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10.1 Introduction

Whereas sodium fluorescein, a fluorescent tracer
to image and assess retinal vasculature and its
integrity, is used since the 1960s [1], the intrinsic
fluorescence of the human retina was first reported
in the 1980s [2]. Delori were the first to record
fundus autofluorescence (FAF) spectra from sin-
gle retinal locations [3] and first images of FAF
were recorded by von Riickmann et al. in the
1990s [4]. As lipofuscin, which accumulates in
the retinal pigment epithelium (RPE) and is
involved in the pathogenesis of age-related macu-
lar degeneration (AMD), was found to be a major
retinal fluorophore, subsequent FAF studies
addressed this disease. FAF was used to describe
the progression of geographic atrophy of the RPE
[5, 6], and different patterns of FAF distribution
were found [7-9]. Specific fluorescence patterns
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were assigned to sub-types of AMD and to their
progression rate, but these characteristic patterns
did not reveal any information about the present
fluorophores which might be of pathogenetic rel-
evance. In order to distinguish fluorophores,
Schweitzer et al. developed fluorescence lifetime
ophthalmoscopy (FLIO), a method to measure the
fluorescence decay time. FLIO is specific for fluo-
rophores as well as their embedding matrix [10—
16] and offers high temporal resolution. The
lifetime of isolated RPE was determined as
Tn=273.6ps (t;=210ps, a; =96%, T, = 1800 ps,
o, =4%) [16].

Although fluorescence lifetime measurement
is considered a relatively new technique in bio-
medical imaging (see Berezin and Achilefu for
review [17]), it has been discovered in the nine-
teenth century already. In 1859 Edmond Bequerel
developed the so called phosphoroscope with a
time resolution of 10~ s. In the 1920s, time reso-
lution was improved to 10~8 s which enabled the
first fluorescence lifetime measurements [18, 19].
However, only the availability of short pulse
lasers and the introduction of time correlated sin-
gle photon counting (TCSPC) [20, 21] made fluo-
rescence lifetime measurements sufficiently
sensitive for the detection of intrinsic fluorophores
in living tissue. Fluorescence lifetime imaging
microscopy (FLIM) evolved based on two differ-
ent techniques: (1) full field illumination and the
use of gated or streak cameras, an approach pur-
sued in frequency domain technique; and (2) the
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time-domain method in combination with confo-
cal scanning laser microscopy. Specifically, two-
photon excitation microscopy [22], using an
inherently pulsed fluorescence excitation source,
was used for FLIM investigations [23]. Whereas
FLIM of intrinsic fluorophores gives detailed
information on cell metabolism [24] and may
detect malignant changes [25-27], the develop-
ment of genetically expressed fluorescent proteins
resulted in further progress in structural as well as
functional imaging [28]. Another milestone in
fluorescence microscopy was the introduction of
Forster resonance energy transfer (FRET)
enabling the detection of interaction between
labeled molecules [29].

As ocular fundus autofluorescence was
reported to be a possible indicator of retinal dis-
eases [3, 30-32], Schweitzer et al. first applied
fluorescence lifetime imaging to the human ret-
ina in vivo [12]. They fiber-coupled a mode-
locked argon-ion laser to a scanning
ophthalmoscope (cLSO, Carl Zeiss, Jena,
Germany) and used TCSPC for fluorescence
detection. However, the lack of an image registra-
tion algorithm limited the time available for
recording an image without motion artifacts to a
few seconds. This resulted in images with some
hundred photons per pixel only. Despite the
resulting low signal to noise ratio, first fluores-
cence lifetime images were recorded in 2001
[11]. An offline registration of recorded images
was introduced in 2002 [13], and first clinical
experiments in patients with AMD were pub-
lished in 2003 using a picosecond diode laser as
light source [14]. 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 a pro-
longation of lifetimes in AMD [15]. Extensive
in vitro and histological studies were performed
to identify the fluorophores seen in FAF and to
measure their fluorescence emission spectra as
well as lifetimes [16, 33]. Considerable progress
was made with the use of the Heidelberg Retina
Angiograph scanner (Heidelberg Engineering,
Heidelberg, Germany), enabling an online image
registration [34]. An industrially designed proto-

type device based on the Heidelberg Engineering
Spectralis platform was first used by Dysli et al.
[35]. During the last 6 years, the diagnostic
potential of this device referred as “Spectralis
FLIO” was systematically explored in clinical
studies in Bern, Jena and Salt Lake City focusing
on different pathologies. The results can be found
in a series of interesting and seminal publications
[35-53]. Some selected highlights of the clinical
results are summarized in the Sects. 10.3—10.6 of
this chapter.

Within the living human retina, many different
fluorophores can be found. A previous review
article about FLIO describes a variety of retinal
fluorophores in detail, with a focus on natural
endogenous retinal fluorophores measured with
FLIM [53]. A second review article also high-
lights retinal fluorophores important in FLIO
[48]. Additionally, a broad compilation of life-
times of endogenous fluorophores from the liter-
ature was given by D. Schweitzer previously
[54]. Therefore, we keep the presentation of these
substances in this article short and focus on a
compact description of the most important retinal
fluorophores.

In the context of retinal fluorescence, lipofus-
cin is a well-known assembly of fluorophores,
which accumulate within RPE cells. It is uniquely
contributing to the retinal fluorescence and is
very well characterized. As the dominant fluoro-
phore at the posterior pole, it emits fluorescence
with high intensity [55]. It appears in almost all
phagocytes. In the RPE of human eyes it is devel-
oped through oxidative processes in the degrada-
tion of photoreceptor outer segments [56].
Lipofuscin accumulation is a general sign of cell
ageing. Therefore, the amount of lipofuscin
increases with increasing age [57]. This mecha-
nism possibly also causes a prolongation of AF
lifetimes [35]. Another reason for prolonged FAF
lifetimes with age could also be the ageing of the
lens [35]. Lipofuscin was investigated by Eldred
und Katz in 1988, and further studies were con-
ducted to better understand the constituent parts
of RPE granules [58, 59]. Sparrow et al. were
able to identify at least 25 different bisretinoids
within these granules [60]. Lipofuscin, with an
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excitation maximum around 340-395 nm, shows
two emission maxima (430-460 nm and 540-
640 nm) [61]. The main component of the fluo-
rescence is emitted by the hydrophobic
A2E. Maximal fluorescence is emitted at an exci-
tation wavelength of 446 nm, and the emission
maximum can be found at roughly 600 nm. It
shows a mean autofluorescence lifetime of
approximately 0.19 ns (t; = 0.17 ns, o; = 98%;
T, = 1.12 ns, o, = 2%) [16]. It is assumed that
A2E may damage cell membranes by releasing
radicals in a photo-chemical reaction, and a rela-
tion of the molecule to the development of a vari-
ety of retinal diseases such as AMD was reported
[62, 63]. However, the dominance of A2E on the
development of retinal diseases has recently been
discussed controversially, as it is possible that
A2E iso-forms rather than A2E, or even other
lipofuscin components could be involved in dam-
aging the retina [64]. Additionally, it was shown
that there is no relation between A2E and an
increasing FAF intensity with increasing age
[65]. Therefore, phototoxic theories regarding
A2E are still under discussion [66].

Although the macula appears dark in standard
intensity autofluorescence images due to the
strong absorption of the blue light by the macular
pigment (MP), it has been shown with FLIO [37,
50] that the MP emits a weak but measurable
fluorescence with very short lifetimes. The auto-
fluorescence lifetimes of the carotenoids lutein
and zeaxanthin were determined using ex vivo
FLIO imaging. Lifetimes of around 50 ps were
found for the fluorescence decay of these sub-
stances (see Sect. 10.3 for details).

Different redox equivalents such as
nicotinamide-adenine-dinucleotide (NADH),
flavin-adenine-dinucleotide (FAD) und flavin-
mononucleotide (FMN) may impact FAF life-
times, as their fluorescence properties may
depend on the redox state of tissues. NADH
mostly shows fluorescence in the reduced form,
and NAD+ (oxidized form) shows only a very
weak fluorescence [67-69]. While free NADH
in vitro shows autofluorescence lifetimes around
0.4 ns, protein-bound NADH can show decay
times of 1.2 up to 5 ns [68]. Time-resolved fluo-

rescence lifetime imaging almost always aims to
detect NADH, which is believed to be a sensitive
method to investigate the redox state of tissue
[70-74]. However, it has been discussed that a
contribution of NADH to the in vivo FLIO signal
is unlikely, since the short-wavelength range
required to match the fluorescence excitation
maximum (350 nm) cannot be used for retinal
imaging due to absorption by the lens and cornea
[53, 75]. Nevertheless, other studies describe
autofluorescence lifetimes of approximately
1.27 ns (t; = 0.39 ps, o; = 0.73, 7, = 3.65 ns,
o, = 0.27) upon an excitation at 446 nm [16].
Therefore, the effect of NADH on in vivo FLIO
measurements is still under discussion and needs
further investigation.

The fluorescence of oxidized flavin FAD,
located in mitochondria, is also of interest. Both,
FAD as well as FMN absorb light at 450 nm
wavelength and show their maximal fluorescence
emission at around 530 nm; reduced forms do not
fluoresce under physiological conditions [67,
68]. Typical autofluorescence lifetimes of these
substances are 2.3 ns (FAD) and 4.7 ns (FMN),
while protein-bound flavins show intermediate
autofluorescence lifetimes (0.3—1 ns) with a weak
fluorescence intensity due to quenching [68].
Skala et al. determined an autofluorescence life-
time of protein-bound FAD of 100 ps [24]. In
vitro FAF lifetime investigations show flavin
decay times around 2.4 ns [16].

Different components of the extracellular
matrix are found in the eye. Four different
types of collagen as well as elastin were previ-
ously described and are likely fluorescent [16,
69, 76-79]. The collagens (I, II, III and IV)
emit fluorescence at approximately 510 nm
(excitation 446 nm) [80]. Time-resolved auto-
fluorescence investigations show different life-
times for each type of collagen (I: 1.75 ns; II:
1.44 ns; III: 1.11 ns; IV: 1.62 ns) [16]. The
autofluorescence lifetime of elastin  was
described to be 1.28 ns [16].

The skin pigments melanin and bilirubin emit
fluorescence at a maximum of 436 nm (melanin)
and 520-540 nm (bilirubin) [16, 81]. As melanin
occurs not only in the iris but also in the choroid
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and the RPE layer, it is of special interest when
investigating FAF lifetimes. The excitation maxi-
mum of melanin, however, is at 360 nm, but also
excitation at longer wavelengths can yield lower
but measurable fluorescence intensities [82].
Time-resolved in vitro measurements at 446 nm
excitation showed mean autofluorescence life-
times of melanin powder at 916 ps (t; = 280 ps,
a;=70%;7,=2.4ns,0,=30%) [16]. Considerably
shorter lifetimes were determined for melanin
dissolved in PBS (t; = 0.03 ns, 1, = 0.62 ns,
T3 =3.24 ns) [83].

The aromatic amino acids tyrosine, phenylala-
nine and tryptophan also fluoresce, but the excita-
tion lies within the ultra-violet range
(260-295 nm), and the emission maxima can be
found between 280 and 350 nm [68]. Therefore,
a fluorescence detection of these substances is
unlikely with FLIO imaging.

Protoporphyrin IX, occurring within the cyto-
chrome-c complex in mitochondria and as a by-
product in the synthesis of hemoglobin, shows
fluorescence at an emission maximum of 635 nm,
with an autofluorescence lifetime in the nanosec-
ond range [67]. Its detection was discussed in
relation with tumorigenesis, as the amount of
protoporphyrin may increase in proliferative tis-
sue [23, 84, 85].

Pathological fluorophores, such as advanced
glycation end products (AGEs), also show fluo-
rescence at the retina [16, 86]. They are discussed
within the disease-related sections of this
manuscript.

10.2 Technical Realization Based
on the Spectralis Platform

While fluorescence lifetime imaging microscopy
is already a well-established imaging technology,
the transfer of this modality to in vivo imaging of
the retina in ophthalmology involves several
challenges. Examples are the low fluorescence
yield at limited excitation power as well as unpre-
dictable eye movements. However, with the
Spectralis FLIO, a Spectralis variant which is
released for clinical studies, these challenges
have been solved. Within an acquisition time of

typically 120-180 s reliable and reproducible
in vivo FLIO data can be acquired on a patient
eye with a dilated pupil.

The FLIO systems used in these clinical stud-
ies were developed and assembled on the basis of
the Spectralis platform, a well-established imag-
ing platform, which is widely used for multicolor,
fluorescence (angiography and autofluores-
cence), and OCT imaging on a daily basis in
clinical routine. Recently, the Spectralis modali-
ties were extended with a high resolution OCTA-
mode (OCT angiography), which allows to
represent the vascular plexus in three dimensions
without the invasive injection of a fluorescence
dye (see Chap. 7 and references for further
details).

In the Spectralis OCT a second completely
independent scanning system is implemented for
the OCT path in order to actively track and com-
pensate for eye movements, which were detected
by online processing of the continuously acquired
SLO images and fed back to the OCT scanner
control electronics. In contrast, in the Spectralis
FLIO system both lasers, the infrared laser for
the reference image and the picosecond laser for
fluorescence excitation, are delivered to the retina
by the same SLO scanning system. The eye
movements are detected by online image pro-
cessing of continuously acquired near infrared
reference images, and the spatial assignment of
each detected fluorescence photon is based on the
preceding detected eye position. If an eye move-
ment is detected within two consecutive refer-
ence images, the photons which were detected
within this period and thus cannot unambigu-
ously be assigned to a spatial position, are
rejected.

The FLIO set-up is schematically represented
in Fig. 10.1. The blue (470 nm) picosecond laser
pulses are superimposed by means of beam split-
ter to the continuous, near infrared (815 nm)
reflection laser and both beams are simultane-
ously deflected in X and Y directions in the SLO
scanning unit, in a way that the retina is scanned
line by line. The field of view for FLIO images is
usually 30° x 30°, corresponding to an area of
approximately 8.9 x 8.9 mm? for emmetropic
eyes. The repetition rate of the FLIO laser pulses
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Fig. 10.1 Left part: schematics of the optical set-up of
the FLIO camera head and laser & detection unit. See text
for detailed explanation. Right part: scan algorithm of IR
tracking laser with superimposed picosecond laser pulses.

is 80 MHz, i.e. the pulse separation of two con-
secutive pulses is 12.5 ns. The pixel clock for
standard Spectralis SLO images is 10 MHz
(100 ns pixel separation) in the high speed mode
(HS-mode), which is normally used for the FLIO
application. This means, that for each HS pixel of
the infrared SLO image about 8 laser pulses are
applied; the pulse width of each single pulse is in
the order of 70-100 ps.

The fluorescence light as well as the back
scattered infrared light originating from the focus
volume is then travelling the same optical path
backwards, is “descanned” to a stationary beam,
and deflected by another beam splitter towards
the detection arm. A multimode fiber with core
diameter of 100 pm serves as spatial aperture,
resulting in a z-transfer point spread function of
about 2 mm (FWHM). This confocal set-up pro-
vides an efficient suppression of out of focus

Measure time between
exciting laser pulse &
detection offirst photon

counts

e

build up
histogram

time

Green resp. yellow circles represent photons detected in
the short wave detection channel (SSC) resp. long wave
detection channel (LSC)

light; in particular it efficiently blocks the intrin-
sic fluorescence of the lens tissue. If there was no
efficient blocking of the strong fluorescence of
the lens tissue with a mean lifetime of >2 ns, it
would, for example, not be possible to measure
the faster (=50 ps) picosecond decay time of the
weaker fluorescence of macula pigment. It can-
not be completely excluded that for patients with
very dense cataract, where on one hand the lens
fluorescence signal is strong and on the other
hand the retina signal is reduced due to the
double-pass through the strongly scattering lens
tissue, the result of the lifetime measurement of
the retinal fluorophores may be biased due to the
contribution of the lens fluorescence. Further
research is required to quantitatively assess this
influence, e.g. by systematically measuring
patients before and after intraocular lens (IOL)
implantation.
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The signal light is then guided via the multi-
mode fiber out of the camera head and launched
to the external detection unit. The fiber output is
collimated and the beam is filtered by a blocking
filter (F1) to remove back scattered light of the
excitation laser at 470 nm. The back scattered
infrared (IR) light is separated from the fluores-
cence photons by means of beam splitter plate
(BSP 1) and then focused on an avalanche photo-
diode (APD) with high quantum yield in the near
IR range. The APD-signal is digitized to 8 bits
and then transferred to the computer. The real-
time image processing algorithm calculates the
correction parameters in form of an affine trans-
formation, describing the eye movements with
respect to the first frame during the
measurement.

The fluorescence light path is split (BSP 2)
into two branches: the short spectral channel
(SSC: =498-560 nm) and the long spectral chan-
nel (LSC: x560-720 nm). Finally, the fluores-
cence photons are detected by two time-correlated
single photon counting (TCSPC) detection units,
each consisting of a hybrid detector, which com-
bines a highly sensitive GaAsP photocathode
with an avalanche-like multiplication of the
photo-electrons as used in standard APD detec-
tors and ultrafast read-out electronics. The time
resolved measurement works as follows: each
picosecond laser pulse triggers the start of two
electronic time clocks, one for the short wave
channel and one for the long wave channel. The
time clock is stopped either by the detection of a
fluorescence photon in the corresponding detec-
tion channel, or by the consecutive picosecond
laser pulse triggering a new measuring period.
Each detected photon is then assigned to a spatial
location (XY-pixel) by considering the preceding
result of the eye movement detection algorithm
and is provided with a time stamp, indicating the
elapsed time between laser trigger and detection
of the photon.

The maximum laser power is 300 pW, which
corresponds at 80 MHz laser repetition to a pulse
energy of 3.75 pJ. Since the laser is modulated
off during the resetting periods of the horizontal
and vertical scanners, only a mean average power
of 200 pW is measured in front of the objective

and applied to the patients retina. For a rigorous
laser safety classification corresponding to the
IEC standard 60825-1:2014 the action of a single
pulse (class 1 limit in the standard: 77 nJ) as well
as the accumulative action of consecutive pulses
within a defined angular subtense of (1.5 mrad)?
must be assessed for different time regimes
according to the three rules described in Sect.
4.3.f of the IEC standard. For all considered
cases, the accessible emission for the FLIO sys-
tem (AEp; o) is below 1% of the corresponding
accessible emission limit for class 1 systems
(AEL,.s 1)- Thus, the Spectralis FLIO is classi-
fied as class 1 laser product and is safe for exami-
nations on humans. See also the published laser
safety assessment in Ref. [37] (still referring to
the IEC standard 60825-1:2007 with slightly dif-
ferent limits) and in the supplement of Ref. [39].

It might be of interest to compare the FLIO
laser exposure with the exposure during fluores-
cence angiography (FA) with the standard
Spectralis. The laser power of the Spectralis
FA-mode is =1.4x higher compared to the
FLIO. However, since the laser wavelength
470 nm is ~2.1x more critical as the wavelength
486 nm used in the Spectralis FA mode (IEC
Standard: factor C3 is 2.51 for 470 nm and 5.25
for 486 nm), the accessible emission of the FLIO
mode is according to the Standard slightly higher
(~1.5%) but comparable to the exposure of the
Spectralis FA-mode.

Since the maximum count rate of the detection
units is 10 MHz, the laser power applied to the
patient’s eye often has to be reduced by adding
neutral density filters just in front of the single-
mode fiber coupler, in order to avoid an overload
of the detector.

During the examination for each XY pixel
position a histogram is build up, and the number
of photon counts is sorted against their arrival
time with respect to the precedent laser pulse.
The Spectralis FLIO acquisition software bins
3 x 3 high speed pixels (in total 768 x 768 pixels
acquired at 10 MHz pixel rate for IR reference
image) to one FLIO super pixel, so that the FLIO
images consists of 256 x 256 pixels. Thus, a
mean detection rate of typically 2 MHz results in
the collection of about 3 x 10® Photons during


https://doi.org/10.1007/978-3-030-16638-0_7#Sec12

10 Fluorescence Lifetime Imaging Ophthalmoscopy (FLIO)

219

150 s (typical examination time is 2-3 min),
resulting in a mean number of about 4500 pho-
tons per FLIO pixel. The measurement usually is
stopped after about 1000 photons/histogram have
been collected in the darkest pixels within the
area of interest (typically within the macula),
since this minimum number of counts still allows
for evaluating the mean lifetime with sufficient
accuracy. Finally, the acquired pixel histograms
are saved to the hard drive.

Different software can be used to approximate
the autofluorescence decay, such as FLIMX [87]
or SPC Image (Becker & Hickl GmbH) [88], the
latter being the most commonly used software in
FLIO investigations. The photon arrival decay in
each of the 65,536 pixels is hereby approximated
according to:

_t
@=IRF®Z’&;G -

0

Here ) indicates the convolution integral
with the instrument response function (IRF). Bi-
and tri-exponential decays were previously used
to investigate the retinal fluorescence in vivo. A
tri-exponential approach leads to three different
lifetimes (t1, t2, and t3) as well as three corre-
sponding amplitudes, a bi-exponential approach
leads to two different lifetimes (tl and t2) as
well as two corresponding amplitudes. The
amplitudes represent the contribution of each
component to the total fluorescence decay.

As the FAF in vivo typically does not com-
pletely decay within 12.5 ns (time between two
excitation pulses upon 80 MHz laser repetition
rate), the application of an incomplete multi-
exponential decay mode is standard. The digital
time resolution is given by the temporal width of
the histogram binning and is 12.2 ps (interval
between two laser pulses 12.5 ns divided by num-
ber of channels 1024). However, since at least
three supporting points are necessary for the
reconstruction of a decay, the shortest detectable
lifetimes are about 30 ps [37]. For further data
analysis, image processing, and especially to
average FAF lifetimes over certain regions of
interest, different software packages have been

used. Common is the FLIO-reader (ARTORG
Center for Biomedical Engineering Research,
University of Bern, Bern, Switzerland) and the
software FLIMX (Institute of Biomedical
Engineering and Informatics, Technische
Universitdt Ilmenau, Ilmenau, Germany) [87].

10.3 Clinical Applications I:
The Healthy Eye

Retinal autofluorescence imaging is a commonly
used tool in ophthalmology for clinical investiga-
tion and research. In addition to fundus autofluo-
rescence intensity imaging, which derives
contrast mainly from lipofuscin and its deriva-
tives, fluorescence lifetime imaging has the
potential to provide additional contrast, as fluo-
rescence lifetimes are largely independent of the
fluorophores concentration and intensity. In the
last decade, fluorescence lifetime imaging has
gathered momentum through the research efforts
and findings of several groups, and has contrib-
uted to the understanding of the pathophysiology
of the healthy eye as well as retinal disorders
ranging from degenerative diseases to retinal
dystrophies and other diseases that affect the
retina.

The FLIO signal in healthy eyes is very well
established and has been shown to be highly
reproducible between different groups. In the 30°
FLIO field centered at the macula, shortest life-
times can be found right at the center of the fovea.
Intermediate lifetimes can be detected all across
the retina and longest decay times can be found at
the optic disc. Schweitzer et al. first published
this typical pattern using an experimental FLIO
device before it was coupled to a Spectralis [15].
The group of Dysli et al. in Bern [35] were the
first to show this pattern in healthy eyes using the
Spectralis FLIO, followed by Sauer et al. in Jena
as well as Klemm et al. in Ilmenau. In the process
of investigating the FLIO signal in healthy eyes,
it was possible to show an individual fluorescence
of the macular pigment. Here this finding is
highlighted.
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10.3.1 Macular Pigment

In the healthy eye, the anti-oxidative carotenoids
lutein, zeaxanthin and meso-zeaxanthin accumu-
late in the center of the macula [89, 90]. Thus,
they are called macular pigment (MP). Whereas
the amount lutein and zeaxanthin in the MP
depends in part on dietary intake, meso-
zeaxanthin is formed inside the retinal pigment
epithelium from lutein by the RPE [91]. Based on
the existence of highly specific binding proteins
at the area of the fovea, MP accumulates at an
area of 0.5 mm in diameter at the posterior pole
of the eye [92-98]. These carotenoids are most
concentrated in the foveal Miiller cells and the
Henle fiber layer, but also in other inner retinal
layers [99, 100].

MP is believed to protect the eye from light
damage, especially within the blue-light range
around 460 nm [92, 101, 102]. MP may absorb
blue light, which is potentially photo-toxic,
before it reaches the photoreceptor layer; it may
also quench free radicals [100, 103—105]. Levels
and distribution can be altered in different retinal
diseases such as macular telangiectasia type 2
(MacTel) as well as age-related macular degen-
eration (AMD). In healthy eyes, different distri-

bution patterns have been described. MP can
show a slim cone-like distribution, a broader pla-
teau or even ring-like distributions within the
I mm ring (Fig. 10.2).

On fundus autofluorescence intensity images,
MP appears as a dark spot in the center of the fovea
because of its absorption of the blue excitation light
[106]. Therefore, it was believed to only absorb
blue wavelength light and not show any fluores-
cence characteristics. Based on this assumption,
dual wavelength autofluorescence at blue (absorp-
tion) and green (non-absorption) wavelength light
are used to calculate individual amounts of MP.
However, a resonance-Raman-based study demon-
strated that MP shows fluorescence characteristics,
albeit with low quantum efficiency [107, 108]. As
fluorescence lifetimes are independent of the fluo-
rescence intensity, FLIO can also detect the fluo-
rescence of carotenoids [37]. This was first
described by Sauer et al., who found a strong cor-
relation between mean fundus autofluorescence
lifetimes and the amount of MP [37]. The short
autofluorescence lifetimes at the fovea, depicted in
red color in FLIO images, were therefore attributed
to retinal carotenoids (Fig. 10.2).

A further study investigated autofluorescence
lifetimes in patients with macular holes [44].

FAF Lifetimes

MPV

Fig. 10.2 Healthy eyes with different characteristic MP distribution patterns
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Interestingly, the distribution of MP and short
autofluorescence lifetimes were identical. In the
center of macular holes, where no MP could be
localized, the short autofluorescence lifetimes
were absent. These were found adjacent to the
macular hole, corresponding to the MP distribu-
tion. This study also describes a follow-up of
patients before and after successful vitreoretinal
surgery with closure of the macular hole [44]. It
was reported that short autofluorescence life-
times corresponding to the macular pigment,
migrate back to the fovea as the macular hole was
closed. Furthermore, the increase of short auto-
fluorescence lifetimes in the fovea after surgery
was described to result in a better visual outcome
for the patients.

A different FLIO study investigated fundus
autofluorescence lifetimes in patients with albi-
nism [50]. These patients usually do not have a
foveal depression, which is often described as
foveal hypoplasia. Interestingly, these patients do
not have macular pigment accumulation at the
posterior pole. Two patients were examined, and
the albinism was electro-physiologically con-
firmed based on reversed pattern onset of visual
evoked potentials (VEP) across the occipital
scalp, which is indicative of optic misrouting
associated with albinism. Only one of the four
investigated eyes showed small amounts of MP,
consistent with a small area of short autofluores-
cence lifetimes. The other three eyes did not
show any macular pigment, and short autofluo-
rescence lifetimes were absent from the fovea.

Finally, ex vivo measurements were per-
formed on the carotenoids lutein and zeaxanthin
[50]. These measurements confirm the weak fluo-
rescence at short lifetimes of carotenoids with
FAF lifetimes of 50 ps for lutein and 60 ps for
zeaxanthin in the SSC. Furthermore, it was
reported that in combination with binding pro-
teins, autofluorescence lifetimes showed pro-
longed means.

Overall, FLIO will probably not replace exist-
ing methods for MP measurement, but it may
give additional interesting insights about it.
Furthermore, to investigate MP with FLIO, there
is no need for a reference region to calculate the
amounts of MP. This may be especially helpful in

diseases such as retinitis pigmentosa and choroi-
deremia, as well as in geographic atrophy in end-
stage AMD. Here, retinal degenerations affect the
reference areas of the MP measurement and cal-
culation of the MP amount is therefore not pos-
sible. FLIO may fill the gap to assess MP in these
patients, where other methods fail to give reliable
measures.

10.4 Clinical Applications Il: AMD
and Retinal Dystrophies

10.4.1 Age-Related Macular
Degeneration

Age-related macular degeneration (AMD) is one
of the major causes of vision loss in the elderly
population [109]. Besides genetic predisposition,
several other factors such as diet, hypertension,
arteriosclerosis, elevated serum lipids, smoking,
alcohol abuse, and exposure to ultraviolet light
have been identified [110-114].

Several stages of AMD can be identified:
early, intermediate and advanced AMD [115,
116]. Hallmarks of AMD are retinal drusen and
retinal pigment epithelium (RPE) abnormalities
like hypo- or hyperpigmentation. Several sub-
groups of drusen exist such as soft drusen, hard
drusen, cuticular drusen, crystalline drusen, and
reticular pseudodrusen [110, 117]. Retinal drusen
are focal deposits of extracellular debris situated
between the basal lamina of the RPE and the
inner collagenous layer of Bruch membrane. Soft
drusen consist of lipid rich material and other
constituents such as zinc, oligosaccharides, amy-
loid, apolipoproteins, and complement factors
[118, 119]. Reticular pseudodrusen have similar
constituents as soft drusen [110, 120]. The
advanced stage of AMD is characterized by either
geographic atrophy of the RPE involving the
foveal center or neovascular maculopathy or a
combination of both.

Major changes in several fluorophores have
been identified in all stages of AMD. The most
important change is accumulation of lipofuscin
within the RPE, and in geographic atrophy absence
of lipofuscin [110]. Fundus autofluorescence
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(FAF) has been used to quantify lipofuscin in the
RPE, and identify areas of geographic atrophy
which appear as hypo-fluorescent lesions in FAF.

In the past decade, several studies have investi-
gated fluorescence lifetime patterns in various
stages of AMD using FLIO. Fluorescence lifetime
measurements derive their signal not only from
lipofuscin but also from many other endogenous
fluorophores such as visual cycle end products
like retinal derivates, and therefore offer the abil-
ity to resolve retinal abnormalities at early stages
of the disease. Most of these studies employed a
modified  Spectralis  system  (Heidelberg
Engineering) using a 470 nm pulsed laser
(80 MHz; <100 ps pulse width) and highly sensi-
tive hybrid detectors for time correlated single
photon counting. Two separate channels are used:
A short spectral channel (SSC; 498-560 nm) and
a long spectral channel (LSC: 560—720 nm).

Recent studies have shown that mean retinal
autofluorescence lifetimes of the macula in
patients with AMD are generally significantly
prolonged [15, 41, 43]. This prolongation was
found to occur in a ring-shaped manner, particu-
larly visible in the LSC with colors set from 300
to 500 ps [51]. If color ranges are set differently,
the pattern may be difficult to be observed. The
prolongation occurs in the area between the large
arcade vessels and is most pronounced at the
nasal and temporal macula. Figure 10.3 shows
the pattern. The pattern may indicate the first sign
of AMD, as a trace pattern was also found in
patients at high risk to develop the disease.

Areas of retinal drusen, however, are hetero-
geneous and can have shortened, normal or pro-
longed autofluorescence lifetimes. This may be a
result of different forms of AMD. A study that
investigated drusen in non-exudative AMD only
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Fig. 10.3 FLIO and FAF intensity images from two healthy individuals and two patients with AMD. (Reprinted from
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Fig. 10.4 Fundus autofluorescence imaging in a patient
with geographic atrophy due to age-related macular
degeneration. Fundus autofluorescence image (FAF) and
color coded image of fluorescence lifetime imaging oph-

did not find shortened autofluorescence lifetimes
[51]. However, drusen with very short fluores-
cence lifetimes may represent newly formed
deposits [40]. Longitudinal studies are needed to
show whether fluorescence lifetime features
change within individual drusen over time and
whether this may help to identify newly formed
drusen. In intermediate AMD, areas of intrareti-
nal hyper-reflective deposits (possibly melanoli-
pofuscin) display long lifetimes whereas deposits
within the photoreceptor outer band display rela-
tively short lifetimes.

In patients with geographic atrophy due to
advanced AMD, fluorescence lifetimes are sig-
nificantly prolonged both in the SSC and the LSC
within areas of atrophy (Fig. 10.4) [41, 49]. In the
border zone of geographic atrophy, where char-
acteristic FAF distribution of hyper-fluorescence
can be observed [121], distinct patterns of only
marginally prolonged fluorescence lifetimes
were observed [41]. In many cases with geo-
graphic atrophy, areas with very short fluores-
cence lifetimes can be observed in the foveal
area. These short lifetimes might originate from
residual macular pigment within the outer nuclear
and plexiform layers [37]. A correlation between
these short lifetimes in both spectral channels in
the fovea and BCVA was shown [41]. Short fluo-
rescence lifetimes within the macular center
therefore may provide useful information about
the integrity of the foveal photoreceptors.

thalmoscopy (FLIO). The lifetimes within the atrophy are
prolonged; however, in the foveal center short lifetimes
persist. These short lifetimes have been correlated with
the presence of macular pigment

Neovascular AMD as the second form of
advanced AMD is characterized by the presence
of choroidal neovascularization (CNV).
According to the localization of the CNV com-
plex neovascular AMD can be classified into
type 1 (below the RPE) or type 2 (above the
RPE) CNV [116]. In pilot studies, there was
only minimal contrast of the CNV complex in
fluorescence lifetime imaging (unpublished
data). Areas of CNV display only slightly pro-
longed fluorescence lifetimes. In the active
stages of this disease, hyporeflective areas of
intra- or subretinal fluid can be seen in optical
coherence tomography (OCT). These areas of
intra or subretinal fluid are not directly identifi-
able in fluorescence lifetime maps acquired by
FLIO (unpublished data).

10.4.2 Retinal Dystrophies

Fundus autofluorescence intensity measurement
has emerged as one of the key tools for noninva-
sive retinal imaging in retinal dystrophies for
diagnostic purposes as well as for follow-up
examinations [122]. In association with upcom-
ing genetic specification and differentiation as
well as emergent trials addressing genetic modi-
fication in retinal dystrophies [123-125], imag-
ing modalities to record subtle changes in retinal
metabolism and structures are essential.
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Retinitis pigmentosa summarizes a geneti-
cally heterogeneous group of degenerative retinal
diseases with different inheritance patterns and
penetrance. Progressive rod followed by cone
dysfunction clinically leads to primary night
blindness and progressive constriction of the
visual field [126]. In FAF intensity measurement
a hyperfluorescent ring may be identified, delin-
eating the border between morphologically intact
retinal layer structure and altered outer retinal
layers [127]. Using fluorescence lifetime imag-
ing, ring characteristic structures with specific
grades of degeneration can be identified: intact
retina, photoreceptor atrophy, and combined pho-
toreceptor and RPE atrophy (Fig. 10.5a) [47, 52].
This lifetime pattern may allow for more differ-
entiated clinical assessment of the patients and
their follow-up examination over time.

Stargardt disease is the most common mono-
genetic juvenile retinal dystrophy, inherited in an
autosomal recessive pattern [128]. Due to a muta-
tion in the ABCA4 gene, coding for the ABCA4
transmembrane transporter in the photoreceptor
outer segments, visual cycle byproducts accumu-
late, leading to progressive dysfunction and
destruction of the outer retina and the RPE [129].
Clinically, progressive accumulation of yellow-

ish retinal deposits is visible which appear as
hyperfluorescent flecks using FAF intensity mea-
surement. In advanced disease stage, RPE atro-
phy manifests as hypoautofluorescence in FAF
intensity images. Fluorescence lifetime measure-
ment in Stargardt disease revealed that hyperfluo-
rescent flecks may feature shorter or longer
lifetimes compared to the surrounding retina
(Fig. 10.5b) [40]. In a subgroup of patients, areas
and flecks with shorter fluorescence lifetimes
have been identified even before they were visi-
ble in the FAF intensity measurement. Over time,
they appear in FAF and the fluorescence lifetimes
become gradually longer. In areas of RPE atro-
phy, generally prolonged fluorescence lifetimes
were observed.

Choroideremia is a rare monogenetic retinal
dystrophy with an x-linked inheritance pattern,
thus affecting mainly young male subjects [130].
It is caused by a mutation in the CHM gene, cod-
ing for a protein responsible for membrane traf-
ficking in the retina and the RPE. Clinically,
progressive degeneration of the choroid, the RPE
and the neurosensory retina is observed, leading
to progressive impairment of visual function, and
finally complete blindness [130]. Whereas FAF
intensity sharply delineates the borders of the

Fig. 10.5 Fundus autofluorescence imaging in patients
with retinal dystrophies. (a) Patient with retinitis pigmen-
tosa, (b) patient with Stargardt disease, (¢) patient with

choroideremia (FAF fundus autofluorescence intensity

image,  FLIO
ophthalmoscopy)

fluorescence  lifetime  imaging
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RPE, FLIO provides additional information
within the area of RPE atrophy (Fig. 10.5¢) [40].
Thereby, areas with remaining RPE feature the
shortest lifetimes, followed by RPE atrophy and
remaining photoreceptor layers in OCT, and
complete atrophy of RPE and the outer nuclear
layers with the longest fluorescence lifetimes.
Follow-up examinations in patients with choroi-
deremia have shown that FLIO is a sensitive tool
to monitor subtle changes of retinal degeneration
over time.

In summary, FLIO enables detection and iden-
tification of early disease associated changes on
the level of the RPE, the outer retinal layers, and
possibly also the choroid. In Stargardt disease,
retinitis pigmentosa and choroideremia we have
shown that FLIO provides supplementary infor-
mation in addition to commonly used standard
imaging modalities such as FAF intensity mea-
surement, color fundus imaging, and OCT.

10.5 Clinical Applications lll:
Macula Telangiectasia

10.5.1 Macular Telangiectasia

Macular Telangiectasia type 2 (MacTel) is an
inherited retinal disease with an onset of about
40-60 years, but cases of younger patients have
also been reported [131-133]. The youngest
affected patient was diagnosed at the age of 21.
Although patients usually do not proceed to legal
blindness, vision is often significantly disturbed.
Patients initially report metamorphopsia and dif-
ficulties with reading, which proceeds to distur-
bance in the vision affecting the daily life [134].
MacTel affects an oval-shaped area of approxi-
mately 5°-6° from the foveal center. Macular
pigment can be found around the MacTel area
with an eccentricity of 5°-9° instead of in the
central fovea [101, 135-138].

Initially, it was believed that MacTel is a rare
disease, but as researchers find out more about
the disease characteristics and doctors learn to
distinguish MacTel from other retinal diseases
such as AMD, it is believed that the disease prev-
alence is much higher than initially assumed

[139, 140]. So far, despite intensive research, no
causative gene has been found for MacTel but a
dominant genetic inheritance with reduced pene-
trance is likely [141-145]. To truly distinguish it
from other retinal diseases such as AMD which
may show similar features to those of MacTel,
retinal imaging plays a very important role.
Several imaging modalities have been used to
describe features of MacTel [131, 146-148].
Fundus photography may show retinal greying, a
feature that is often difficult to truly distinguish.
In OCT imaging, retinal cysts and ellipsoid-zone
loss may be observed at the temporal side of the
fovea [149, 150]. However, these cysts may also
in some cases be found at the nasal side, or may
be absent especially in early disease stages.
Furthermore, these cysts may be mistaken as
changes caused by neovascular AMD. Blue-light
reflectance imaging was described to show
changes related to MacTel, but also current
results are not satisfying. Autofluorescence imag-
ing is often relatively normal in early stages,
except for the decrease of the central hypofluo-
rescence, leading to a hyperfluorescent macular
area. Macular pigment levels are often reduced in
initial stages of the disease and can evolve to
ring-like distributions in later stages [151].
Fluorescein angiography is usually able to show
leakage indicative of MacTel, but non-invasive
imaging modalities would be preferred. Recently,
FLIO has emerged as a novel and non-invasive
tool to detect changes in MacTel with extremely
high contrast [45]. It highlights the MacTel area
in affected individuals, and especially in early
stages, shows a temporal, crescent shaped pro-
longation of FAF lifetimes (Fig. 10.6). Especially
the SSC in FLIO imaging seems to highlight
MacTel-related changes. A standardized grid
(ETDRS grid) was used to characterize different
areas of the fundus; the area corresponding to the
MacTel region (T1) showed significantly pro-
longed FAF lifetimes as compared to the refer-
ence region (T2), whereas in healthy eyes, T2
showed slightly longer fluorescence decays.
Based on this finding, a ratio was established to
quantify definite MacTel from definite healthy. If
T2/T1 is larger than 1.0, the person is likely
healthy and a ratio below 0.9 (in combination
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Healthy
female, 38 years

SSC (498-560 nm)

LSC (560-720 nm)

MacTel
female, 38 years

Fig. 10.6 FLIO and FAF intensity images for a healthy person and a MacTel patient

with typical FLIO findings) likely indicates
MacTel. This ratio, as well as the images obtained
with FLIO, may help to identify patients with
MacTel. Furthermore, FLIO may also indicate
affected individuals in a stage where they clini-
cally still show a healthy fundus exam [45]. This
was already shown for clinically unaffected par-
ents of MacTel patients and is currently being
investigated for the second generation (children
of MacTel patients, unpublished data). The earli-
est changes visible with FLIO, however, seem to
be not at the temporal side of the fovea but rather
superiorly, again presenting as prolonged FAF
lifetimes.

Over all, FLIO is a novel tool for the detection
of MacTel and likely gives the best contrast of all
non-invasive imaging modalities. It highlights
the MacTel area and may be capable of indicating
MacTel-related retinal alterations at the earliest
stages. Although the availability of FLIO is cur-
rently still limited, it is likely to emerge as a very
helpful tool for the detection of MacTel, espe-
cially at its earliest stages.

10.6 Clinical Applications IV:
Diabetic Retinopathy

Diabetic retinopathy is a micro-vascular compli-
cation in diabetes [152]. Micro-vasculopathy and
inflammation finally result in neuronal degenera-
tion [153] and a breakdown of the blood-retina
barrier (BRB), causing retinopathy and macular
edema [154]. As hyperglycemia is a primary event
in diabetes, this causes not only an impairment of
the vascular endothelium but also a general pro-
tein glycation. This formation of advanced glyca-
tion end products (AGEs) in the non-enzymatic
Maillard reaction of proteins with glucose and
other sugar molecules is involved in BRB break-
down [154]. In addition, endothelial dysfunction
and the protein-kinase C pathway may play a role
[155]. 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 [156]. It correlates
with the level as well as the duration of hypergly-
cemia [157]. Protein glycation comprises several
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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 fol-
lowed by the Amadori rearrangement finally
resulting in the AGE. This is further enhanced by
highly reactive Carbonyl groups of intermediates,
such as  o-Oxoaldehyde, Glyoxal, and
Methylglyoxal [158]. These intermediates are not
only generated by the Maillard reaction but also
by other pathways such as auto-oxidation of sug-
ars and glycolysis [159]. Oxidative end products,
such as Pentosidin and N-Carboxymethyllysin,
as well as non-oxidative AGEs (e.g.
Hydroimidazolone and Pyrralin) are distinguished
[158, 160]. A well-known AGE is the glycated
Hemoglobin HbA1C which is used clinically for
long-term monitoring of diabetes [156, 161-163].
Upon hyperglycemia, AGEs accumulate in the
lens, the cornea, the vitreous, and the retina of the
eye. Thus, AGEs contribute to diabetic retinopa-
thy in different ways. They may damage the vas-
cular 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 [164, 165]. Furthermore, AGEs have
procoagulant potential contributing to capillary
occlusion which is typical for diabetic retinopathy
[158]. However, neuronal cells are also directly
affected [166]. Animal experiments showed AGE
deposition in the vascular as well as in the neuro-
nal compartment of the retina [160]. Protein
crosslinking, namely the covalent binding of
Lysine residues, alters the tertiary structure of
proteins and, thus, impairs their function.
However, the modified proteins are able to bind to
receptors for advanced glycation end products
(RAGE) which is expressed by various cell types
such as macrophages, monocytes, endothelial
cells, glial cells, and neurons. Besides inflamma-
tory reactions [167], this results in the secretion of
cytokines, adhesion molecules, and growth fac-
tors like vascular endothelial growth factor
(VEGF) [164]. VEGF stimulates neovasculariza-
tion, which is the diagnostic criterion for prolif-

erative diabetic retinopathy. Finally, the activation
of the RAGE may exert oxidative stress to the
cells by generation of reactive oxygen species
(ROS) leading to neuronal cells death [168].

Changes of FLIO lifetimes in healthy subjects
with different states of glucose were previously
described by Klemm and coworkers [169].
Additionally, AGEs seem to show a fluorescence,
and their concentration in serum was found to
increase with the severity of diabetic retinopathy
[170]. As increased fundus autofluorescence
(FAF) has been found in diabetic macular edema
in association with decreased macular sensitivity
[171], Schweitzer et al. [38] and Schmidt et al.
[46] investigated fluorescence lifetimes in dia-
betic patients.

Schweitzer et al. [38] compared the fluores-
cence decay upon a 448 nm excitation for a group
of 48 patients suffering from type 2 diabetes
without retinopathy to 48 healthy control sub-
jects of same age. They found a general prolon-
gation in the fundus autofluorescence lifetimes in
diabetic eyes. Using a three-exponential fit of the
decay and a sophisticated statistical procedure,
they revealed a good discrimination of both
groups with a sensitivity of 73% and 70% as well
as a specificity of 84% and 64% for the two spec-
tral channels (490-560 nm and 560-700 nm)
respectively for the mean fluorescence lifetime
Tn. The best discrimination, however, was
achieved by the intermediate decay time compo-
nent T, at 490-560 nm (sensitivity 84%, specific-
ity 76%), which the authors assigned to
fluorophores in the retina. They discuss this as
potentially being a result of reduced protein bind-
ing of FAD, as well as protein glycation that may
lead to an accumulation of AGEs. In a subgroup
analysis, they found a considerably better dis-
crimination in phakic patients and controls as in
pseudo-phakic eyes. Thus, they concluded an
influence of the lens fluorescence on the
measurements at the fundus despite the use of a
confocal scanning laser system. This is due to the
extremely strong fluorescence emission from the
lens. An accumulation of AGE:s in the lens is well
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known [172], this could in part account for the
prolonged lifetimes measured in diabetic retinas.
Schmidt et al. [46] extended this study to
patients with diabetic retinopathy. They com-
pared fluorescence lifetimes upon excitation at
470 nm in 34 patients suffering from non-
proliferative diabetic retinopathy (NPDR) with
that of 28 age-matched healthy controls. An
example of a patient with diabetic retinopathy is
given in Fig. 10.7. Fluorescence lifetimes were
recorded in the macula and at two concentric
annuli given by the standard ETDRS grid
(Fig. 10.7, middle left), data from a three-
exponential fit of the decays was used.

Fig. 10.7 Mean funds
autofluorescence (FAF)
lifetime images (FLIO)
from two spectral
channels, as well as and

FAF intensity images O E
from the retina of a N o
healthy control (left) and N ©
a diabetic retinopathy O "?
patient (right). Middle o | ©
left panel comprises a w o
standardized ETDRS =
grid

FLIO LSC

FAF Intensity

Healthy

Consistent with Schweitzer et al., they showed
increased lifetimes in the patient group in all
investigated retinal fields (Fig. 10.8). This holds
true for both spectral channels, however, was
more pronounced in the SSC (498-560 nm,
p < 0.002) than in the LSC (560-700 nm,
p <0.05). A ROC analysis using a logistic regres-
sion 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
excitation wavelength used. Again, the formation

Diabetic Retinopathy
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Fig. 10.8 Mean
fluorescence lifetime of
the fundus of NPDR
patients (green) and
controls (blue) in
different regions of the
retina (c = central,

is = inner superior,

0s = outer superior
segment of the
ETDRS-grid in the short
wavelength channel
(498-560 nm))
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of AGEs in neurons, vascular, and glial cells was
discussed as source of the prolongation of life-
times. This was corroborated by FLIO measure-
ments at the lenses of the subjects. These showed
shorter lifetimes in the patients, again predomi-
nantly in the SSC. As AGE (bovine serum albu-
min incubated with glucose) showed a decay
time of 1.7 ns and an emission maximum of
523 nm [16], 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 assump-
tion of AGEs as source of an additional fluores-
cence from the ocular fundus is corroborated by
the finding of a correlation of the abundance of
the intermediate lifetime component with the
HbA1C value of the patients (SSC: p = 0.009 and
LSC: p=0.016).

In conclusion, these investigations indicate
that FLIO has the potential to show protein gly-
cation as well as alterations in coenzymes of the

T T
is os
Region

cellular energy metabolism that are associated
with diabetes. This might help elucidate path-
ways leading to diabetic retinopathy and, thus,
provides opportunities for differential diagnos-
tics with the option of individualized therapy.

10.7 Conclusion and Summary

FLIM (fluorescence lifetime imaging micros-
copy) is a well-established technology in the field
of microscopy, which provides additional infor-
mation on the temporal characteristics of the flu-
orescence decay. In the last 10 years, this
technology has been transferred to be used in
ophthalmology (FLIO), aiming for a better
understanding of the nature of the endogenous
fluorophores within the retina and their role and
changes during the evolvement of retinal pathol-
ogies. The FLIO modality was evaluated in sev-
eral investigational studies on patients with
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different retinal diseases and it has been shown,
that reliable and reproducible data can be
acquired in a clinical setting. In many aspects a
good correlation of FLIO data with other existing
imaging modalities was shown, and in some dis-
eases the lifetime contrast could provide an ear-
lier or more reliable diagnosis and a finer grading
of the stage of the disease compared to standard
autofluorescence imaging or OCT modality.
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