorescence lifetime data within individual
images as well as for comparison of FLIO data between eyes, different options of
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software are available. Currently, the custom made FLIO reader software as well as
FLIMX software can be used.

FLIO Reader

The FLIO reader (ARTORG Center for Biomedical Engineering Research,
University of Bern, Bern, Switzerland) enables the display of individual lifetime-
and fitting parameters including the mean fluorescence lifetime, the lifetime compo-
nents T,; depending on a two- or three component fitting approach, the
corresponding amplitudes, the photon count, and the chi? value (Fig. 6.2). Thereby,
the selected parameter is displayed as a color coded image. A slider allows for con-
tinuous overlay with the corresponding fluorescence intensity image. An integrated
standardized early treatment diabetic retinopathy study (ETDRS) grid with rings
with diameters of 1 mm (center area), 3 mm (inner ring), and 6 mm (outer ring)
facilitates quantification of above mentioned fluorescence lifetime parameters in the
ophthalmological setting. All nine areas of the ETDRS grid can be analyzed sepa-
rately. These include the center subfield, and the inner/outer ETDRS-ring, with
nasal, inferior, temporal, and superior sector each. Thereby, mean fluorescence
parameters and standard deviations within each grid area are calculated and
displayed.

FLIMX

Another software package to analyze time resolved fluorescence data is a software
package called fluorescence lifetime imaging explorer (FLIMX) [5]. Similar to
SPCImage, FLIMX can apply binning to FLIO raw data and perform an exponential
fitting (either an incomplete or a complete decay model) to calculate the fluores-
cence lifetimes from the binned data. In addition, FLIMX introduced an adaptive
binning approach to minimize the loss of spatial information while ensuring a suf-
ficient signal-to-noise ratio of the FLIO data. Furthermore, FLIMX supports
advanced decay models, such as a stretched exponentials model, a layer-based
approach for layered fluorescent structures, and an approach to reduce the influence
of fluorescence from the crystalline lens on retinal fluorescence lifetimes.
Fluorescence lifetime data from SPCImage as well as other fitting software can be
imported into FLIMX for quantitative analysis and visualization. FLIO data
imported into FLIMX is stored internally for documentation of the performed anal-
ysis and future evaluation. Fluorescence lifetime and fitting parameters are visual-
ized in 1D (cross-sections) and in 2D or 3D as color-coded images with optional
fluorescence intensity overlay. Fluorescence lifetimes of a single eye can be ana-
lyzed in detail and compared to FLIO data from other subjects. In order to investi-
gate localized changes or to ensure comparability between measurements, regions
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Fig. 6.2 FLIO reader software. (a) Calculated mean fluorescence lifetime data (t,,) can be dis-
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individual decay parameters such as the amplitude o;/a, and the short and long decay component
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Fig. 6.3 Mean fluorescence lifetime t,, of the short spectral channel in a patient with AMD. On the
right side, fluorescence lifetimes shorter than 265 ps have been removed to segment only certain
parts of the changes in an AMD patient. The color scaling is identical for both sides

of interest (ROI) can be segmented. For each subject, an ETDRS grid, two rectan-
gles, two circles, and two free shapes can be applied. Additionally, ROIs can be
combined with a threshold approach in FLIMX, as fundus structures with irregular
shape or very small size can be difficult to segment manually. In Fig. 6.3, fluores-
cence lifetimes t,, shorter than 265 ps have been removed to segment only certain
parts of the fluorescence lifetime changes in a patient with age-related macular
degeneration. A rectangular shaped ROI is applied to extract the remaining fluores-
cence lifetime data only from interesting parts of the fundus for further analysis,
removing e.g. the optic disc from the segmented data. This method has been utilized
e.g. to segment geographic atrophy regions in FLIO data [6].

For some applications, even finer grained and more sophisticated segmenta-
tion is required. Therefore, additional image data, e.g. from other imaging
modalities, such as infrared images, or from advanced image processing soft-
ware can be imported in FLIMX, in addition to the fluorescence lifetime data.
These can be used to segment, for example, drusen in FLIO data by means of
spectral unmixing [7], which would be very difficult or even impossible solely
with user-defined ROIs. This is implemented by FLIMX’ arithmetic images tool,
which is used to calculate new image data from fluorescence lifetimes and a
priori information and/or additionally imported image data. In addition to arith-
metic operations, logical operations are also possible. Arithmetic images can
process and combine data from different spectral channels and, if necessary, can
be calculated on the basis of other arithmetic images, so that endless chaining is
possible, which gives this tool a very large scope of application. FLIMX dis-
plays a histogram and descriptive statistics for the selected ROI and stores the
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ROI coordinates as well as the thresholds and arithmetic image definitions for
future use.

FLIMX allows for the analysis of subject groups using descriptive statistics and
distribution tests (Lilliefors-, Shapiro-Wilk- and Kolmogorov-Smirnov-test).
Subgroups can be formed according to e.g. age, disease state, etc. if that information
was fed into FLIMX. A subject (sub-) group can be compared to another subject
(sub-) group using a paired t-test, a two-sided t-test, a Wilcoxon signed-rang test, a
Wilcoxon rank sum test or a Holm-Bonferroni method (described in [5]) as illus-
trated in Fig. 6.4.

The graphics generated by FLIMX can be exported in high-resolution in various
file formats. Likewise, the data of the descriptive statistics as well as of the group
comparison can be exported in tabular form for use in extended statistical analysis.
FLIMX is documented and freely available for download online under the open
source BSD-license (http://www.flimx.de).


http://www.flimx.de
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Supplementary Material

FLIO Image Acquisition Protocol
Subjects

e Maximal dilated pupil (at least 6 mm diameter)
e Measure both eyes (internal comparison)

Measurement
Preparation

e Complete darkening of the room (switch off light, close doors, lower blinds,
reduce light on computer screen)

* Move computer screen away from subjects face

* No angiography prior to FLIO (at least 2 days, better 1 week)

* No use of topical fluorescein before FLIO measurement

Before Image Acquisition

* Place subjects head correctly

e Select Tau mode on touch panel under “more”

» Use internal fixation light if possible, otherwise use external fixation light

e Standard imaging field: centered on the fovea, 30° field of view

e Optimize illumination of the fundus

* Adjust focus on small/medium sized vessels on infrared (IR) image

e After switching on the laser: acquire a single IR image, then start the
measurement

During Measurement

e Check head position (forehead and chin attached to the device)

* Motivate subject to open the eyes widely, to look at the fixation target, and to
keep the position of the head

* Ensure maximal and uniform illumination of the fundus

e Slight adjustment of position during measurement is possible by moving the
camera head in the opposite direction of shadows in the live acquisition image:
left/right, up/down; NO movement towards or away from subject

e Leave filter as deep inside as possible (deep = lower filtering); on red warning
(too many photons) move filter out stepwise
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End of Acquisition

e Both channels: minimum of 1000 photons in macula or at the darkest/slowest
pixel (use “at cursor” function/select with mouse pointer) corresponds to approx-
imately 1200—1500 photons in average

e Measurement time: about 1.5 to 2 min/eye in dilated pupils
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Chapter 7
Fluorophores in the Eye

Yoko Miura, Paul S. Bernstein, Chantal Dysli, Lydia Sauer,
and Martin Zinkernagel

Introduction

There are different kinds of fluorescence molecules in the eye [1, 2]. In the intensity
images of fundus autofluorescence (FAF), fluorophores with low fluorescence
intensity and low tissue concentration may not be detected or outshined by fluores-
cence of highly concentrated strong fluorophores. In addition to characteristic exci-
tation- and emission wavelengths, each fluorophore features an individual
fluorescence lifetime. The fluorescence lifetime is specific for each molecule and
independent of its concentration. Therefore, fluorescence lifetime imaging ophthal-
moscopy (FLIO) may be less susceptible to the difference in concentration and fluo-
rescent quantum yield of existing fluorophores, and has a potential to reveal weak
fluorophores in FAF examinations.

For interpretation of FLIO results, fluorescence lifetime and spectral characteris-
tics of different fluorophores within the living eye are eminently important.
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Lipofuscin (Bisretinoids)

In the visual cycle (vitamin A cycle), all-trans-retinal (atRAL) is generated in
response to photoisomerization of visual pigment (e.g. rhodopsin) in photoreceptor
outer segments, and its reduced form all-trans-retinol (atROL) is transported into
the retinal pigment epithelial (RPE) cells. After being converted to 11-cis-retinal, it
returns to the inside of the photoreceptor outer segment and binds with opsin to
newly produced visual pigment (Fig. 7.1 red part) [3].

Lipofuscin is considered as a composite of at least 25 bisretinoid fluorescent
substances [2], which may be formed both in photoreceptor outer segments and in
RPE cells which phagocytize discarded photoreceptor outer segments [4]. Through
random reactions of atRAL with the phosphatidylethanolamine (PE), a phospho-
lipid present on the inner plate of the photoreceptor outer segment, N-retinylidene-
phosphatidylethanolamine (NRPE) is formed. A second molecule of atRAL will
condense with NRPE, and it may lead to the formation of dihydropyridinium-
A2PE. Within the acidic and oxidizing environment, dihydropyridinium-A2PE is
oxidized either to A2-dihydropyridine-PE (A2-DHP-PE) by eliminating one
hydrogen or to phosphatidyl-pyridinium bisretinoid (A2PE) by eliminating two
hydrogens. A2PE is either hydrolytically cleaved by enzymatic action of phospho-
diesterase, which can occur in the photoreceptor outer segment before internaliza-
tion by the RPE, or undergoes nonenzymatic acid-catalyzed hydrolysis inside
RPE phagosomes, and N-retinylidene-N-retinylethanol-amine (A2E) is synthe-
sized. Furthermore, various bisretinoids such as iso-A2E, iso-A2PE, the cis-trans
isomers of A2E and A2PE, are also generated in this reaction process. An alterna-
tive way from NRPE goes to the formation of atRAL-dimer (atRALdi), followed
by the path forming atRAL-dimer-ethanolamine (atRALdi-E) and atRAL-dimer-
phospatidylethanoamine (atRALdi-PE) (Fig. 7.1 blue part) [2].

A2E was considered to be the main fluorophore of lipofuscin AF, and to under-
goe photooxidation that generates toxic aldehydes and ketones, impairing RPE cell
function [5]. In recent studies, however, the lack of spatial correlation was proved
between the distribution of A2E and lipofuscin in the human and macaque’s RPE [6,
71, and thus the sources of the strong macular AF signal is still uncertain. Not only
the amount, but also the photooxidation of lipofuscin bisretinoids may influence
FAF, reportedly enhancing fluorescence intensity [8]. It is suggested that age-
dependent RPE degeneration might be related more to the accumulation of atRALdi
[9], and another report also suggest supportably that photodegradation of atRALdi
might be more robust than photodegradation of A2E with respect to the contribution
in fluorescence intensity [8].

Regarding the fluorescence spectrum of lipofuscin, excitation spectra of bisreti-
noids are slightly different from each other; A2-DHP-PE with A, ~ 333 and
490 nm, A2E with A,,, ~ 340 and 440 nm, atRALdi with A, ~ 290 and 432 nm, and
atRALdi-PE with A, ~ 333 and 490 nm [4, 8]. While most of them show the emis-
sion spectrum around 610 nm [2, 4], atRALdi shows the emission peak around
510 nm, when excited at 430 nm [3]. It is assumed that the age-associated blue-shift
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in the emission spectra along with the increase in AF intensity could be explained
with the increase of oxidized atRALdi [8].

Detailed analysis of the time-resolved fluorescence for each lipofuscin bisretinoid
is very limited and inconstant to date. For A2E the mean fluorescence lifetime is
reported around 0.19 ns (t; =0.17 ns, a; = 98%, t, = 1.12 ns, o, = 2%), whereas lipo-
fuscin has a longer mean fluorescence lifetime of around 1.4 ns (t; =0.39 ns, o; =48%),
t,=2.24 ns, o, = 52%) [10]. According to the results by Cubeddu et al. the mean fluo-
rescence lifetime of A2E solution in dimethyl sulfoxide (DMSO) and the RPE treated
with A2E were 2.6 ns and 1.0 ns, respectively [11]. In another study, lipofuscin gran-
ules extracted in the chloroform from RPE cells from donor eyes showed mean fluo-
rescence lifetime around 3 ns [12]. In clinical application of FLIO, various fluorescence
lifetimes of subretinal deposits as well as their alteration over time have been pre-
sented for example in Stargardt disease, indicating a change of components of subreti-
nal deposits during disease progression [13]. In order to make the most use of FLIO
for monitoring of disease progression, further basic investigation is required to enrich
the molecular background of fluorescence lifetimes in FLIO measurements.

Xantophyll (Yellow Carotinoids): Macular Pigment

Three dietary yellow carotenoids, lutein, zeaxanthin, and mesozeaxanthin (con-
verted from lutein in the retina) are referred to as macular pigment (MP). They are
concentrated in the macula lutea, accumulate primarily in the long cone receptor
axons (Henle’s fibers) in the fovea. MP can also be found in the inner plexiform
layer in the parafoveal area [14, 15]. Lutein and zeaxanthin in plasma are taken up
from the choriocapillary layer via RPE and probably also via Miiller cells into the
photoreceptor outer segments [16, 17], and accumulate in the axons of photorecep-
tors as well as in the inner plexiform layer. For intraretinal uptake, carotenoid bind-
ing proteins are suggested as the transporter of these carotinoids [18]. MP plays
important roles in protecting the retina from photochemical damage through absorb-
ing high energy short-wavelength visible light (blue light). Furthermore, MP has
been shown to have an antioxidant function [19].

Positive role of MP in retinal health has been further proven in the last years,
particularly their potential in protection from age-related macular degeneration [16,
20, 21]. Dietary uptake of lutein or zeaxanthin has been shown to increase their
density in the human retina [22, 23], and thus the efficacy of supplementation is
actively discussed and studied today.

The absorption maximum of MP is around 450 to 480 nm, the spectrum covers
the blue light wavelength range [24]. The emission maximum is in the range of
orange-red around 600-700 nm. Due to its low fluorescence efficiency, MP shows
hypofluorescence in FAF examination using short/blue wavelength excitation com-
pared to other retinal fluorophores. However, MP was shown to feature very short
mean fluorescence lifetime (<0.1 ns) [25]. In FLIO, probably due to the fact that the
fluorescence lifetime is independent of the fluorescence intensity, the contribution
of MP in the fluorescence lifetime at the fovea is shown to be significant [25, 26].
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Collagen/Elastin

Collagen is the main structural protein in the extracellular space in various connec-
tive tissues. In the human fundus, collagen can be found as a component of vessels
in the retina and choroid, Bruch’s membrane, and the vitreous. In human retinal
vessels, collagen types I, III, and IV-VI were found in large vessels, types I, IV, and
V plus small amounts of IIT and VI in small vessels. The RPE basal lamina contains
collagen types I'V and V. The inner and outer collagenous layer of the Bruch’s mem-
brane contains fibers of collagens types I, III, and V [27]. The choriocapillaris basal
lamina is similar to the RPE basal lamina, but contains intense amount of types VI
collagen additionally. In the choroidal stroma, type IV collagen is also localized at
all basement membranes [28]. An increase of type IV collagen is suggested to con-
tribute to the age-related thickening of Bruch’s membrane [27].

The vitreous body is dominated by collagen type II [29], but also contains other
collagen types (I, V, IX, and XI) [30]. At the vitreoretinal interface, collagen types
IL, IV, VI, and X VIII are positive [30], whereby type VI collagen is considered to be
most essential in the organization of the vitreous fibers into lamellae penetrating the
internal limiting membrane [31]. The attachment of the vitreous collagen to optic
disc is generally stronger than the other retinal surfaces.

Elastin is also one of the components of connective tissue, and can be found in
vessels, or basal membranes. Elastin is contained more in arteries than in veins [32].
The elastic fiber layer in the Bruch’s membrane is a 0.8-pm-thick sheet, and also
contains collagen VI and other extracellular matrices, and is connected to the col-
lagen fibers in the inner and outer collagen layers [33].

Fluorescence properties of collagen and elastin have been studied mainly for
ultraviolet fluorescence excited by the light with wavelength shorter than 400 pm
[34, 35]. However, collagens and elastin are also fluorescent, although weak, under
excitation at 450—480 nm, and the emission maximum lays around 470-520 nm
[10]. With respect to the time-resolved fluorescence property of collagen, Schweitzer
et al. showed that different types of collagens show different fluorescence lifetimes,
where collagen type I, II, III, and IV had a mean lifetime value of 1.75 ns, 1.44 ns,
1.11 ns, and 1.62 ns, respectively [10]. The fluorescence lifetime of elastin has been
reported with 1.38 ns [10].

Redox Coenzyme

Redox coenzymes in cells, such as flavin adenine dinucleotide (FAD), flavin mono-
nucleotide (FMN), and nicotinamide adenine dinucleotide (NADH), are fluores-
cent. These coenzymes are involved in several important enzymatic reactions in cell
energy metabolism.

FAD (the oxidized form of FADH or FADH,) and FMN (the oxidized form of
FMNH,) derive from riboflavin, vitamin B2, and function as cofactors in many reac-
tions of intermediary metabolism, such as carbohydrate, fat, and amino acid
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synthesis. They are also required for the activation of other vitamins such as vitamin
B6 (Table 7.1). FMN is involved in the first enzyme in the complex I of the electron
transport chain in mitochondria, where it acts as an electron carrier to oxidize
NADH to NAD. FAD is used in a many cellular reactions, among which it acts as a
coenzyme of succinate dehydrogenase in the TCA cycle (Krebs cycle) that is at the
same time the complex II reaction of electron transport chain in mitochondrial inner
membrane. The enzymes bound to FAD has an individual FAD-binding site [36].

NADH is synthesized from tryptophan. NADH is a reduced form and acts also as
a cofactor. In cell metabolic reactions, it acts as an electron acceptor, and is oxidized
to NAD. NADH is required for many reactions such as beta oxidation, glycolysis,
TCA cycle, and electron transport chain reactions (Table 7.2). The NADH formed
in the TCA cycle is utilized as the first step of electron transport chain reactions,
where NADH acts as a carrier of electron to the complex I. This electron is trans-
ferred further to produce ATP.

These co-factors have interesting fluorescence properties. Regarding flavins,
FAD or FMN, the oxidized form, is fluorescent, whereas their reduced forms (FADH
and FADH2) show very weak or almost no fluorescence [37]. Their maxima of A./
Aem are reported to be 370 nm and 450 nm/535 nm [38]. Previous studies have shown
that free FAD has a long fluorescence lifetime (2.3 + 0.7 ns) while the protein-
bound FAD has a significantly shorter fluorescence lifetime (0.13 = 0.02 ns) for the
monomeric form, and 0.04 = 0.01 ns for the dimeric form [39]. Cellular metabolic
changes associated with the shift in energy supply between the aerobic and anaerobic

Table 7.1 Enzymes bound to FAD/FMN (partial)

Enzyme Cofactor | Function

Succinate dehydrogenase | FAD Krebs cycle/electron transport chain complex II
Dihydrolipoyl FAD Energy metabolism as the part of pyruvate
dehydrogenase dehydrogenase complex

Fatty acyl-CoA FAD Fatty acid oxidation

dehydrogenase

Glutathione reductase FAD Reduction of GSSG (oxidized glutathione)
NADH dehydrogenase FMN Electron transport chain complex I

Pyridoxine phosphate FMN Vitamin B6 metabolism

oxidase

Table 7.2 Enzymes bound to NADH (partial)

Enzyme Function

Pyruvate dehydrogenase Formation from pyruvate to acetyl-CoA
Malate dehydrogenase Krebs cycle

Alpha-ketoglutarate dehydrogenase Krebs cycle

Isocitrate dehydrogenase Krebs cycle
Glyceraldehyde-3-phosphate dehydrogenase | Glycolysis

3-Hydroxyacyl-CoA dehydrogenase Beta oxidation
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metabolism, for example through the change in oxygen supply or mitochondrial
activity, could significantly alter the protein bound-to-free form ratio of the FAD,
which may consequently influence the fluorescence lifetime. There are many basic
researches demonstrating the utility of the fluorescence lifetime measurement of
FAD to assess energy metabolic status in cells and tissues [40, 41]. Regarding FMN,
the fluorescence lifetime in its free form is reportedly 4.7 ns [42]. No literatures for
the fluorescence lifetime of the bound form of FMN in the form of co-factor has
been presented to date. Since the fluorescence spectrum of FAD and FMN is within
the FLIO detection range, it is well assumed that FAD and FMN may also contrib-
ute to the retinal fluorescence lifetime in FLIO.

On the other hand, the reduced form NADH is fluorescent whereas the oxidized
form NAD is not. NADH has also different fluorescence lifetimes according to its
protein-binding states; different from FAD, the free NADH has a short fluorescence
lifetime (0.30 + 0.03 ns), and the protein-bound NADH shows a longer one
(2.44 = 0.06 ns) [40, 43]. Using UV-excitation or two-photon excitation, these prop-
erties of NADH fluorescence lifetime have been utilized widely to assess cell meta-
bolic states [40, 44, 45]. However, as the fluorescence spectrum of NADH lays
outside of the spectral range of FLIO, it is unlikely that NADH-AF and its fluores-
cence lifetime may be directly measured with FLIO.

Melanin/Oxidized Melanin

In recent years, increasing evidence in FAF examination has shown that near-
infrared AF may indicate melanin distribution within the fundus [46, 47]. Although
melanin has a high absorption coefficient over wide range of wavelengths from UV
to infrared, its quantum efficiency is quite low in the range of visual light [48, 49].
It results in hypofluorescence in FAF examination with short wavelength excitation.
However, the explanation for the melanin AF in the near-infrared FAF examination
is still under discussion.

The emission maximum of melanin is shown around 540 nm when excited with
470 nm [50]. With respect to the fluorescence lifetime of melanin in RPE cells,
laboratory works using ex-vivo RPE tissues showed short mean fluorescence life-
times of melanosomes around 0.1-0.2 ns [51, 52]. Measurement of nevi and mela-
nocytes also presents similar short fluorescence lifetime as measured with the
melanosomes in ex-vivo RPE [53]. In a study with synthetic melanin in DMSO and
phosphate-buffered saline (PBS) the melanin fluorescence lifetime was 0.84 ns and
0.9 ns, respectively [50]. In the same study, the melanin incubated with hydrogen
peroxide (oxidized melanin) showed an extension of the fluorescence lifetime,
almost factor 2 (1.75 ns). The interpretation of the authors was that this was caused
by the enhancement of the fluorescence quantum yield of the melanin. As mecha-
nism behind, oxidation may lead to the degradation of melanin polymerization that
causes fluorescence quenching, and thus it resulted in the enhancement of its quan-
tum yield. This result coincides with another study conducted with human donor
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eye and synthetic melanin, showing that oxidation increased the intensity of mela-
nin AF in the range of visual wavelength [54].

The detection of short fluorescence lifetimes of the RPE melanin with FLIO has
also been confirmed experimentally by the author. The RPE from young porcine
eyes (without lipofuscin, abundant melanosomes at the apical side) placed in the
artificial eye chamber filled with PBS showed mean fluorescence lifetime of
0.24 + 40 ns (short spectral channel: SSC) and 0.19 + 20 ns (long spectral channel:
LSC) [55], which are similar to the ones obtained from microscopic studies
described above. The exemplary images of ex-vivo FLIO, examining different fun-
dus layers of a porcine eye, are shown in Fig. 7.2.

Zone 1 Zone 2 Zone 3

Retina

_ﬂ Choroidea
Zone 3
Br+choroid

\ y Sclera

T SSC

RPE

Bruch-Membran

2.RPE
(0.22 ns)

3. Br+Cho

3. Br+Cho (0.57 ns)

(0.69 ns)

Fig. 7.2 FLIO with ex-vivo porcine fundus tissues. The posterior part of the porcine eye was care-
fully separated in three parts; (1) all layers (retina + RPE (+Bruch’s membrane (Br) + choroid (Cho)
behind)), (2) without retina (only RPE (+Br + Cho behind)), (3) only Br + Cho (the RPE was
removed with a fine brush). The RPE without or very little amount of lipofuscin showed short mean
fluorescence lifetime around 0.20-0.25 ns. It is assumed to be mainly originated from melanosomes
and coincides to the results with previous microscopic experiments
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Lipid Peroxidation Endproducts

In 1969, Chio et al. reported that the lipid peroxidation of unsaturated fatty acids pro-
duces fluorescent products similar to lipofuscin [56], and since then the theory has
been supported for many years that lipofuscin is the endproduct of lipid peroxidation
of unsaturated fatty acids in the phagocytized photoreceptor outer segments. However,
it was refuted later, due to the fact that the fluorescence spectrum of lipid peroxidation
products (A /Aem &~ 360 nm/515 nm) turned out to differ from the ones of lipofuscin
(Aex/Aem = 420 nm/600 nm) [57], suggesting that it is most likely true that the fluores-
cent substances observed in the clinical FAF examination are different from lipid per-
oxidation endproducts, but it could be the degradative byproduct of retinol cycle,
bisretinoids. The latter explanation is widely accepted today. However, it is not ignor-
able, that many further in vivo and ex vivo experiments reported the appearance of
lipofuscin-like fluorescent substances in/around RPE cells under oxidative stress,
which show a fluorescence spectrum that is different from the one of lipofuscin [51,
58, 59]. These lipofuscin-like fluorescent substances are assumed to be phagosomes
and/or the storage granule of retinyl ester in/around RPE cells that underwent lipid
peroxidation [51, 60]. Although their fluorescence spectrum is not exactly same as the
one of lipofuscin, the linkage of these granules to the lipofuscin formation was still
not elucidated yet. Fluorescence lifetime of these high fluorescent granules was sig-
nificantly longer than the one of untreated RPE (Fig. 7.3) [51].

0.1 ns m 2ns

Fig. 7.3 Two-photon microscopy with fluorescence lifetime imaging with ex-vivo porcine RPE
incubated with ferrous sulfate (FeSO,) (strong inducer of lipid peroxidation) for 1 h. Bright granu-
lar autofluorescence with long fluorescenece lifetime appeared in/around the PPE cells. They are
considered the retinol cylce-related lipid that underwent peroxidation. A., = 750 nm (corresponds
to 375 nm in one photon excitation), emission range is from 380 nm to 680 mm. The emission
maximum was found around 500 nm. These fluorescence spectral properties fit very well to the
previously reported ones of lipid peroxidation producs
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Advanced Glycation Endproducts (AGE)

Formation of AGEs results from the nonenzymatic reaction to bond sugar molecule,
such as glucose or fructose, to proteins, lipids, and nucleic acids. Some AGEs are
very reactive and may damage cells and tissues directly, and thus are crucial in age-
ing and in different diseases. In ophthalmology, AGE is known to be implicated in
the pathogenesis of different retinal diseases [61, 62], especially in diabetic reti-
nopathy (DR) [61]. AGEs accumulate in the retina in DR, for example in retinal
pericytes, mediating pericyte survival and function that consequently leads to the
pericyte loss [63]. The functional damage of Miiller cells is also suggested [64]. Not
only in the retina, AGE amount may increase also in the crystalline lens [65] and in
the cornea [66] in diabetic patients.

Typical fluorescence spectra of AGE is A,/Acm & 370 nm/440 nm [67]. According
to the measurement by Schweitzer et al., AGE shows an emission maximum
around 490 nm when excited with 468 nm [10]. Reportedly, mean fluorescence
lifetime of AGE is 1.7 ns [10]. In diabetic patients, fluorescence lifetimes may be
increased significantly [68], considered to be due to the accumulation of AGE in
the lens and the neural retina, as well as the increase of the relative amount of free
form of FAD [68].

Other Fluorophores

Additionally to the fluorophores described above, retinol, aromatic amino acids like
tryptophan, tyrosine, and phenylalanine, and pyridoxine (vitamin B6) are known to
be fluorescent. They all have fluorescence spectra outside the excitation and/or
detection range of FLIO, and therefore it is unlikely that their fluorescence lifetimes
can be detected and contribute significantly to FLIO. Briefly, the fluorescence exci-
tation/emission maxima of retinol are A,/A., & 330 nm/474 nm [69]. Regarding
aromatic amino acids, they are 280 nm/350 nm, 274 nm/303 nm, and 274 nm/303 nm,
for tryptophan, tyrosine, and phenylalanine, respectively [70]. Pyridoxine has a
fluorescence maximum at A /A, &~ 296 Nnm/396 nm [71].
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Chapter 8
FLIO in the Healthy Eye

Chantal Dysli and Muriel Dysli

In order to understand FLIO, and to compare and quantify fluorescence lifetimes in
diseased retinas, FLIO data of healthy eyes is required. Conventional FAF intensity
imaging reveals characteristic distribution patterns of high and low autofluorescence
in healthy eyes [1]. FAF intensity primarily reflects the fluorescence signal of a domi-
nant retinal fluorophore, likely lipofuscin, and is mainly originating from the RPE [1].
Further contributions of minor fluorophores from the outer retinal layers and the pho-
toreceptors are possible as well [1]. Dominant fluorophores lead to bright areas in
FAF intensity images. On the other hand, retinal vessels and the optic nerve head natu-
rally feature very low autofluorescence intensity, and thus appear dark in FAF inten-
sity images. The foveal center also presents with low autofluorescence intensities due
to the absorption of both, excitation light as well as RPE fluorescence trough the
macular pigment (MP) [2]. MP will be further described in Chap. 16.

Analogous to FAF intensity measurements, FLIO imaging shows a characteristic
pattern of fluorescence lifetimes over the posterior pole of the retina [3, 4]. The combi-
nation of the distribution of fluorescence intensities and lifetimes may reveal additional
information about the presence of different retinal fluorophores. Early changes in fluo-
rescence lifetimes may indicate alterations in the metabolic environment.

A topographical map of retinal fluorescence lifetimes in healthy and diseased
retina was first described by Schweitzer et al. [5] using the experimental FLIO
setup. The first systematic approach with a cohort of 31 healthy subject was pub-
lished in 2014 by Dysli et al. [6]. They investigated not only the FAF lifetime distri-
bution pattern but also the reproducibility of the measurement, the influence of pupil
dilatation, and the impact of age on retinal autofluorescence lifetimes. These find-
ings are in accordance with previous studies using the experimental FLIO, and were
later confirmed by other groups [5, 7, 8].
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A characteristic pattern of mean FAF lifetimes can be found in healthy eyes.
Figure 6.1 shows this typical distribution pattern of fluorescence lifetimes. In
healthy eyes the shortest mean fluorescence lifetimes can be found in the macular
center, and are typically depicted in red color within the lifetime distribution color
maps. Mean fluorescence lifetimes can be as short as 30 ps at individual pixel spots
in the SSC. The central area of the ETDRS grid reveals values between 50 and
200 ps in the SSC, and 100-240 ps in the LSC [6, 8]. Absolute values may vary
slightly depending on the device and analyzing technique used in each study (e.g.
two- or three-exponential fitting approach and other fitting parameters). This is
described in more detail in Chap. 6. Sauer et al. correlated these short lifetime val-
ues to the distribution of macular pigment in the central fovea [8]. Outside of the
fovea, fluorescence lifetimes are slightly longer. These intermediate decay times
may originate from the retinal pigment epithelium [9]. They are colored in orange,
yellow and green in FLIO images. Retinal vessels and the optic nerve head with
mainly connective tissue components feature significantly longer mean fluores-
cence lifetimes of approximately 1250 ps in the SSC and 1000 ps in the LSC. These
are usually depicted in blue color. The corresponding 2D histogram of the short
versus the long decay parameter (t1 to t2) illustrates clouds of different fluores-
cence decay times (Fig. 8.1).

With increasing age, the mean fluorescence lifetimes over the entire posterior
pole prolong in both spectral channels by about 30 ps per decade in phakic eyes
(Fig. 8.2). This increase may be related to the progressive accumulation of lipofus-
cin and visual cycle byproducts within the retina, resulting in a shift towards fluoro-
phores with longer decay times. Additionally, even though the FLIO device is
considered to be a confocal system, significant cataract may influence the mean
fluorescence lifetimes either by contribution of autofluorescence from the lens and/
or by scattering of retinal fluorescence. Significant lens opacities lead to blurred
FAF intensity images, and to prolongation of fluorescence lifetimes especially
within the SSC. However, the LSC is usually only marginally influenced by the lens
status, and FAF lifetime changes due to the lens are not as impacting. For clinical
studies and quantitative analysis, recording of the lens status is essential, and a com-
parison of fluorescence lifetime data with subjects of a similar age class and lens
status is recommended. When analyzing fluorescence lifetime data from pseudo-
phakic subjects, a prolongation of fluorescence lifetimes with age is only shown for
the LSC. This could be due to lipofuscin and its accumulation with age, which is
assumed to fluoresce predominantly in the LSC.

FLIO imaging shows high concordance between independent measurements and
high reproducibility for quantitative data analysis [7]. Comparison of measurements
in dilated and non-dilated pupils reveal slightly longer lifetimes in small pupils, pos-
sibly due to a larger amount of lens impact and increased light scattering. Therefore,
the current FLIO imaging standard protocol recommends measurements in dilated
pupils (see Chap. 6). Nevertheless, FLIO imaging is possible in non-dilated eyes,
and may be performed in appropriate situations.
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Summary Box

FLIO in healthy retina reveals a characteristic and highly reproducible fluo-
rescence lifetime pattern at the posterior pole. Shortest FAF lifetimes can be
found in the center of the macula, probably originating from macular pig-
ment. Intermediate lifetimes are found across the retina, and likely originate
from lipofuscin. Longest lifetimes in healthy eyes can be found at retinal ves-
sels and the optic disc, and are assumed to be caused by collagen and elastin.
Although FLIO pattern remain the same in the aging population, an overall
prolongation of mean fluorescence lifetimes is observed with age. Therefore,
age as well as the lens status of the subject should be considered when FLIO
data is used for quantitative analysis between different eyes.
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Chapter 9
FLIO in Retinal Diseases

Martin Zinkernagel and Chantal Dysli

Retinal imaging is currently the main area of in vivo fluorescence lifetime imaging,
and FLIO has been used to obtain information about the lifetimes of endogenous
retinal fluorophores in healthy subjects as well as in a variety of retinal diseases [1].
FLIO has been shown to be useful for diagnostics and for understanding of patho-
physiologic mechanisms as well as for identifying predictive markers for disease
progression and potentially for monitoring of novel therapies. From the current data
it has become evident that FLIO provides additional information over other imaging
modalities such as FAF or near infrared imaging. In several studies it has been
shown that FLIO reliably identifies MP. In another recent publication, supplementa-
tion with lutein in selected cases has led to a shortening of fluorescence lifetimes,
suggesting that MP can not only be quantified but also monitored in conditions
where lutein and zeaxanthin are supplemented [2]. Information about MP can be
obtained even in the presence of macular atrophy [3] or other macular pathologies,
making FLIO a superior tool to FAF for monitoring of MP in advanced age related
macular degeneration [2, 4, 5]. In retinal dystrophies, such as choroideremia and
retinitis pigmentosa, FLIO has been proven to be useful to identify remaining pho-
toreceptors even in the absence of atrophy of the retinal pigment epithelium.

When evaluating a FLIO image, deviations from a normal color coded FLIO
image should be recognized, and the area of abnormal long or short fluorescence
lifetimes can be identified. Abnormal FLIO signal derives either from a change in
the composition of fluorophores, but also from a change in the relative amount of
these fluorophores. Image acquisition should follow a standardized protocol, and
the quality of the image should be checked before interpretation of abnormal FLIO
signals, because fluorescence lifetime values are also dependent on the quality of
the recorded data. Any opacity of the lens, the cornea or even the vitreous may lead
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to a general prolongation of the FLIO signal. For the interpretation of FLIO images
it is useful to correlate the findings with the FAF images and optical coherence
tomography.

Fluorescence lifetime imaging ophthalmoscopy with its simple and noninvasive
nature has the potential to find its way into clinical routine. The following chapters
will provide an overview of the major findings of retinal imaging with FLIO in vari-
ous retinal changes and diseases, and summarize the current knowledge and possi-
ble applications for the clinical use.
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Chapter 10 )
Age-Related Macular Degeneration

Check for
updates

Chantal Dysli and Lydia Sauer

Age-related macular degeneration (AMD) is the most common cause for central
vision loss in industrial countries within patients over the age of 50 years [1]. In
the age group of 50-85 year-olds, a high global prevalence of 8.69% has been
reported that increases with increasing age [2]. With ageing global population, the
prevalence of AMD is rising [3]. Drusen, extracellular debris deposits located
between the basal lamina of the RPE and Bruch membrane’s inner collagenous
layer, present the hallmark pathological feature of AMD [4, 5]. Complement dys-
regulation as well as chronic inflammation caused by debris and cellular remnants
seem to play a key role in the development of drusen [6—8]. Clinically, AMD can
be classified according to the Beckman Initiative for Macular Research
Classification Committee as early, intermediate and late AMD [9]. Early AMD is
characterized by small drusen (>63 pm but <125 pm) on the posterior pole.
Intermediate AMD comprises larger drusen (confluent drusen >125 pm) as well as
pigmentary changes. Late AMD is divided in neovascular “exudative” forms with
sudden outgrowth of blood vessels (neovascularization), often in combination
with leakage of fluid, and “non-exudative” forms with development of geographic
atrophy (GA) [10]. Patients typically report decreased central vision, difficulties
in dark adaptation, and metamorphopsia. Late forms of AMD may lead to severe
vision loss. Intravitreal injections of vascular endothelial growth factor inhibitors
(anti-VEGF) may be used for the treatment of the neovascular form of AMD.
In contrast, currently, there is no curable treatment method available for
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non-exudative late AMD [11, 12]. In this stage of AMD, delaying of disease pro-
gression is currently the primary aim. Development and extensions of geographic
atrophy is inevitable and can lead to complete central visual loss [13, 14]. Atrophic
areas may initially spare the fovea, relatively normal central visual acuity may be
presurved. Currently, several clinical trials are in progress for AMD with
GA. Thereby, targeting the complement cascade seems to be one of the most
promising approaches [15]. As retinal carotenoid levels seem to be altered in
AMD, carotenoid supplementation appears as the only option to slow disease
progression in AMD, and a benefit has been reported in clinical studies for inter-
mediate forms of AMD [16-20]. Furthermore, a connection between visual func-
tion and the amount of retinal carotenoids has been described for early stages of
AMD [21]. Early detection of AMD may therefore provide the opportunity for
earlier intervention with carotenoid supplementation, and may potentially slow
disease progression and thereby delay or prevent central vision loss.

The exact pathogenesis of AMD is still under investigation. Oxidative stress and
subsequent retinal damage seem to play a leading role in disease development. Risk
factors for AMD include a genetic profile with gene variations in the complement
factor H (CFH) location on chromosome 1 as well as the ARMS 2 locus on chromo-
some 10 [22, 23]. Additional risk factors reported include advanced age, smoking,
and extensive sunlight exposure [4, 24-26].

The most important imaging modality for AMD is currently the optical coher-
ence tomography (OCT), which may detect drusen and sub- or intraretinal fluid, and
is also capable to provide comparable follow up images. Further imaging modalities
include OCT angiography for neovascular membranes, FA for assessment of neo-
vascular leakage, and FAF intensity imaging as well as fundus photography for
visualization of drusenoid deposits as well as geographic atrophy. FAF intensity
images provide high contrast due to hypoautofluorescence in absence of the retinal
pigment epithelium (RPE).

FLIO emerges as a useful imaging modality in AMD. FLIO measurements are
very sensitive and may detect small changes at the human fundus. Through this
technology, it may be possible to gain further insights into the pathogenesis of
AMD.

FLIO in Early Disease Stages of AMD

It appears to be crucial to detect AMD as early as possible so that the limited thera-
peutical options can be fully exploited. Metabolic changes may occur in early AMD
stages even before they are detectable with conventional imaging techniques [27].
Such metabolic alterations, however, may be detectable with the highly sensitive
FLIO modality. Different studies observed changes in fluorescence lifetimes in
very early stages of AMD. Patterns of FAF lifetimes in early and intermediate forms
of the disease were found to show slightly prolonged fluorescence lifetimes com-
pared to age matches healthy controls [28].
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Fig. 10.1 Ring-shaped pattern of prolonged fluorescence lifetimes in a patient with intermediate
age-related macular degeneration

Sauer et al. further exploited these changes and reported a ring shaped pattern
of prolonged fluorescence lifetimes around the macula, visible in all subjects
with AMD [29]. Figure 10.1 shows the typical pattern in an individual with inter-
mediate AMD. It is visible in very early stages of the disease, and also in patients
with other retinal diseases in addition to AMD. This observation was especially
found with adjusted FLIO color scales ranging from 300 to 500 ps. Other studies
showed FLIO images on a scale of 200-1000 ps, a range in which the pattern is
less obvious. As this FAF lifetime patterns in AMD can be found already in early
stages of AMD it may carry important information towards disease prediction.

As FLIO is a non-invasive in vivo imaging technique, it is difficult to speculate
for the cause of the prolongation of lifetimes, and an allocation to individual retinal
layers. The observed pattern appears strongest within the LSC, which suggests that
the affected fluorophores show their maximal fluorescence emission at wave-
lengths between 560 and 720 nm. Prolonged fluorescence lifetimes in the LSC
may be an early sign for accumulation of bis-retinoids in the RPE. Bis-retinoids
feature intrinsic fluorescence, and may also block or diminish the relatively short
autofluorescence lifetimes from other fluorophores within the RPE [27, 30]. Early
studies on fluorescence lifetimes showed that the LSC is predominantly influenced
by lipofuscin [31]. This shift to longer mean FAF lifetimes could indicate that
lipofuscin composition may change in early AMD, even before drusen can be
found at the fundus. Alterations in lipofuscin content or character may interfere
with the healthy retina and cause the disease development of AMD. Sub-RPE basal
linear and basal laminar deposits may also cause prolongation of FAF lifetimes,
which could reflect an increase of connective tissue due to remodeling processes
within the RPE-photoreceptor band [28, 30]. Poorly characterized debris in the
sub-retinal space in AMD, that correlated with reticular pseudodrusen, were also
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reported as well as a spatial correlation of these subretinal deposits with damage to
the rod photoreceptors [32, 33].

However, the observation of prolonged lifetimes was also present in 36% of pre-
sumably healthy subjects that were age-matched to the AMD patients. These sub-
jects currently feature no symptoms or signs for AMD, but may be of high risk to
develop AMD, as most of these individuals, featured positive family history and/or
a genetic profile with a very high risk for development of AMD. Longitudinal stud-
ies will be necessary to follow up on this observation.

FLIO in AMD with Drusen

Retinal drusen in AMD were recently investigated with FLIO in two different
studies [28]. A study by Dysli et al. divided drusen into soft drusen and reticular
pseudodrusen based on their appearance on OCT and infrared images. Dysli and
colleagues found a general prolongation of FAF lifetimes over the fundus but vari-
able FAF lifetime characteristics in drusen [28]. Reticular pseudodrusen and soft
drusen in early and intermediate AMD did not feature distinct fluorescence life-
times, and were generally not discernible from the surrounding retina. However,
subretinal deposits with hyperreflective material in OCT may feature shorter fluo-
rescence lifetimes, whereas intraretinal hyperreflective foci were identified with
prolonged fluorescence lifetimes (Fig. 10.2). Similarly, the second study also
found that distinguishing drusen using FLIO can be difficult. Although drusen
often featured prolonged mean FAF lifetimes, individual drusen may not show a
high contrast in FLIO images. Clinical fundus examination and other imaging
modalities, such as OCT, FAF intensity imaging, and fundus photography, may be
better tools to identify drusen in AMD. However, the presence of short FAF decay
times can be aligned to serous pigment epithelial detachment (PED), fibrovascular
PED, hemorrhage, subretinal fluid, and choroidal neovascular membrane (unpub-
lished data). This may be useful in the future to differentiate PEDs, hemorrhage
and subretinal fluid in AMD.

FLIO in Geographic Atrophy

FLIO measurement in geographic atrophy revealed distinct fluorescence lifetime
patterns even in areas of very low autofluorescence intensity [34]. Fluorescence
lifetimes in GA are mainly prolonged compared with the surrounding retina
(Fig. 10.3). However, towards the macular center, short fluorescence lifetimes may
be present which are assumed to origin from remaining macular pigment, and may
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Fig. 10.2 Mean fluorescence lifetimes in drusenoid deposits in a patient with intermediate
AMD. Hyperreflective material on the level of the RPE may feature short fluorescence lifetimes,
whereas intraretinal hyperreflective foci feature long fluorescence lifetimes. Corresponding OCTs
are shown below

indicate persistent outer retinal layers such as the outer nuclear and outer plexiform
layer. Additionally, FLIO provides a good contrast in subjects with GA and foveal
sparing where the intact retina is clearly identifiable with short fluorescence life-
times. In detailed analysis including 2D graphs or phasor plots, borders of GA can
easily be identified and highlighted. These tools may also provide a good parameter
for quantification and follow up examination.

Summary Box

The use of FLIO may facilitate early detection of potential subjects at risk to
develop AMD. In early and intermediate AMD stages, fluorescence lifetimes
provide additional information about the composition and localization of sub-
and intraretinal hyperdense deposits. In late dry AMD, FLIO enables the
analysis of hypofluorescent areas, and differentiation of retinal layer structure
as well as distribution of macular pigment within and at the border of GA.
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Fig. 10.3 FLIO in two patients with AMD and geographic atrophy (GA). Patient (a) features
foveal sparing whereas in patient (b) GA also involves the foveal center. However, short fluores-
cence lifetimes are still preserved, probably due to remaining macular pigment
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Chapter 11
FLIO in Diabetic Retinopathy

Lydia Sauer and Martin Hammer

Diabetic retinopathy is a micro-vascular complication in diabetes [1]. Micro-
vasculopathy and inflammation finally result in neuronal degeneration [2] and a
breakdown of the blood — retina barrier (BRB) causing retinopathy and macular
edema [3]. As hyperglycemia is a primary event in diabetes, this causes not only an
impairment of the vascular endothelium but also a general protein glycation. This
formation of advanced glycation end products (AGEs) in the non-enzymatic
Maillard reaction of proteins with glucose and other sugar molecules is involved in
BRB breakdown [3], in addition to endothelial dysfunction and the protein-kinase
C pathway [4]. As protein glycation is a process generally taking place in ageing
tissue and predominantly affecting long-living proteins, it is greatly enhanced in
diabetes mellitus [5]. It correlates with the level as well as the duration of hyper-
glycemia [6]. Protein glycation comprises several steps. First, Schiff’s bases are
formed in a reaction of the Aldehyde- and Ketone groups of sugars with amino
groups of the proteins. This is followed by the Amadori rearrangement finally
resulting in the AGE. This is further enhanced by highly reactive Carbonyl groups
of intermediates such as a-Oxoaldehyde, Glyoxal, and Methylglyoxal [7]. These
intermediates are not only generated by the Maillard reaction but also by other
pathways such as auto-oxidation of sugars and glycolysis [8]. Oxidative end prod-
ucts, such as Pentosidin and N-Carboxymethyllysin, and non-oxidative AGEs
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(e.g. Hydroimidazolon and Pyrralin) are distinguished [7, 9]. A well-known AGE
is the glycated Hemoglobin HbA1C which is used clinically for long-term moni-
toring of diabetes [5, 10-12].

Upon hyper-glycemia, AGEs accumulate in the lens, the cornea, the vitreous, and
the retina of the eye. Thus, AGEs contribute to diabetic retinopathy in different
ways. They may damage the vascular endothelium and, subsequently, also affect the
pericytes. This leads to a disruption of the BRB and can result in diabetic macular
edema, one of the most sight-threatening complications of diabetes [13, 14].
Furthermore, AGEs have procoagulant potential, contributing to capillary occlusion
which is typical for diabetic retinopathy [7]. However, also neuronal cells are
affected directly [15]. Animal experiments showed AGE deposition in the vascular
as well as in the neuronal compartment of the retina [9]. Protein crosslinking,
namely the covalent binding of Lysine residues, alters the tertiary structure of pro-
teins and, thus, impairs their function. However, the modified proteins are able to
bind to receptors for advanced glycation end products (RAGE) which are expressed
by various cell types such as macrophages, monocytes, endothelial cells, glial cells,
and neurons. Besides inflammatory reactions [16], this results in the secretion of
cytokines, adhesion molecules, and growth factors like vascular endothelial growth
factor (VEGF) [13]. VEGF stimulates neovascularization which is the diagnostic
criterion for proliferative diabetic retinopathy. Finally, the activation of the RAGE
may excert oxidative stress to the cells by generation of reactive oxygen species
(ROS) leading to neuronal cells death [17].

AGE show fluorescence, and their concentration in serum was found to increase
with the severity of diabetic retinopathy [18]. As increased fundus autofluorescence
(FAF) has been found in diabetic macular edema in association with decreased mac-
ular sensitivity [19], Schweitzer et al. [20] and Schmidt et al. [21] investigated fluo-
rescence lifetimes in diabetic patients.

Schweitzer et al. [20] compared the fluorescence decay upon a 448 nm excita-
tion for a group of 48 patients suffering from type 2 diabetes without retinopathy
to 48 healthy control subjects of same age. They found a general increase in the
fundus autofluorescence lifetimes in diabetes. Using a three-exponential fit of the
decay and a sophisticated statistical procedure, they revealed a good discrimina-
tion of both groups with a sensitivity of 73% and 70% as well as a specificity of
84% and 64% for the two spectral channels (490-560 nm and 560-720 nm)
respectively for the mean fluorescence lifetime t,,. The best discrimination, how-
ever, was achieved by the intermediate decay time component T, at 490-560 nm
(sensitivity 84%, specificity 76%) which the authors addressed to fluorophores in
the retina. They discuss this as a result of reduced protein binding of FAD as well
as protein glycation leading to an accumulation of AGEs. In a subgroup analysis,
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they found a considerably better discrimination in phakic patients and controls as
in pseudo-phakic. Thus, they concluded an influence of the lens fluorescence on
the measurements at the fundus despite the use of confocal scanning due to the
extremely strong fluorescence emission from the lens. As AGE accumulation in
the lens is well known [22], this, in part, could account for the lifetimes measured
in diabetics.

Schmidt et al. [21] extended this study to patients with diabetic retinopathy.
They compared fluorescence lifetimes upon excitation at 473 nm in 34 patients
suffering from non-proliferative diabetic retinopathy (NPDR) with 28 age-
matched healthy controls. Fluorescence lifetimes were recorded in the macula as
well as two concentric annuli given by the standard ETDRS grid from a three-
exponential fit of the decays. Consistent with Schweitzer et al., they showed
increased lifetimes in the patient group in all investigated retinal fields (Fig. 11.1).
This holds for both spectral channels, however was more pronounced at short
wavelengths (498-560 nm, p < 0.002) than for longer wavelengths (560-720 nm,
p <0.05).

A ROC analysis using a logistic regression model resulted in a sensitivity of 90%
and a specificity of 71% for the discrimination of NPDR patients. In contrast to
Schweitzer et al., Schmidt et al. found the best discrimination for the long-living
fluorescence component t; instead of t,. This might result from the longer excita-
tion wavelength used. Again, the formation of AGEs in neurons, vascular, and glial
cells was discussed as source of the extension of lifetimes. This was corroborated by
FLIO measurements at the lenses of the subjects. These showed shorter lifetimes in
the patients, again predominantly in the short wavelength channel. As AGE (bovine
serum albumin incubated with glucose) showed a decay time of 1.7 ns and an emis-
sion maximum of 523 nm [23], its accumulation must increase the physiologically
shorter fundus autofluorescence lifetime, but decrease that of the lens which is
known to be longer in healthy state. The assumption of AGEs as source of an addi-
tional fluorescence from the ocular fundus is corroborated by the finding of a cor-
relation of the abundance of the intermediate and short lifetime component with the
HbA1C value of the patients (p = 0.009 and p = 0.016 for the short and long wave-
length channel respectively, Fig. 11.2).

Taken together, these investigations indicated that FLIO has the potential to show
protein glycation as well as alterations in coenzymes of the cellular energy metabo-
lism which are associated with diabetes. This might help in elucidating pathways
leading to diabetic retinopathy and, thus, provides opportunities for differential
diagnostics with the option of individualized therapy.
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Chapter 12 )
Retinal Artery Occlusion b

Martin Zinkernagel and Chantal Dysli

Retinal artery occlusion is one of the most frequently encountered reasons for acute
vision loss in the elderly. In addition to the visual impairment, it is associated with high
mortality due to other comorbidities such as atherosclerosis. Occlusion of the retinal
arteries lead to ischemia and edema of the inner retina in the acute phase. Over time, the
edema resolves and a generalized atrophy of the inner retinal layers remains. Several
studies have identified distinctive features of retinal ischemia in retinal artery occlusion
in OCT. Initially, a hyperreflectivity with loss of the organized retinal layers can be
observed within the inner retina [1]. In the later stages, a generalized atrophy of the inner
layers, which are supplied by retinal arteries, can be seen in OCT. The use of fundus
autofluorescence to investigate ischemic areas after retinal artery occlusion has only
received very little attention so far [2]. However, there are several studies showing that
fundus autofluorescence may help to detect and differentiate retinal emboli. Especially
atherosclerotic emboli, which consist for a large part of lipofuscin, are well visible as
hyperautofluorescent lesions in fundus autofluorescence [3]. Fluorescein angiography
in retinal artery occlusion is seldom useful because perfusion often reverts to normal
even after complete retinal artery occlusion [4]. Furthermore, perfusion insufficiency
does not always mirror tissue ischemia because retinal cells have different oxygen con-
sumption rates and may have different susceptibility to hypoxia [5].

A sensitive noninvasive imaging technique capable of detecting early tissue
alterations consistent with retinal hypoxia or even ischemia could potentially
improve therapeutic options and may influence outcomes.

Although still in the early stage of development for clinical applications, fluores-
cent techniques based on the detection of endogenous fluorophores such as FLIO
could provide noninvasive methods for diagnosis of retinal ischemic disease [6].
The time-domain characteristics of fluorescence, rather than its intensity, have been
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Fig. 12.1 Multimodal imaging in a patient with inferior branch retinal artery occlusion with
swelling of the inner retinal layers and prolongation of the corresponding fluorescence lifetimes

exploited for imaging applications in microscopy [7] and FLIM has been shown to
be sufficiently sensitive to indicate ischemic kidney ex vivo in an animal model [8].
In vivo imaging of ischemia is often difficult to perform due to poor tissue penetra-
tion, especially when using fluorophores with short emission wavelengths.
Because of the optical properties of the eye, issues with tissue penetration are
virtually absent. Fluorescence lifetime imaging in patients with retinal artery occlu-
sion revealed a significant prolongation of fluorescence lifetimes in the acute phase
when compared to an age matched healthy cohort (Fig. 12.1) [6]. The prolongation
was found for both spectral channels and lasting up to 3 months after the incidence.
Thereafter, fluorescence lifetime values returned to normal levels despite marked
atrophy of the inner retina in optical coherence tomography. Several factors may
explain the prolongation of fluorescence lifetimes in acute retinal artery occlusion.
First of all, retinal ganglion layer swelling may block the underlying fluorescence
and therefore could distort fluorescence lifetime signals from the outer retinal layers
and the retinal pigment epithelium. Another explanation could be that changes in
the cellular metabolism caused by retinal hypoxia lead to prolongation in fluores-
cence lifetimes. In this context, changes in the equilibrium of redox pairs NAD+/
NADH (oxidized and reduced nicotinamide adenine dinucleotide) and FAD/FADH,
(oxidized and reduced flavin adenine dinucleotide) could potentially explain these
observations. After the acute phase, fluorescence lifetimes return to levels found in
healthy fellow eyes. Although at first sight a negative finding, it suggest that the
inner retina contributes relatively little to fluorescence lifetimes seen with FLIO.

Summary Box

In conclusion, FLIO can be used to identify ischemic retinal changes espe-
cially in the acute phase of retinal artery occlusion in the area of edema of the
inner retinal layers. Fluorescence lifetimes return to levels found in healthy
eyes after atrophy of the inner retinal layers has developed.
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Chapter 13
Central Serous Chorioretinopathy

Chantal Dysli and Martin Zinkernagel

Central serous chorioretinopathy (CSCR) is a retinal disorder characterized by idio-
pathic serous detachment of the neurosensory retina and occasionally associated
with focal RPE detachment [1]. CSCR belongs to the pachychoroid disease spec-
trum according to the marked thickening of the choroidea, [2] and is more frequent
in hyperopic eyes. It typically affects middle-aged male subjects (72—88%) between
39 and 51 years, and is thought to be associated with the corticosteroid metabolism.
Multiple risk factors are discussed including predisposing genetic profile, systemic
factors such as arterial hypertension, psychological and personality profile,
sympathetic-parasympathetic imbalance, corticosteroids or other drugs, endocrine
changes, sleep disturbance, and others. However, the exact disease mechanism is
not yet completely solved and has to be further investigated.

As first symptoms, decreased visual acuity as well as metamorphopsia, microp-
sia, central scotoma, dyschromatopsia, and reduced contrast sensitivity may be
reported. In the majority of cases, the disease is self-limited and resolves over
3—6 months [3]. However, if leakage persists over 4—6 months, CSCR may convert
into a chronic form either with continuous subretinal fluid or with chronic recur-
rence of disease symptoms. In such cases, excessive pigmentary changes, atrophy
of the neurosensory retina, and even secondary neovascularization may occur.

Funduscopically, fluid accumulation as well as pigmentary changes might be
observed. Additional imaging modalities such as OCT, FAF, fluorescein and indo-
cyanine angiography are useful for confirmation of the diagnosis as well as for fol-
low-up examinations.

Even though CSCR classically manifests primarily in one eye, it is a bilateral
disease with minor changes possibly without clinical symptoms on the fellow eye.

C. Dysli (b<) - M. Zinkernagel

Department of Ophthalmology and Department of Clinical Research, Inselspital,
Bern University Hospital, University of Bern, Bern, Switzerland

e-mail: chantal.dysli@insel.ch

© Springer Nature Switzerland AG 2019 75
M. Zinkernagel, C. Dysli (eds.), Fluorescence Lifetime Imaging
Ophthalmoscopy, https://doi.org/10.1007/978-3-030-22878-1_13


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-22878-1_13&domain=pdf
mailto:chantal.dysli@insel.ch

76 C. Dysli and M. Zinkernagel

However, future appearance of clinical symptoms and disease progression in the
contralateral eye is still possible.

By now, no causative treatment is available. Generally, avoidance of possible risk
factors is advised. In the acute disease stage, primary observation is recommended.
Treatment approaches include mineralocorticoid receptor antagonists, photody-
namic therapy with verteporfin, focal laser therapy, and intravitreal anti-VEGF if
secondary neovascularizations are present.

In a study of Dysli et al., 35 subjects (mean age 46 + 6 years) with acute or chronic
(>6 months) CSCR, and a corresponding age-matched healthy control cohort was
investigated using FLIO [4]. Thereby, FLIO was shown to be a very sensitive tool for
detection of retinal changes. Even before a circle of hyperautofluorescence is visible
in FAF intensity images, FLIO might show disease specific findings. Interestingly,
the amount and presence or absence of subretinal fluid at time of measurement did
not directly influence the measured fluorescence lifetimes. However, in the acute
disease stage, large areas of short fluorescence lifetimes are observed, color coded in
red (Fig. 13.1). They were associated with elongated outer photoreceptor segments
and might origin from accumulated visual cycle end products due to increased dis-
tance to the RPE and interrupted phagocytosis of disc outer segments. Over time, the
autofluorescence lifetime values normalize towards values of the unaffected retina.
However, in chronic disease stage, secondary retinal changes such as scar formation
and retinal atrophy with loss of the RPE and the photoreceptor layer lead towards
prolonged FLIO lifetime values (Fig. 13.2). This is comparable to changes observed
in geographic atrophy in AMD [5, 6].

Summary Box

FLIO in CSCR features a characteristic distribution pattern with short life-
times in areas of disease activity, changing to prolonged lifetimes over time,
corresponding to secondary remodeling of the retinal layer structure and scar
formation. FLIO was shown to be sensitive to early and subtle retinal changes
in CSCR, and may provide information about the integrity of the photorecep-
tors and the RPE.
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Figs. 13.1 and 13.2 Multimodal imaging in patients with central serous chorioretinopathy
(CSCR). Subject 13.1 shows an acute disease stage with clearly visible short fluorescence lifetimes
in the affected area. The corresponding fluorescence intensity image shows only very subtle
changes. Patient 13.2 currently features disease activity inferiorely with short fluorescence life-
times, and superiorly prolonged lifetimes due to long-term changes in chronic CSCR
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Chapter 14 )
Macular Telangiectasia Type 2

Check for
updates

Lydia Sauer and Paul S. Bernstein

Macular telangiectasia type 2 (MacTel) is an inherited retinal disease that typically
starts to affect the vision in patients between 40 and 60 years [1-3]. However, cases
of younger subjects have been reported in recent literature, and the prevalence of
0.1% is likely underestimated. Patients may often be misdiagnosed with AMD [4]. In
contrast to macular telangiectasia type 1, which usually affects young males unilater-
ally, MacTel is a bilateral disease, causing metamorphopsia and central vision loss.
Problems with reading small print due to letters that seem missing is a common com-
plaint of patients with MacTel [5]. Although the disease typically does not proceed to
legal blindness, the vision of most patients becomes significantly disturbed over time.

MacTel was first described by Gass in 1977, where he called it ‘bilateral paracen-
tral capillary telangiectasia of unknown cause’ [6]. The term ‘telangiectasia’ refers
to dilated and abnormal vessels, that may form in the course of the disease. In 1993,
Gass and Bondi published another article, which further classified different types of
retinal telangiectasia [7]. MacTel is consistent with the type 2A that was described
in this article. Ectatic vessels, especially capillaries in the deeper capillary network
as well as dilated venules are typical findings in this disease. However, evidence is
rising that telangiectasia of retinal vessels is not the origin but rather a secondary
feature of MacTel. Initially, retinal greying and the loss of a foveal reflex are
described as typical signs of disease onset. Abnormal low macular pigment is
another typical feature of the disease. Although it has been reported that patients
may show MP levels similar to healthy levels in early stages of MacTel, patients
with advanced disease show severely reduced MP levels [8]. Furthermore, MP
shows abnormal distributions at 5-9 degree eccentricity from the fovea [9—-13]. If
these patients supplement carotenoids, the central MP cannot be re-established.
Instead, the ring-like distribution of MP outside of the fovea is enhanced by
supplementing Lutein and Zeaxanthin [11, 14, 15]. Based on these findings, a loss
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of Miiller- and photoreceptor cells may be key factors in the development of MacTel
[16, 17]. Another early and typical feature of MacTel is a loss of the ellipsoid zone,
which seems to be associated with a loss of retinal sensitivity as well as central
visual acuity [18, 19]. Almost half of the patients with MacTel also presents with
intraretinal crystals, however, the cause of these crystals is still unclear [7, 20-22].
In late stages of disease, retinal pigment clumps can be found. These may be associ-
ated with foveal atrophy in late stages of MacTel [7].

It is very typical that retinal changes associated with MacTel occur in a well
defined area, the so-called ‘MacTel zone’. This zone was described as an oval region
centered around the fovea, with eccentricities of 5° vertically and 6° horizontally.
Changes associated with MacTel often start in the area temporal to the fovea, which
is referred to as the para-foveal area [23]. These alterations may eventually affect
the entire MacTel zone. Nevertheless, the temporal para-foveal area appears to be
most severely affected [24-26].

Recent literature indicates very promising results towards novel therapeutical
approaches for MacTel. In the past, patients were occasionally treated with intra-
vitreal injections of steroids or anti-VEGF, but neither of these approaches improved
visual outcome [27-29]. However, the effect of ciliary neurotrophic factor is cur-
rently being investigated and showed very promising results in early clinical trials
[30, 31]. This therapy - an implant that releases ciliary neurotrophic factor - may be
very beneficial for patients. With approaching treatment possibilities, it becomes
even more important to diagnose MacTel as early as possible.

Despite extensive research on MacTel, the pathogenesis behind the disease
remains unknown. Recent studies showed that MacTel likely has a dominant genetic
inheritance with reduced penetrance [32-34]. Recently two genetic loci were identi-
fied for MacTel. These are related to the glycine/serine pathway, which appears to
be disturbed in the disease. However, the actual genes which cause MacTel have not
yet been found. Therefore, genetic testing is not available and the diagnose of
MacTel remains clinical [32, 35, 36].

Multimodal imaging is the key to diagnose MacTel at early stages. Both, func-
tional as well as structural imaging modalities can be used to investigate patients
with signs of MacTel. However, due to the variability of features between patients it
is challenging for many ophthalmologists to correctly make the diagnose of MacTel
in early disease stages. The unique changes of MacTel can be observed with a vari-
ety of different imaging modalities. Color fundus photography may show retinal
greying as well as the loss of the foveal reflex. OCT imaging often shows inner-
retinal cysts, which commonly present at the temporal para-foveal area. Despite
being a very typical finding, retinal cysts may be absent in early disease stages.
Later in the course of disease, breaks within the inner-segment/outer-segment (IS/
OS) junction can be observed with OCT imaging. Blue-light reflectance imaging of
eyes with MacTel shows a bulls-eye lesion, and fundus autofluorescence often pres-
ents with a hyperfluorescent foveal region due to the absence of macular pigment
[37—40]. The central hyperfluorescence has been associated with poorer central
visual acuity [41]. MP imaging typically shows low MP values with occasional
abnormal MP enhancement outside of the MacTel zone. Microperimetry testing,
seems to be a promising tool for monitoring progression of vision loss in patients
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with MacTel [42]. Previous studies using microperimetry in MacTel patients
revealed that the dysfunction of rods seems to be more severe than that of cones
[43]. Historically, fluorescein angiography was seen as the gold-standard to image
MacTel. However, fluorescein angiography required the intra-venous injection of
fluorescent dye, which shows leakage in the area affected with MacTel. The leakage
typically occurs within the temporal para-foveal area. As this imaging technique is
invasive, non-invasive imaging should be preferred [7, 37, 44—46].

FLIO is a novel tool on the list of imaging modalities to detect MacTel. FLIO
has two clear advantages: (1) it is non-invasive, and (2) it shows a very charac-
teristic pattern in all eyes with MacTel. The first study using FLIO to investigate
MacTel was published in 2018 [47]. This initial study included 42 eyes of 21
patients with different stages of MacTel. Another study conducted at a different
FLIO center investigated 14 patients and was able to confirm these findings [48].
Further studies of more than 70 patients with MacTel are also confirmative of
these initial findings (unpublished data). In all eyes with MacTel, a very typical
FLIO pattern was observed: FLIO lifetimes were characteristically prolonged in
the MacTel zone, predominantly within the SSC. Figure 14.1 shows this pattern.

MacTel
male, 52 years

Intensity

100

SSC (498 - 560 nm)

350

LSC (560 - 720 nm)

Fig. 14.1 FLIO images and fluorescence intensity images of a patient with MacTel. Arrowheads
point towards the typical MacTel pattern
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Typically, MacTel eyes showed a crescent-shaped prolongation of FLIO life-
times at the temporal side of the fovea. These prolonged FLIO lifetimes were
described to surround the fovea and include the entire MacTel area in more
advanced MacTel stages. It was also shown that FLIO lifetimes prolong with
disease progression over time. FLIO shows this characteristic pattern of MacTel
with high contrast.

FLIO is based on fluorescence imaging, recording not only the intensity but
also the lifetime of the fluorescence. Therefore, it provides additional information
to fundus autofluorescence intensity imaging. Molecules with a weak fluores-
cence, such as macular pigment, can be detected with FLIO [49, 50]. It therefore
is not surprising that FLIO highlights the altered macular pigment, especially if
MP accumulates around the MacTel zone. The central area of the fovea, on the
other hand, shows longer fluorescence lifetimes due to reduced macular pigment
levels. But the detection of FLIO lifetimes not only shows altered macular pig-
ment but may also show subtle biochemical changes within the retinal molecules,
potentially even before damage to the retina occurs. It was shown that MacTel
crystals correspond to prolonged FLIO lifetimes, which confirms that these crys-
tals are likely not macular pigment [47]. However, the exact composition of these
crystals remains unclear. In addition to the FLIO findings in MacTel, characteris-
tic patterns different from the MacTel pattern have been reported for many other
retinal diseases [51-58]. Therefore, FLIO appears to be helpful to distinguish
MacTel from other retinal diseases that may clinically show similar features, for
example AMD.

FLIO lifetimes in MacTel were compared to groups of age-matched healthy
eyes. In contrast to these healthy eyes, the temporal para-foveal area T1 (inner tem-
poral area of a standardized ETDRS grid) shows significantly prolonged FLIO life-
times (p < 0.001). This was compared to a reference area T2 (outer temporal area of
a standardized ETDRS grid), which did not show differences between these groups.
It was therefore suggested that a ratio of T2/T1 of less than 0.9 in combination with
typical disease features may be indicative of MacTel [47].

Of special interest are changes within FLIO lifetimes that may be detectable in
family members of MacTel patients that do not show clinical evidence of the dis-
ease. FLIO has already been reported for one family where both parents of a MacTel
patient were clinically healthy [47]. If an autosomal dominant inheritance is
assumed for MacTel, at least one of the parents would have to carry a putative
MacTel gene. Although the clinical exam as well as conventional imaging was nor-
mal for the mother of this patient, she showed prolonged FLIO lifetimes that may
be related to subtle alterations due to MacTel. Figure 14.2 represents these findings.
Further studies investigated larger numbers of family members (unpublished data).
Here, prolonged FLIO lifetimes were found in more family members. Some of these
family members are highly suspicious for early MacTel. Figure 14.3 highlights
these findings.
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Fig. 14.2 Fluorescein angiography as well as Mean FLIO lifetimes (short spectral channel) of a
family with macular telangiectasia type 2 (MacTel). The mother shows prolonged FLIO lifetimes
that could be indicative of MacTel as well as genetic predisposition
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1) female, 28 years 2) female, 26 years 3) male, 22 years

Fluorescein angiogram

FLIO

Fig. 14.3 Fluorescein angiography as well as Mean FLIO lifetimes (short spectral channel) of a
family with macular telangiectasia type 2 (MacTel). Whereas subject 3) has been diagnosed with
MacTel, his two sisters (1/2) are clinically unremarkable. One of his sisters (2) shows FLIO life-
times indicative of MacTel as well as genetic predisposition

Summary Box

To conclude, FLIO highlights retinal changes in MacTel. A very typical pat-
tern of prolonged FLIO lifetimes can be found in all patients with MacTel.
Therefore, not only the reduced central and abnormally increased peripheral
accumulation of macular pigment, but also highly disease specific features
can be imaged with FLIO. Furthermore, FLIO may be helpful to identify
individuals with MacTel at very early stages of disease, possibly before they
show clinical signs of retinal damage. This could help to initiate, once avail-
able, an early therapy. Overall, FLIO leads to improved clinical detection and
diagnose of MacTel.
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Chapter 15
Hereditary Retinal Diseases: Stargardt,
Choroideremia, Retinitis Pigmentosa

Chantal Dysli, Yasmin Solberg, and Lydia Sauer

Stargardt Disease

Stargardt disease (STGD) is the most common inherited macular dystrophy that
causes visual impairment in childhood and young adults [1]. STGD is predomi-
nately inherited in an autosomal recessive trait and has been linked to mutations in
the ABCA4 gene [2]. ABCA4 is an ATP-binding cassette of transmembrane rim pro-
teins expressed in the outer segment discs of rod and cone photoreceptors, and is
involved in the transport of all-trans-retinal. A defect in an ABCA4 encoded rim
protein leads to dysfunction of the normal visual cycle, with accumulation of all-
trans-retinal in the photoreceptors and the RPE [3]. Subsequently, the oxidation and
the buildup of all-trans retinaldehyde induces the formation of N-retinylidene-N-
retinyl-ethanolamine (A2E), a component of lipofuscin [4, 5]. The characteristic
phenotypic features, such as the pisciform flecks and atrophy, are thought to develop
as aresult of the accumulation of lipofuscin and retinoid by-products in the RPE [6].
Histologically, flecks are located at the level of the RPE. Over the course of the
disease, initially well-defined flecks have been shown to progress outwards from the
central macular in a centrifugal pattern. They may reabsorb, leaving poorly demar-
cated lesions and residual atrophy resulting in a “beaten-bronze” appearance [7-9].
Thus, at advanced stages of disease, a progressive bilateral atrophy of the RPE,
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photoreceptors, and choroidal vasculature can be found [10]. However, due to the
large number of disease-causing sequence variants identified in ABCA4 (>1000),
the characteristics of STGD varies widely from patient to patient, and severity of
fundus abnormalities seen in ophthalmoscopy often are not directly associated with
the visual acuity [11-13]. Fishman et al. characterized STGD into four phenotypic
subtypes based on clinical appearance and electrophysiological findings [14]. In
addition to clinical evaluation, several imaging techniques have been established in
the diagnosis, characterization, monitoring, and investigation of the underlying
pathophysiology of STGD, including FA, FAF, spectral domain OCT, and electro-
retinography (ERG).

FLIO measurements in STGD display characteristic fluorescence lifetime pat-
terns, which differ from the FLIO pattern found in healthy eyes [15—18]. Lifetimes
within areas of intact retina without retinal deposits or atrophic lesions are com-
parable to age-matched healthy controls. However, within hyperfluorescent flecks
seen on autofluorescence intensity images in the area of retinal deposits in OCT,
both, shorter and longer fluorescence lifetime values compared to the surrounding
retina were observed. Primarily, flecks displayed long (blue) lifetimes, however,
in 91% of the investigated eyes a small number of flecks with shorter lifetimes,
color coded in red, are visible (Fig. 15.1). The short lifetime flecks were more
apparent in the LSC. Correlation to their corresponding intensity images revealed
that not all short lifetime flecks were visible on intensity images. In follow-up
examinations these short lifetime lesions became visible in the FAF intensity
images, and progressed to flecks with characteristic long lifetimes in FLIO over
time. Figure 15.2 shows follow-up measurements after 6 and 32 months. In the
transition phase from short to long lifetimes, longer lifetimes initiate in the center
of the flecks, and radiate outwards with time. Interestingly, patients seem to report
visual changes only when presenting with long FLIO lifetime flecks but not with
the initial flecks that show shortened FLIO lifetimes. These changing autofluores-
cence lifetime patterns may reflect intracellular events in RPE cells and remodel-
ling of the flecks. There is strong evidence that STGD is primarily a disease of the
outer neural retina, with the RPE being affected secondarily [8]. Short autofluo-
rescence lifetimes may originate from degenerating photoreceptor cells contain-
ing bis-retinoid fluorophores and retinaldehyde adducts [19]. Long lifetimes
could be explained by accumulation of autofluorescent precursors, which may
contribute to RPE- and outer photoreceptor segment dysfunction, leading to lipo-
fuscin build up with the accumulation of photo-oxidation and photo-degradation
products of A2E compounds [20]. In the late stage of disease, atrophic areas seen
in FAF intensity images generally exhibit significantly prolonged mean fluores-
cence lifetimes compared to the surrounding unaffected retina in both spectral
channels. However, areas of short fluorescence lifetimes may still be present. A
prolongation of fluorescence lifetimes with remaining areas of short lifetimes,
depending on the degree of photoreceptor degradation, was also described in geo-
graphic atrophy in late age-related macular degeneration [21].
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Fig. 15.1 FLIO in Stargardt disease. Fluorescence lifetime image (FLIO, long spectral channel)
and, fundus autofluorescence intensity (FAF) image, of a patient with Stargardt disease.
Hyperfluorescent flecks may feature shorter or longer fluorescence lifetimes compared to the sur-
rounding retina. Corresponding 2D analysis with distribution histograms of the short and the long
fluorescence lifetime components 7/ and 72 (bottom). Specific areas are highlighted according to
the lifetime distribution clouds: surrounding retina, short fluorescence lifetime flecks, long lifetime
flecks, and optic nerve head

To date, there are no treatments available for STGD. The only preventive mea-
sures for slowing down disease progression include sunlight protection and a nor-
mal diet without inappropriate prescription of vitamin A supplements. However,
three paths of intervention are currently being explored in human clinical trials,
including stem cell therapy, gene replacement therapy, and pharmacological
approaches, such as deuterated vitamin A [22, 23].

FLIO likely highlights early disease-related changes, and may therefore be
used as a screening modality for disease activity. It might also be an appropriate
tool for detecting subtle retinal changes over time, and could be useful in the
development of new outcome measurements for clinical trials testing novel ther-
apies for STGD. Possibly, such trials should be targeted to patients with flecks
that show shortened FLIO lifetimes, as these flecks are likely still developing,
and vision loss in these areas may be preventable.
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Baseline 6 Months 32 Months

Fig.15.2 Disease progression of Stargardt disease within 6 and 32 months follow-up. Fluorescence
lifetime (FLIO, long spectral channel) and fundus autofluorescence intensity (FAF) images are
shown. Correlating optical coherence tomography scans (OCT) of the indicated lines in the infra-
red (IR) images are shown below. From baseline (left) to 6 months follow-up (middle), to
32 months follow-up (right), clear disease progression is visible with transition of flecks with short
fluorescence lifetimes (red arrows) to flecks with long fluorescence lifetimes (green arrows) and
appearance of new hyperfluorescent flecks
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Choroideremia

Choroideremia (CHM) is a rare hereditary degenerative disease of the choroid,
the RPE, and the neurosensory retina with an estimated prevalence of 1:50,000
people of European descent [24]. It is inherited in an X-linked, recessive pattern
and thereby mainly affects young male subjects. Disease causing is a mutation
in the CHM gene on the long arm of the X chromosome, coding for Rab escort
protein-1 (REP 1) which is responsible for the membrane trafficking in the ret-
ina and the RPE. Clinically, extensive chorioretinal atrophy with characteristic
pallor of the fundus due to increased transilluminescence of the sclera can be
seen on the posterior pole with progression from the periphery towards the mac-
ular center. Patients may report night blindness as one of the first symptoms due
to peripheral loss of rods and underlaying retinal layers. In early stages of dis-
ease, the central visual acuity is mostly unaffected and may still be preserved till
up to the age of 50 to 70 years. However, remaining retinal islands shrink over
time, and choroideremia may end in total blindness. Imaging methods such as
OCT, infrared- and autofluorescence imaging rendered as very useful methods
for diagnosis and follow-up examinations in choroideremia. Additionally,
genetic testing is used to confirm the diagnosis. By now, there is no curable
standard therapy available. However, several clinical trials are ongoing, includ-
ing gene replacement therapies using adeno-associated virus as vectors for
replacement of the defective gen sequence [25]. Currently, mainly patients with
advanced disease stage were included in such clinical trials. However, future
aims are to include earlier stages of disease in order to prevent further damage,
and preserve visual acuity and visual field over time. Therefore, corresponding
imaging modalities for identification of suitable subjects as well as for monitor-
ing of subtle retinal changes are much needed.

FAF intensity measurement well describes areas of intact RPE which appears
as bright due to normal autofluorescence of the lipofuscin in the RPE. In con-
trast, surrounding retina with RPE atrophy appears as hypoautofluorescent.
FLIO imaging in a study including 16 eyes of eight patients with advanced
CHM revealed much prolonged fluorescence lifetimes in areas of complete
RPE- and photoreceptor atrophy (Fig. 15.3) [26]. Shortest lifetimes are still
measured in the macular center with preserved retinal layer structure. However,
in areas of RPE atrophy but remaining photoreceptor layers, still short fluores-
cence lifetimes can be measured. They may origin from remaining visual cycle
activity and accumulation of visual cycle by-products. In follow-up examina-
tions, a decrease of short fluorescence lifetimes correlated with disease progres-
sion and increase of chorioretinal atrophy.

In CHM, FLIO represents a reproducible method to image and follow-up subtle
retinal changes of the RPE and the photoreceptors. Thereby, the technique might
provide a useful imaging tool regarding monitoring of therapeutical interventions
for differentiated readouts.
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Color fundus

Infrared

Fig. 15.3 Multimodal imaging in a patient with choroideremia. The borders of the RPE atrophy is
best seen in the autofluorescence intensity image. Areas of atrophy of the RPE and the outer retinal
layers featured the longest lifetimes, whereas areas of preserved photoreceptor layers in the
absence of the RPE featured intermediate lifetimes

Retinitis Pigmentosa

Retinitis pigmentosa (RP) is an inherited, degenerative eye disease leading to
peripheral retinal degeneration. It can show little progression over decades, but may
also escalate to legal blindness [27, 28]. RP is a heterogenous diagnosis, as a vast
number of etiologies from at least 79 different genes contribute to the development
of this disease [29, 30]. These different genotypes often result in similar pheno-
types, where the peripheral retina degenerates but the central macula is relatively
spared in many cases. The inheritance model of RP is relatively diverse, approxi-
mately 30-40% of genes are autosomal dominant, 50-60% of genes are autosomal
recessive, and about 5-15% of the cases show an X-linked inheritance pattern [27].
The onset of disease is usually in childhood or early adulthood, and often preceded
by nyctalopia [31, 32]. A progressive peripheral vision loss with intact central vision
is characteristic for RP, visual fields show a tunnel vision that constricts over time
[33]. Interestingly, however, the function of retinal photoreceptors was reported to
decrease even before patients become symptomatic, and before RPE atrophy mani-
fests [34, 35]. Macular pigment levels in patients with spared central vision appear
comparable to those in healthy controls [36].

Recently, two studies performed in two different centers independently focused
on describing FLIO lifetimes in RP, and both studies showed a specific disease-
related pattern [36, 37]. Ring-shaped features in FLIO appear to correspond to dif-
ferent areas of the disease manifestation. Figure 15.4a—d shows typical FLIO
patterns in eyes with RP. Areas of peripheral RPE- and photoreceptor atrophy were
identified to show prolonged FLIO lifetimes (LSC: around 400 ps) as compared to
age-matched healthy controls (LSC: around 280 ps). This was a highly significant
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Fig. 15.4 (a-d) Multimodal imaging in patients with retinitis pigmentosa. Different disease
stages feature individual FLIO pattern. The ring shaped pattern is clearly seen in the FLIO images
compared to other imaging modalities

difference (p < 0.001) [36]. However, areas with remaining photoreceptors within
underlying RPE atrophy were found to show only slightly prolonged FLIO lifetimes
(around 300 ps) compared to healthy eyes.

The ring-like structures were further investigated in both FLIO studies, and good
correlation with functional imaging and visual acuity were reported [36, 37]. FLIO
thereby confirms prior studies that used FAF intensity imaging and described a
parafoveal hyperfluorescent ring with coincident peripheral hypofluorescence, the
latter being indicative of retinal atrophy [38]. In the course of disease progression,
the visual fields shrink in a similar way as the rings [39].
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Fig. 15.4 (continued)

FLIO may be useful for characterization of phenotypical patterns in the various
genetic subtypes of RP [36]. Hyperfluorescent rings appear as an area of generally
short lifetimes, and long lifetimes can be found in peripheral atrophic regions. An
inheritance-dependent phenotypic variance was found, which was related to the
prominence of the ring-like patterns. Patients with autosomal dominant RP as well
as Usher syndrome showed the strongest ring-like patterns. Patients with autosomal
recessive RP presented with a milder pattern, and patients with X-linked RP did not
show a ring-like pattern at all [40].

Both FLIO studies were able to highlight that central areas of short FLIO lifetimes
correspond to MP, which remains relatively unaffected in RP. However, shorter FLIO
lifetimes in the foveal center correlated with better visual acuity. FLIO may give addi-
tional insights in the disease process as well as the integrity of the retina in RP. It may
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be useful in the analysis of different genetic subtypes, their pathology and pathogen-
esis, as well as the basic principles behind disease progression [36, 37].

Summary Box

FLIO shows characteristic and disease specific fluorescence lifetime patterns
in different hereditary retinal diseases. Thereby, the lifetime component of
retinal autofluorescence measurement provides additional information com-
pared to fundus autofluorescence intensity measurement, and might indicate
different components of deposits and configuration of the retinal layer struc-
ture in congenital retinopathies. Due to a high sensitivity for subtle retinal
changes, FLIO might provide a sensitive tool for diagnosis and follow-up for
natural disease progression and for clinical trials.
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Chapter 16
Macular Pigment

Lydia Sauer and Paul S. Bernstein

Retinal Carotenoids

Macular carotenoids, or macular pigment (MP), are dietary supplements that are
assumed to protect the eye from light damage as well as retinal diseases, such as
age-related macular degeneration [1]. Carotenoids are hydrophobic compounds that
cannot be synthesized in the human body. MP accumulates at the fovea with a 1:1:1
mixture of the three different xanthophylls lutein (L), zeaxanthin (Z), and meso-
zeaxanthin (MZ). L and Z are taken up by diet, whereas L can then be converted to
MZ by RPE65 convertase [2]. MP is highly concentrated in the fovea, especially
within the Miiller cells of the Henle fiber layer. Two carotenoid-binding proteins are
responsible for the specific distribution of MP in the eye. The zeaxanthin-binding
protein (GSTP1) and lutein-binding protein (StARD3) have been identified as the
reason for this spatial distribution inside the human retina [3, 4].

Like other carotenoids, the macular carotenoids are natural antioxidants. MP
quenches free radicals and also absorbs blue light before it reaches the photoreceptor
layer. The short wavelength of blue light exhibits high energy and is especially dam-
aging to the retina [5-7]. Lower carotenoid status is associated with retinal diseases,
and carotenoid supplementation is thought to help reduce the risk or delay the pro-
gression of intermediate AMD [8]. Therefore, an accurate non-invasive assessment of
carotenoid status can help ophthalmologists identify patients most likely to benefit
from carotenoid supplementation. Intensive research has resulted in a variety of inno-
vative techniques for carotenoid assessment, which were recently evaluated [9]. It is
difficult to point out a preferred technique, as all have advantages and disadvantages.
FLIO emerges as a promising tool, as in contrast to other objective measurement
modalities, FLIO does not rely on healthy surrounding areas in order to calculate the
amount of MP. FLIO as a method to describe and quantify MP was first described in
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2015 [10-13]. Before that, it was believed that MP only absorbs light but does not
show fluorescence in the retina. These assumptions were made because of the very
weak fluorescence intensity of MP, which manifests as a hypofluorescent (dark) spot
in FAF intensity images. However, the fluorescence of carotenoids in vivo was first
described using resonance Raman Spectroscopy [14]. Using FLIO, the fluorescence
of carotenoids was confirmed in clinical studies [11, 15]. The principle that fluores-
cence lifetimes are independent of the fluorescence intensity is the main factor that
allows for a detection of MP with this method [16]. Although weak in intensity, retinal
carotenoids show short autofluorescence lifetimes. In a first study, 48 young and
healthy subjects underwent FLIO as well as MP measurements [11]. The MP readings
in FLIO correlated strongly and inversely with individual amounts of MP [11]. This
was later confirmed by a second study that used a different method to assess MP
amounts [15]. Here, 31 healthy subjects were included, and the correlation of MP with
short foveal fluorescence lifetimes was confirmed. Figure 16.1 shows different MP
distribution variances in healthy eyes, imaged with both FLIO as well as dual wave-
length autofluorescence imaging. Beyond that, ex vivo studies determined the indi-
vidual lifetimes of L and Z to be around 50-60 ps [15]. The benefits of utilizing FLIO
in studies about MP includes the minimal effort required by the patient, the non-
invasiveness, the short measurement times (around 2 minutes), as well as an image
that does not require healthy reference regions to calculate MP. Therefore, FLIO can
be used to detect MP in patients with abnormal lipofuscin distributions as well as
patients with albinism [15].

FLIO correlates strongly with different modalities to evaluate the amount and
distribution of MP, such as single-wavelength reflectometry and dual-wavelength
AFL. It therefore proves suitable to be used as an additional tool for investigation of
MP and detection of corresponding retinal diseases [17-19].

Carotenoid Measurement Ex Vivo

Crystals of Z and L were dissolved in CHAPS-PBS and measured ex vivo in 1-2 mm
path-length quartz cuvettes, which were then placed in a special FLIO cuvette holder
attachment. The carotenoids were measured in free state as well as bound to their
respective binding proteins. Two different acquisition times (2 and 10 minutes) were
used; the average photon counts were recorded as well. Mean autofluorescence life-
times from each measurement were obtained from a rectangular region of the cuvette.

At various concentrations and with different durations, carotenoids consistently
showed very short mean FAF lifetimes in the SSC (L: around 50 ps; and Z: around
60 ps). The cuvette as well as the solvent (CHAPS-PBS) did not show any measur-
able fluorescence. Complexed with their respective specific binding proteins in
1-5% methanol, the mean autofluorescence lifetimes prolonged. The long spectral
channel’s carotenoid fluorescence was extremely weak and therefore not investi-
gated in this study. This is in accordance with reported fluorescence emission spec-
tra of carotenoids, which predominantly are found within the SSC [14].
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Fig. 16.1 FLIO imaging allows for detection and quantification of macular pigment distribution
within the posterior pole. (a) Mean fluorescence lifetimes form the foveal center correlate well
with the macular pigment volume (MPV, r = —0.6). FLIO images and macular pigment plots from
three individuals with different distributions of macular pigment are shown (b-d)
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The ex vivo results confirm the short mean autofluorescence lifetimes of carot-
enoids, which can be detected with the FLIO technology. The detected lifetimes for
carotenoids likely present the resolution limit of the FLIO camera [11]. This knowl-
edge about carotenoid fluorescence characteristics allows for a better understanding
of the physical state of MP in the human fovea.
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Macular Holes

Macular holes (MH) are defects in the center of the fovea, the most common form
is age-related and idiopathic. Patients typically complain about visual disturbances
on the affected eye. MH are reported with a prevalence of 3 in 1000 people, mainly
affect patients in their sixth or seventh life decade, and occur more often in women
than in men. Vitreo-foveal tractions seem to be causative [20]. Clinical diagnosis
primarily uses OCT imaging and effective treatment is established with vitrectomy
and gas/oil tamponade [21, 22]. 80% to 90% of eyes treated with surgery show an
improvement in visual acuity [23].

MH present as an excellent model to investigate the spatial distribution of
MP. In this disease, different retinal layers can be disrupted, and in combination
with OCT imaging, different layers at the human fundus can be compared to cor-
responding FLIO signals. FLIO imaging shows a distribution of short FAF life-
times in a ring-like distribution around the area of the macular hole. Figure 16.2
shows a typical FLIO image of an eye with a MH. This proves that MP is dislo-
cated around the defect in a similar way as the inner retinal layers are dislocated
[24]. Disruption of the Henle fiber layer seems to be critical for the presence or
absence of short FAF lifetimes [12]. However, the presence of short FAF life-
times despite the disruption of the Henle fiber layer confirms that MP is not
solely restricted to this layer. Additionally, many MH contain a so-called opercu-
lum, a small opacity above the foveal hole [25]. It was shown that these opercula
contain MP [26, 27]. In FLIO imaging, short lifetimes could also be found in
such opercula [12].

FLIO LSC
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Fig.16.2 FLIO imaging in a patient with a full thickness macular whole. FAF intensity and FLIO
lifetime maps show abnormal distribution of the macular pigment, which in this patient is located
adjacent to the macular hole
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Imaging MP in MH help to understand the basic distribution patterns of carot-
enoids, however, it may also indicate visual improvement with surgery. Studies
found that MP re-distributes towards the center of the fovea with successful surgery
which seemed to correlate with better visual outcomes [12].

Albinism

Albinism presents with the absence of any pigments in the body, as melanocytes are
unable to produce melanin. Melanin normally protects the cells from ultra-violet radi-
ation from sunlight, therefore patients with albinism are prone to light damages. It is
commonly known that albinism causes a less pigmented iris, which leads to red-
appearing eyes as the red from the retina is apparent through the iris. However,
changes with albinism go beyond that, and may affect the retina itself. Patients with
albinism often present with reduced foveal depression [1, 28-31]. This finding can
occur without typical skin findings, a disease called ocular albinism. The MP levels in
patients with albinism are typically very low or not even detectable, but the extent of
measurable MP in albinism has been discussed diversely [30, 32, 33].

Multiple patients with albinism were investigated with FLIO, a recent study
showed two different individuals [34]. The patients presented in this study were
only mildly affected and still had a good visual acuity and no nystagmus. Further
measurements on patients with more severe forms show that FLIO measurements
are also possible in patients with nystagmus due to albinism, Fig. 16.3 presents one
example of such a patient.
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Fig. 16.3 FLIO imaging in a subject with albinism. The lack of macular pigment leads to an
absence of hypoautofluorescence in the intensity image. Corresponding areas in the FLIO images
show absence of the central short FLIO lifetimes, generally depicted in red color. The macular
pigment measurement confirms the absence of a central macular pigment peak. The OCT illus-
trates the foveal hyperplasia
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In FAF intensity images, the posterior pole of these patients seems to have nor-
mal autofluorescence with the exception of little to no MP absorbance. FLIO imag-
ing shows no short FAF lifetimes from the center of the fovea. Only one eye of one
patient with mild ocular albinism showed little amounts of MP. A previous study
investigating MP in patients with albinism using with dual-wavelength AFI sug-
gested evidence for MP accumulation [32]. However, other reports did not confirm
this [30, 33]. It was described that dual-wavelength AFI often shows a sloping base-
line of MP, which may be a miscalculation due to the absence of melanin. FLIO can
confirm that there is no MP measurable in these patients [34]. This again confirms
that MP impacts the short FAF lifetimes in the foveal center. Thereby, FLIO may be
useful in imaging patients with potential albinism.

Summary Box

FLIO detects fluorescence signals from the macular carotenoids within the
fovea. Macular pigment shows short FLIO lifetimes. In different retinal dis-
eases with reduced or altered macular pigment, FLIO can provide additional
information on the carotenoid status of patients.
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Chapter 17
Fluorescence Lifetime Imaging
Ophthalmoscopy in Alzheimer’s Disease

SriniVas R. Sadda

Alzheimer’s disease (AD) is a chronic, progressive neurodegenerative disease which
results in severe cognitive impairment. AD is the most frequent neurodegenerative
disorder, and Alzheimer’s type dementia is the common cause of dementia (60~70%).
The risk of developing the disease increases every year with the growth of life
expectancy. Globally, there are almost 46 million people living with dementia, and
the number is expected to rise to 131.5 million by the year 2050 [1]. The definitive
diagnosis of AD is only confirmed post mortem through an autopsy of the brain, by
the histopathological identification of the hallmark proteolytic products of amyloid
precursor protein (APP), - amyloid (Af), and intracellular neurofibrillary tangles.
In general, AD is a clinical diagnosis based on the criteria established by the National
Institute of Neurological and Communicative Disorders and Stroke (NINCDS) and
the Alzheimer’s Disease and Related Disorders Association (ADRDA), and
Diagnostic and Statistical Manual of Mental Disorders (DSM)-1V criteria [2]. It is
well known that the pathophysiological process of AD begins years prior to the
diagnosis of clinical dementia. Currently, significant efforts have been made in the
development of diagnostic tools for detecting the presence and accumulation of Ap
biomarkers in the early stage of AD. Given that several clinical trials aimed at the
stage of mild to moderate dementia have failed to demonstrate clinical benefit, the
long preclinical phase of AD may prove to be a better target for disease-modifying
therapy [3]. Recently, therapeutic interventions designed to slow down the aggrega-
tion of AP have been recommended to patients deemed to present with signs of
preclinical AD, preceding mild cognitive impairment (MCI) or confirmed AD. Such
interventions are targeted to help patients at a very early stage of the disease [4]. At
present, AP and tau protein in cerebrospinal fluid (CSF), fluorodeoxyglucose (FDG)-
and Pittsburg Compound B (PiB)-Positron Emission Tomography (PET) in the brain
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are thought to be useful for early diagnosis [5]. However, these methods are expen-
sive, and/or invasive, and some of them require repeat exposure to radiation.

The retina is a central nervous system (CNS) tissue and shares many similar struc-
tural and functional features with the brain. Through the utilization of non-invasive
imaging, the retina may be able to reflect the pathological changes in the brain. The
first histological evidence of retinal abnormality in the human AD eye was wide-
spread ganglion cell loss, retinal nerve fiber layer thinning, and optic nerve degenera-
tion [6]. Since then, decreased retinal venous blood flow, retinal ganglion cell (RGC)
degeneration in the peripheral retina, and Af deposition in retina have been reported
[7-9]. Although Ap plaque is the hallmark pathology of AD, A deposition in retina
is hard to visualize. While Koronyo-Hamaoui et al. [9-11] reported that early mani-
festations of retinal AP plaque pathology may be revealed in AD patients and animal
models with a contrast agent such as curcumin, a few studies have failed to detect Ap
in the human AD retina [12, 13]. However, there is growing evidence that the pres-
ence of AP plaque in retinas of AD patients is comparable with that observed in their
brains, and it has also been shown that the presence of Af plaque in patients with AD
is correlated with retinal structural deficits such as retinal ganglion cell loss, nerve
fiber layer atrophy, and thinning of the macular ganglion cell complex [6-9].

Fluorescence lifetime measurements offer a potentially rich dataset with the abil-
ity to resolve many different retinal fluorophores which may allow for the detection
of retinal abnormalities at an early stage. Therefore, the detection of subtle changes
and discrimination of these fluorophores might be helpful in detecting subtle altera-
tions in the retina in Alzheimer’s patients. Most FLIO studies at present, utilize a
modified Spectralis system (Heidelberg engineering) which features a blue pulsed
laser (473 nm; 80 MHz; 70 ps pulse width) and highly sensitive hybrid detectors
which allow detection in two separate channels: a short spectral channel (SSC; 498—
560 nm) and a long spectral channel (LSC: 560-720 nm). Precise single photon
counting cards keep track and quantify the number and time of detection of photons.

In a pilot study, Jentsch et al. reported that FLIO measurements may correlate
with some Alzheimer-specific markers [14]. Specifically, they noted that the mini-
mental state examination (MMSE) score and CSF tau protein showed a significant
correlation with a2 and Q2 in the LSC FLIO parameters [14].

In another FLIO study by Kwon et al., focusing primarily on subjects with an
early stage of Alzheimer’s patients, Alzheimer-associated laboratory data, OCT data
and FLIO-derived parameters were compared and correlated between the preclinical
Alzheimer’s group and controls [15]. 7, of the macular retina in the AD group
showed significant differences compared to control group (longer lifetimes in AD
subjects), and correlated with AP, tau level in the CSF, and the ganglion cell layer
plus inner plexiform layer (GCL/IPL) thickness (Fig. 17.1). Of note, as in the previ-
ous study, the correlations of the clinical and OCT data with FLIO were stronger
with FLIO parameters in the LSC than in the SSC. This is perhaps not surprising as
it is well-established that SSC parameters are much more confounded by the lens
status, as the crystalline lens (esp. a cataractous lens) tends to absorb short-wavelength
light. In contrast, the LSC is relatively unaffected by the lens status [16]. As patients
with preclinical AD are generally older and frequently have media opacity, lifetime
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Fig. 17.1 Figure Correlation plot of mean fluorescence lifetime (z,) with clinical data in
Alzheimer’s patients. (a) Correlation plot of 7,, of LSC with GCL + IPL thickness. (b) Correlation
plot of 7,, of LSC with amyloid p level in CSE. (¢) Correlation plot of z,, of LSC with total tau level
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data from the LSC may be of most value for studying Alzheimer’ subjects. The
mechanism for the prolonged lifetimes in early/ pre-clinical AD subjects is at present
unknown. One may speculate that this may correlate with tau protein or A amyloid
in the retina, but this would need to be confirmed with histologic analysis.

Of note, Kwon’s study did not observe a correlation between fluorescence life-
time and vascular density of the retinal capillary plexuses or the choriocapillaris on
OCT angiography (OCTA), suggesting that FLIO measurements may provide addi-
tional independent information not available in the OCTA data. It should be noted,
however, that these OCTA results are in contrast to Bulut et al. who reported that the
foveal avascular zone was enlarged and retinal vascular density was reduced on
OCTA in AD patients [17]. They also observed that the choroidal thickness was
lower in AD patients compared with normal controls. Regardless, correlation of
fluorescence lifetime with vascular density in AD, or preclinical AD, needs further
evaluation with larger cohorts.

Summary Box

In summary, early pilot studies suggest that FLIO abnormalities, primarily
prolonged lifetimes in the long spectral channel, may be observed in pre-
clinical/early Alzheimer’s Disease spectrum patients. The molecular basis
and pathophysiology underlying these changes has yet to be established.
Nonetheless, if these preliminary observations can be replicated and validated
in future larger, prospective, longitudinal studies, FLIO may prove to be use-
ful as a non-invasive diagnostic tool for Alzheimer’s disease.
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Chapter 18 )
FLIO in Mouse Models

Check for
updates

Chantal Dysli, Muriel Dysli, and Martin Zinkernagel

Fluorescence lifetime imaging ophthalmoscopy has been proven to be a reliable
technique to investigate fluorescence lifetimes in human retina in healthy eyes and
in retinal diseases [1, 2]. However, measured fluorescence lifetimes have to be inter-
preted in the complex context of the living eye. Thereby, the variety of contribution
of different structures of the eye, especially individual retinal layers turns out to be
challenging. Furthermore, contribution of various cell types, molecules, molecular
interaction, and pathways is expected. In order to bridge the gap between in vitro
measurements using FLIO or FLIM to the clinical setting, the FLIO technique has
been established and optimized for the measurement in animal models such as mice
by Dysli et al. [3, 4] and was later confirmed in rats [5].

Technically, the same FLIO setup was used as for measurements in human eyes.
Additionally, the camera was adjusted by adding a 25-diopter (D) lens (f = 40/+25
D; Heidelberg Engineering, Heidelberg, Germany) in front of the FLIO aperture in
order to adapt the short axial length of the mouse eye (e.g. 3 mm).

FLIO imaging in the murine fundus revealed a characteristic distribution of fluo-
rescence lifetimes. In contrast to the human retina, in mice, the shortest fluorescence
lifetimes were measured in the area of retinal vessels (SSC: 600-800 ps [mouse] vs
415 ps [human]; LSC: 250-350 ps vs 350 ps). The surrounding retina featured mean
fluorescence lifetimes of about 950 ps (for SSC; LSC = 300 ps) in pigmented mice
(C57BL/6), and 800 ps (LSC = 250 ps) in non-pigmented albino mice (BALBc)
(Fig. 18.1). In comparison to the human retina, measured lifetime values in mice were
much higher. Cohorts of healthy animals were imaged monthly with FLIO and OCT
with a total followed-up of 6 months. Finally, comparison with histology was per-
formed. Over time and advanced age of the mice, a decrease of fluorescence lifetimes
was measured in pigmented as well as in non-pigmented animals. This is in contrast
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Fig. 18.1 FLIO imaging in three mouse model: pigmented C57Bl/6 mouse, nonpigmented
BALBc mouse, and C3A.Cg-Pde6b’Prph2R‘%/J (retinal degeneration slow, RDS) mouse.
Fluorescence lifetimes within the murine retina is much longer compared to the human retina.
(note: adjusted color scale). However, retinal vessels appeared with shorter lifetimes compared to

the surrounding retina
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to the steadily increase of fluorescence lifetimes in the human retina with age.
However, fluorescence lifetimes of aged mice and human retina finally reach similar
mean lifetime values. Possibly, this reflects a composition of similar fluorophores
within both, the human and the murine retina. Regarding the pigmentation of the fun-
dus, albino mice generally featured shorter mean fluorescence lifetime compared to
pigmented mice. Therefore, a correlation to the amount of melanin, which showed
relatively long fluorescence lifetimes when measured in vitro, can be assumed.

Additionally, Dysli et al. investigated a mouse model of slow retinal degeneration
(RDS, C3A.Cg-Pde6b Prph2R?%/J). Over time, progression of patchy retinal changes
was observed, leading to prolongation of retinal fluorescence lifetimes. In one moment
in time of measurement, a wide range of lifetime values was observed within one
eye as well as between different animals, mirroring the different stages of retinal
degeneration.

In order to differentiate the contribution of different retinal layers to the measured
mean fluorescence lifetime, Dysli et al. pharmacologically induced retinal degenera-
tion [2]. Degeneration of the RPE followed by subsequent loss of photoreceptors was
induced by sodium iodate (NalOs) [6]. Specific degeneration of photoreceptors with
preservation of the RPE was induced using N-methyl-N-nitrosourea (MNU) [7]. All
animals were measured weekly with FLIO and OCT over a time period of 4 weeks. In
case of RPE- and subsequent photoreceptor degeneration induced by NalO;, a pro-
longation of the mean fluorescence lifetime was observed. On the other hand, if the
RPE was preserved and only the photoreceptors were targeted and destroyed by
NMU, shorter fluorescence lifetime values were measured.

Dysli et al. concluded that short fluorescence lifetimes in the murine retina might
origin from the RPE and might be influenced and modulated by the overlying neu-
rosensory retina. However, in absence of the RPE and the photoreceptors, increased
contribution of other retinal layers- such as the choroid- might be detected which
feature relatively long fluorescence lifetimes.

In general, FLIO measurements in mouse or rat models was shown to be a repro-
ducible tool to investigate retinal fluorescence lifetimes beyond the human retina.
The main advantages are that specific structural changes and metabolic conditions
can be induced and targeted. Additionally, well characterized hereditary conditions
can be easily investigated using FLIO. Especially follow-up examinations over time
were shown to be of great interest to investigate the sequence of retinal changes in
FLIO chronologically. Thereby, identification of individual fluorophores and meta-
bolic interactions and basic pathophysiological pathways could be simplified.
However, results have to be interpreted with caution as they might not be directly
comparable and transferable to FLIO measurements in the human eye. Nevertheless,
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FLIO in mouse models might also proof useful as a monitoring tool in therapeutic
trials to investigate treatment effects and their outcome over time.

Summary Box

FLIO in animal models provides a promising and well-controlled method for
further investigation of physiological, structural, pharmacological, and genet-
ical changes within the retina, and for follow-up over time, possibly also in
terms of future therapeutical approaches.
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Discussion and Summary

Check for
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Clinical Applications, Limitations, Outlook,
Future Perspectives

Chantal Dysli, Martin Zinkernagel, and Lydia Sauer

FLIO adds a number of benefits to traditional fundus autofluorescence imaging.
There is emerging evidence that with FLIO hidden details of the visual cycle can be
exposed. Thus, FLIO potentially provides information about the viability of photo-
receptors in retinal diseases. In the last years, reports on fluorescence lifetime imag-
ing of macular pigment, retinal dystrophies, and several degenerative diseases have
been published and have brought new insights into the use of FLIO for retinal diag-
nostics. Important steps have been made to establish acquisition protocols and stan-
dards for data analysis to compare results between centers.

However, currently there are still several limitations associated with the FLIO
technology. Primarily, data analysis is complex and time consuming. This makes it
challenging to use the device in clinical routine. We hope that this issue can be
resolved by automated algorithms in the future. Other limitations include lifetime
data shifts caused by opacities of the optical system within the eye, especially cata-
racts of the crystalline lens. FLIO imaging is still possible in patients with cataracts,
but images need to be analyzed more critically and may not be comparable to age-
matched healthy eyes without cataracts. In addition, the paucity of devices available
has so far hindered the widespread use of FLIO for research purposes or clinical
use. With a more widespread availability of FLIO cameras, this limitation will
hopefully be resolved in the near future. With refinements made to the currently
available system, better resolution of lifetime data can be expected. A useful addi-
tion would be adjustable excitation wavelength and emission spectra in order to
obtain spectral information about individual fluorophores. With this, the detection
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method would need refinements as well, in order to obtain detailed spectral
information about individual photons before rendering this information into lifetime
data. Combining FLIO with quantitative FAF (qAF) would allow obtaining more
detailed information about lipofuscin levels in the RPE.

Nevertheless, when looking back at the last decade of FLIO research, a tremen-
dous amount of new knowledge has been gained. FLIO allows for detection of all
retinal diseases that can be identified with conventional imaging technologies.
However, FLIO takes retinal imaging a step further. Beyond detecting the nutritional
status of the eye by imaging macular pigment, FLIO holds additional information
about disease processes. This has been shown highly valuable for a large number of
diseases. In Stargardt disease, onset and progression of new flecks can be detected
even before any corresponding signs are visible in other imaging technologies. In
MacTel, the diagnosis of the disease can be made with FLIO before other imaging
techniques can detect any abnormalities. Furthermore, FLIO shows higher contrast
than other imaging modalities. In age related macular degeneration, specific pat-
terns of FLIO lifetimes may indicate the presence or risk to develop a more advanced
disease stage. Many other diseases have yet to be investigated to show the full poten-
tial of FLIO in the clinical realm. With further refinements in this technique, it may
take an even larger part in the currently available retinal imaging armamentarium.
Overall, FLIO emerges as a great addition to existing conventional retinal imaging
techniques, and may find an application in clinical routine in the future.



Index

A
A2-dihydropyridine-PE (A2-DHP-PE), 36
Advanced glycation endproducts (AGE), 44, 65
Age-related macular degeneration (AMD), 8, 99
anti-VEGF, 57
carotenoid supplementation, 58
FAF intensity images, 58
FLIO in early disease stages, 58
geographic atrophy, 58, 60
prevalence of, 57
retinal drusen, 60
vision loss, 57
Albinism, 103
Alzheimer’s disease
causes of, 107
diagnosis, 107
fluorescence lifetime and vascular
density, 110
fluorescence lifetime measurements, 108
molecular basis and pathophysiology, 110
pathophysiological process, 107
retinal Ap plaque pathology, 108
therapeutic interventions, 107
Amyloid precursor protein (APP), 107
Antioxidants, 99
Autofluorescence, 14

B
B-amyloid (AB), 107
Bequerel, Edmond, 7

C
Central serous chorioretinopathy (CSCR)
autofluorescence lifetime values, 76

© Springer Nature Switzerland AG 2019

fluorescence lifetimes, 77

imaging modalities, 75

multimodal imaging, 77

risk factors, 75

treatment approaches, 76
Choroideremia (CHM), 55, 93
Collagen/elastin, 39

D

Diabetic retinopathy, 44
advanced glycation end products (AGEs), 65
cellular energy metabolism, 67
fundus autofluorescence (FAF), 66
hyperglycemia, 65
Maillard reaction, 65
non-proliferative diabetic retinopathy

(NPDR), 67

oxidative end products, 65
protein crosslinking, 66
ROC analysis, 67

Dietary supplements, 99

F
Fluorescein angiography (FA), 23
Fluorescence lifetime imaging explorer
(FLIMX), 28
Fluorescence lifetime imaging microscopy
(FLIM), 1, 7
autofluorescence, 14
dichroic beam splitter, 13
environmental parameters, 14
fluorescence detection, 13
in TCSPC, 14
visible wavelength range, 14

119

M. Zinkernagel, C. Dysli (eds.), Fluorescence Lifetime Imaging
Ophthalmoscopy, https://doi.org/10.1007/978-3-030-22878-1


https://doi.org/10.1007/978-3-030-22878-1

120

Fluorescence lifetime imaging
ophthalmoscopy (FLIO), 19
in Alzheimer’s disease (see Alzheimer’s
disease)
applications, 17
confocal laser scanning system, 5
conventional imaging technologies, 118
in diabetic retinopathy (see Diabetic
retinopathy)
FAF intensities, 1
FLIMX, 28
healthy retina
characteristic pattern, 50
connective tissue components, 50
quantitative data analysis, 50
retinal fluorescence lifetimes, 49
short vs. long decay parameter, 51
historical background, 7
image acquisition, 17, 20, 33-34
imaging modalities, 118
instrument response function, 20
in mouse models, 113-115
multiexponential function, 3
noninvasive imaging modality, 1
pH value and protein binding stages, 1
pulse exposure, 19
quantitative FAF, 118
retinal diagnostics, 117
retinal diseases (see Retinal diseases)
setup of, 4
short spectral channel (SSC), 20
technical setup, 17
Fluorophores, in eyes
advanced glycation endproducts (AGE), 44
collagen/elastin, 39
lipid peroxidation endproducts, 43
lipofuscin (bisretinoids), 36, 38
macular pigment (MP), 38
melanin/oxidized melanin, 41
redox coenzymes, 39, 40
Forster resonance energy transfer (FRET), 7
Fundus autofluorescence (FAF) spectra, 8

G
Goldmann applanation tonometry, 23

H

Heidelberg Eye Explorer (HEYEX)
software, 20

Heidelberg imaging modalities, 23

Henle fiber layer, 99

Index

Hereditary retinal diseases
CHM, 93
retinitis pigmentosa, 94
STGD, 89, 91
Hyperglycemia, 65

I
Image acquisition and analysis
bi-exponential approach, 26
bleaching effects, on FLIO
measurement, 24
FAF lifetime calculation, 24
FLIO, 26, 33-34
fluorescence photon count rate, 23
inbuilt eye tracking system, 23
multi-exponential decay model, 25
supplementary material, 24
three-exponential approach, 25
Indocyanine green angiography (ICG), 23
instrument response function (IRF), 20
Intracellular neurofibrillary tangles, 107

L

Lipid peroxidation endproducts, 43
Lipofuscin, 20

Lipofuscin (bisretinoids), 36, 38
Long spectral channel (LSC), 20, 50
Lutein, 55

M

Macular holes (MH), 102

Macular pigment (MP), 38, 79, 80, 82, 84
carotenoid measurement ex vivo, 100-101
macular holes (MH), 102
retinal carotenoids, 99

Macular Telangiectasia type 2 (MacTel)
abnormal low macular pigment, 79
blue-light reflectance imaging, 80
ciliary neurotrophic factor, 80
dominant genetic inheritance, 80
FLIO images and fluorescence intensity

images, 81
FLIO lifetimes, 82
fluorescein angiography, 81
fundus autofluorescence intensity
imaging, 82

glycine/serine pathway, 80
MacTel zone, 80
mean FLIO lifetimes, 83
metamorphopsia and central vision loss, 79



Index

multimodal imaging, 80

novel therapeutical approaches, 80

OCT imaging, 80
Melanin/oxidized melanin, 41
Meso-zeaxanthin (MZ), 99

N

N-carboxymethyllysin, 65

N-methyl-N-nitrosourea (MNU), 115

N-retinylidene-N-retinylethanol-amine
(A2E), 36

N-retinylidene-phosphatidylethanolamine
(NRPE), 36

(0]
Optical coherence tomography (OCT), 58

P

Pentosidin, 65

Phosphate-buffered saline (PBS), 41
Protein crosslinking, 66

Q
Quantitative FAF (qAF), 118

R

Reactive oxygen species (ROS), 66

Receptors for advanced glycation end

products (RAGE), 66

Redox coenzymes, 39, 40

Retinal artery occlusion, 72
atherosclerotic emboli, 71
fundus autofluorescence, 71
in vivo imaging of ischemia, 72
oxygen consumption rates, 71
retinal hypoxia, 72

Retinal carotenoids, 99

Retinal degeneration, 115

121

Retinal diseases
fluorescence lifetime ophthalmoscopy, 55
image acquisition, 55
in vivo fluorescence lifetime imaging, 55
pathophysiologic mechanisms, 55
Retinal drusen, 60
Retinal dystrophies, 55
Retinal pigment epithelium (RPE), 8
Retinitis pigmentosa (RP), 55, 94, 96

S
Short spectral channel (SSC), 20, 50
SPCImage software, 27
Stargardt disease (STGD)
disease progression, 92
FLIO measurements, 90
follow-up examinations, 90
phenotypic features, 89
prevention, 91
short autofluorescence lifetimes, 90
short lifetime flecks, 90
visual impairment, in childhood and young
adults, 89
Stimulated emission depletion (STED), 7

T
Time correlated single photon counting
(TCSPC), 7

\%
Vascular endothelial growth factor
(VEGF), 66

X
Xanthophylls lutein, 38, 99

y/
Zeaxanthin, 55, 99



	Foreword
	Contents
	Abstract
	Introduction
	Methods
	Results and Discussion
	Conclusion

	Abbreviations
	Chapter 1: Introduction
	References

	Chapter 2: FLIO Technique and Principles
	References

	Chapter 3: FLIO Historical Background
	References

	Chapter 4: Fluorescence Lifetime Imaging Microscopy
	References

	Chapter 5: The Fluorescence Lifetime Imaging Ophthalmoscope
	References

	Chapter 6: Image Acquisition and Analysis
	FLIO Reader
	FLIMX
	Supplementary Material
	FLIO Image Acquisition Protocol
	Subjects
	Measurement
	Preparation
	Before Image Acquisition
	During Measurement
	End of Acquisition



	References

	Chapter 7: Fluorophores in the Eye
	Introduction
	Lipofuscin (Bisretinoids)
	Xantophyll (Yellow Carotinoids): Macular Pigment
	Collagen/Elastin
	Redox Coenzyme
	Melanin/Oxidized Melanin
	Lipid Peroxidation Endproducts
	Advanced Glycation Endproducts (AGE)
	Other Fluorophores
	References

	Chapter 8: FLIO in the Healthy Eye
	References

	Chapter 9: FLIO in Retinal Diseases
	References

	Chapter 10: Age-Related Macular Degeneration
	FLIO in Early Disease Stages of AMD
	FLIO in AMD with Drusen
	FLIO in Geographic Atrophy
	References

	Chapter 11: FLIO in Diabetic Retinopathy
	References

	Chapter 12: Retinal Artery Occlusion
	References

	Chapter 13: Central Serous Chorioretinopathy
	References

	Chapter 14: Macular Telangiectasia Type 2
	References

	Chapter 15: Hereditary Retinal Diseases: Stargardt, Choroideremia, Retinitis Pigmentosa
	Stargardt Disease
	Choroideremia
	Retinitis Pigmentosa
	References

	Chapter 16: Macular Pigment
	Retinal Carotenoids
	Carotenoid Measurement Ex Vivo
	Macular Holes
	Albinism
	References

	Chapter 17: Fluorescence Lifetime Imaging Ophthalmoscopy in Alzheimer’s Disease
	References

	Chapter 18: FLIO in Mouse Models
	References

	Chapter 19: Discussion and Summary
	Index

