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Abstract. Autofluorescence-based imaging techniques have become very important in the ophthalmological
field. Being noninvasive and very sensitive, they are broadly used in clinical routines. Conventional autofluor-
escence intensity imaging is largely influenced by the strong fluorescence of lipofuscin, a fluorophore that can be
found at the level of the retinal pigment epithelium. However, different endogenous retinal fluorophores can be
altered in various diseases. Fluorescence lifetime imaging ophthalmoscopy (FLIO) is an imaging modality to
investigate the autofluorescence of the human fundus in vivo. It expands the level of information, as an addition
to investigating the fluorescence intensity, and autofluorescence lifetimes are captured. The Heidelberg
Engineering Spectralis-based fluorescence lifetime imaging ophthalmoscope is used to investigate a 30-deg
retinal field centered at the fovea. It detects FAF decays in short [498 to 560 nm, short spectral channel
(SSC) and long (560 to 720 nm, long spectral channel (LSC)] spectral channels, the mean fluorescence lifetimes
(τm) are calculated using bi- or triexponential approaches. These are meant to be relatively independent of the
fluorophore’s intensity; therefore, fluorophores with less intense fluorescence can be detected. As an example,
FLIO detects the fluorescence of macular pigment, retinal carotenoids that help protect the human fundus from
light damages. Furthermore, FLIO is able to detect changes related to various retinal diseases, such as age-
related macular degeneration, albinism, Alzheimer’s disease, diabetic retinopathy, macular telangiectasia type
2, retinitis pigmentosa, and Stargardt disease. Some of these changes can already be found in healthy eyes and
may indicate a risk to developing such diseases. Other changes in already affected eyes seem to indicate
disease progression. This review article focuses on providing detailed information on the clinical findings
of FLIO. This technique detects not only structural changes at very early stages but also metabolic and
disease-related alterations. Therefore, it is a very promising tool that might soon be used for early diagnostics.
© 2018 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.23.9.091415]
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1 Introduction
Fluorescence lifetime imaging ophthalmoscopy (FLIO) is an
imaging modality that can be used to investigate the human fun-
dus in vivo. In contrast to commonly used autofluorescence-
based imaging modalities, the information obtained with FLIO
is not based only on the intensity of individual fluorophores.
As the main outcome measure, autofluorescence lifetimes
(also called autofluorescence decay times) are investigated;
these are independent of the fluorescence intensity and may
be correlated to changes in the molecular composition of the
human retina. Although the technique is relatively new, many
diseases have already been investigated. Researchers have dis-
covered very specific disease-related changes, which could be
helpful in the early diagnosis as well as the follow-up of differ-
ent diseases. This review article aims to give an overview of the
clinical applications of FLIO. This may be helpful to establish
the use of FLIO in the clinical routine. After briefly explaining
the methodology of the FLIO technique, different clinical
applications will be emphasized. This review includes a detailed

description of FLIO findings in the healthy eye, as well as
age-related macular degeneration (AMD), diabetic retinopathy
(DR), macular telangiectasia type 2 (MacTel), albinism, retinal
vessel occlusion, Stargardt disease, central serous chorioretinop-
athy (CSCR), choroideremia, retinitis pigmentosa (RP), and
Alzheimer’s disease. Furthermore, mouse models will only
briefly be discussed, as they may eventually help in understand-
ing the contribution of single fundus layers to the sum fluores-
cence. They may help to interpret fluorescence changes in
relationship to pathomechanisms behind different diseases.
Finally, we will discuss the current state of FLIO research and
try to give an outlook from our own perspective on possible
future significances of the FLIO methodology.

2 Fluorescence Lifetime Imaging

2.1 Basic Principles of Fluorescence

Fluorescence is defined as the emission of radiation, especially
visible light, by a substance during exposure to external
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radiation. Alexander Jablonski developed the Perrin–Jablonski
diagram to show the corresponding relations (Fig. 1).

The diagram shows different energy levels that may be occu-
pied by electrons. Electrons possess an intrinsic angular momen-
tum, characterized by the spin quantum number (−1∕2 or
þ1∕2). The electron energy of a system can show the values
S ¼ 0, S ¼ 1, or higher. Here, S ¼ 0 describes that the system
is in the singlet state (S), the ground state; S ¼ 1 denotes the first
excited states with different vibratory and rotational conditions.1

When a photon of appropriate energy impacts a molecule, the
energy is absorbed and an electron is transferred to a higher
energetic level retaining the spin quantum number. Internal
conversion describes radiationless crossings to the lowest vibra-
tional state of the excited levels. After a certain time, electrons
relax to the ground state, usually by emitting fluorescence pho-
tons with a wavelength of the energy difference between excited
and ground states. Due to the transformation of energy during
internal conversion, emitted photons have a longer wavelength
as compared with the excitation radiation (Stokes-shift).

The fluorescence lifetime τ is defined as the mean time that a
molecule remains in the excited state, before emitting a photon
and falling back to the ground state. The fluorescence lifetime τ
is an intrinsic and characteristic property of each fluorophore,
based on the rate of photo-emitting (kr) and radiationless (knr)
crossings rates according to

EQ-TARGET;temp:intralink-;e001;63;208τ ¼ 1

kr þ knr
: (1)

The lifetime τ can be determined from the exponential decay
of the fluorescence over time t

EQ-TARGET;temp:intralink-;e002;63;143IðtÞ ¼ I0 � e−t
τ: (2)

The intensity (I) is the emitted radiant power, showing pro-
portionality to the amount of molecules in the excited state.
I0 describes the intensity at t ¼ 0. In cases of monoexponential

decays, τ equals the time that has passed until I has dropped to
1/e of the I0-value.

In cases of organic tissue, such as the eye, a multiplicity of
different fluorophores can be found, resulting in multiexponen-
tial decays. In these cases, the decay is a series of exponentials
(i ¼ 1: : : n, n ∈ N)

EQ-TARGET;temp:intralink-;e003;326;417

IðtÞ
I0

¼
Xn

i

αi � e−
t
τi : (3)

The amplitudes αi describe the relative fraction of each fluo-
rescence component to the total fluorescence. The concentration
of a fluorophore impacts α. Figure 2 shows the fluorescence
decay of different fluorophores, as well as the summed fluores-
cence signal.

Using a triexponential approach, fluorescence decays, as
found in vivo at the human eye, can be characterized. This is
established to give the amplitude-weighted mean fluorescence
lifetime τm to characterize the mean multiexponential decay
characteristics. τm is calculated according to

Fig. 1 The Perrin–Jablonski diagram highlights the photophysical processes involved in fluorescence
and phosphorescence.

Fig. 2 The graph schematically shows the mechanism of a triexpo-
nential approximation to obtain the amplitude weighted mean
autofluorescence lifetime τm. The fluorescence intensity (y -axis) is
depicted over the time t (x -axis). τm is calculated based on the ampli-
tudes and the sum of three exponential functions (components 1 to 3).
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EQ-TARGET;temp:intralink-;e004;63;752τm ¼
P

n
i¼1ðτi � αiÞP

n
i¼1 αi

: (4)

Qi describes the relative fraction of lifetime components (i)
on the total fluorescence

EQ-TARGET;temp:intralink-;e005;63;694Qi ¼
ðτi � αiÞP
n
i ðτi � αiÞ

: (5)

Fluorescence lifetime is considered to be independent of
perturbation conditions such as duration of light exposure,
intensity, concentration, and photobleaching.

In this paper, we review the application of fluorescence
lifetime imaging in ophthalmology. We briefly address in vitro
microscopy but focus on the clinical in vivo application.

2.2 In Vitro Fluorescence Detection: Fluorescence
Lifetime Imaging Microscopy

Fluorescence-based microscopy techniques have become
important tools for tissue imaging and open new possibilities
for investigating the tissue behavior in response to different
influences at a molecular level.2 One of many fluorescence-
based microscopic imaging modalities is the fluorescence life-
time imaging microscopy (FLIM), which has successfully been
used to investigate biological processes in human tissue, as well
as on the cellular level.3 The principle of time-correlated single
photon counting (TCSPC) is used for FLIM in this context.4

As TCSPC-FLIM relies on short pulse laser illumination,
it can easily be combined with two-photon excitation, which
allows three-dimensional imaging of bulk tissue.

Recently, FLIM techniques based on two-photon excitation
were used in imaging of ocular tissue.5–9 Due to the high res-
olution and possibility of molecular imaging, it has become a
promising tool in ophthalmological research, for example, in
studies related to AMD.6,8 In two-photon excitation imaging
modalities, two photons of long wavelength are simultaneously
absorbed, inducing the transfer of a molecule to an excited state.
Based on this concept, which was predicted by Maria Goeppert-
Mayer in 1931 and later verified by Kaiser and Garrett, two-
photon excitation was later combined with scanning laser
microscopy, which provides the foundation of FLIM.10–12 Due
to the long wavelength excitation, used in this technique, light
scattering of tissue is reduced.13,14 Fluorescence lifetimes of
ocular tissues have been investigated and described previously.
Peters et al.9 used two-photon FLIM to measure fluorescence
lifetimes in porcine retina and retinal pigment epithelium
(RPE), which were found to be very short (<100 ps) in the
RPE due to melanin fluorescence and on the order of several
100 ps in the retina. Fluorescence lifetimes might be influenced
by their environment and other factors, such as the pH-value and
the oxidation level.9,15–19 For example, different redox states of
nicotinamide adenine dinucleotide (NADH) and flavin adenine
dinucleotide (FAD) were successfully monitored.20,21 However,
the use of this technique in ophthalmology is still under
investigation.6,8,12,22–25 Recently, the redox state of Müller cells
under oxidative stress, as well as hypoxia and the protein bind-
ing of NAD(P)H in their mitochondria, were investigated.26,27

A comparison of results from FLIM studies with in vivo imaging
might be helpful in taking this technique to a new level. This is
now possible, as Schweitzer et al.28 developed an FLIM-based

scanning laser ophthalmoscope for in vivo ocular imaging of
autofluorescence lifetimes.

2.3 In Vivo Fluorescence Detection: Fluorescence
Lifetime Imaging Ophthalmoscopy

The autofluorescence of the retina was first discovered in early
days of fluorescein angiography imaging when fluorescence
was detected even before a fluorescent dye was injected.29,30

Such fluorescence is based on the accumulation of hyperfluor-
escent material, such as the age-related pigment lipofuscin
within the RPE. Now, imaging fundus autofluorescence (FAF)
intensity is a noninvasive and standardized application in clini-
cal routines to investigate the metabolic state of the retina. An
important fluorophore is N-retinylidene-N-retinylethanolamine
(A2E), which is present in lipofuscin granules within the
RPE.18,31 With FAF imaging, information about the spatial
distribution of fluorescence intensity is captured. Changes
within the chemical composition cannot be detected, and a spe-
cific assignment to chemical compounds cannot be made.32,33

Furthermore, lipofuscin emits fluorescence in high intensity and
therefore overwhelms the fluorescence of other compounds.18,34

In fluorescence lifetime imaging, the signal depends on
inherent properties of each fluorophore. Each fluorophore has
a characteristic autofluorescence lifetime.35 Investigating the
FAF lifetime has the advantage that molecules with overlapping
fluorescence emission spectra but different autofluorescence
lifetimes can be distinguished; thus, even small microenviro-
mental changes may be detected. Furthermore, FAF lifetimes
are mostly independent of the fluorescence intensity.35–37

Schweitzer et al.28 combined time-resolved fluorescence
imaging with scanning laser ophthalmoscopy and revealed a
setup for in vivo imaging. The technique was later combined with
the Heidelberg Engineering (Heidelberg, Germany) Spectralis®

System and is known as FLIO. Similar to FLIM, FLIO also
relies on the principle of TCSPC.4 In contrast to monoexponen-
tial probes with only one fluorophore, the human retina holds
different fluorophores, resulting in multiexponential autofluor-
escence decays at the fundus. Changes in these autofluorescence
lifetimes may lead to specific information about the configura-
tion of fluorescent molecules and their embedded environmental
matrix.15,38,39 FLIO has been used to investigate healthy eyes, as
well as several retinal diseases.16,40–51

2.4 FLIO Setup

FLIO combines TCSPC with confocal scanning laser ophthal-
moscopy. Figure 3 shows the basic setup of this device. It excites
the retinal fluorescence with a 473-nm pulsed diode laser,
emitting with 89-ps full width at half maximum pulses at
80-MHz repetition frequency. FLIO conforms to international
safety standards, such as the International Electrotechnical
Commission (IEC 60825-1:2007) standard and the American
National Standards Institute (ANSI Z136.1-2000) standard.
The laser power used in FLIO is well below the hereby required
maximum allowances for both standards. Detailed calculations
on the safety have been published.45

FLIO investigates a 30 deg× 30 deg retinal field, which has
usually been centered at the fovea. This refers to an area with
the size of 9 × 9 mm2 at the retina. Each FLIO image consists of
256 × 256 pixels which results in a spatial resolution of 35 μm
in emmetropic eyes. The FLIO imaging field can be moved to
various spots at the retina, such as the optic disc. However,
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so far only foveal-centered images have been thoroughly inves-
tigated. The fluorescence photons, emitted from retinal tissue
after short laser pulse excitation, are recorded individually in
a time-resolved manner. For compensation of eye movements,
a high-contrast confocal infrared reflectance (IR) image for
eye tracking is utilized. With this technique, each fluorescence
photon is recorded in the dedicated time channel and analyzed at
its correct spatial position. Two hybrid photon-counting detec-
tors (HPM-100-40; Becker & Hickl GmbH, Berlin, Germany)
count the emitted photons in two separate spectral channels,
a short wavelength channel (498 to 560 nm, SSC) and a long
wavelength channel (560 to 720 nm, LSC). These channels
were chosen based on previous studies.15

For each pixel, the photon counting into one of 1024 time
channels results in a photon arrival histogram, which represents
the fluorescence decay with a resolution of 12.2 ps. As mini-
mum signal threshold, at least 1000 photons are recorded in
each pixel, taking an acquisition time of ∼2 min.

Different software can be used to approximate the autofluor-
escence decay, such as FLIMX or SPCImage (Becker & Hickl
GmbH), the latter being the most commonly used software in
FLIO investigations.52,53 The photon arrival decay in each of
the 65,536 pixels is hereby approximated according to

EQ-TARGET;temp:intralink-;e006;63;107

IðtÞ
I0

¼ IRF ⊗
X

i

ai � e− t
τi: (6)

This is based on Eq. (3);⊗ indicates the convolution integral
with the instrument response function (IRF). Bi- and triexponen-
tial decays were previously used to investigate the retinal
fluorescence in vivo. A triexponential approach leads to three
different lifetimes (τ1; τ2, and τ3) as well as their three ampli-
tudes, which represent their proportion of the total fluorescence
lifetime.

As the FAF in vivo typically does not completely decay
within 12.5 ns (time between two excitation pulses upon
80-MHz laser repetition rate), the application of an incomplete
multiexponential decay mode is standard. Although the theoreti-
cal time resolution should be 12.2 ps (1/80 MHz/1024 = 12.5 ns/
1024 = 12.2 ps). As at least three supporting points are necessary
for reconstruction of a decay, the shortest detectable lifetimes
are about 30 ps.45 For further data analysis, image processing,
and especially to average FAF lifetimes over certain regions
of interest, different software packages have been used. 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 Universität Ilmenau, Ilmenau, Germany)
are common.52

3 Fluorescence Lifetimes of Different Retinal
Fluorophores

Within the human retina in vivo, many different fluorophores
can be found. A previous review article about FLIO describes

Fig. 3 The basic setup of the scanning fluorescence lifetime imaging ophthalmoscope is depicted.
A pulsed 473-nm laser excites retinal fluorescence in a 30-deg field. Fluorescence photons are then
detected according to their wavelength in two spectral channels (1: short spectral channel, SSC: 498
to 560 nm; 2: long spectral channel, LSC: 560 to 720 nm). An infrared (IR) laser is used for eye tracking.
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a variety of retinal fluorophores in detail, with a focus on natural
endogenous retinal fluorophores measured with FLIM.16

In addition, a broad compilation of lifetimes of endogenous
fluorophores from the literature was given by Schweitzer54 pre-
viously. Therefore, we keep the presentation of these substances
in this article short and focus on a compact description of the
most important retinal fluorophores.

3.1 Lipofuscin

In the context of retinal fluorescence, lipofuscin is a well-known
fluorophore. It is uniquely responsible for a large contribution to
the retinal fluorescence and is very well characterized. As the
dominant fluorophore at the posterior pole, it emits fluorescence
with high intensity.18 It appears in almost all phagocytes. Within
the eye, it can be found in the RPE where it is developed through
oxidative processes in the degradation of photoreceptor outer
segments.55 Lipofuscin accumulation is a general sign of cell
aging; therefore, the amount of lipofuscin increases with
increasing age.56 Possibly also through this mechanism, FAF
lifetimes at the human fundus increase with age.40 Another rea-
son for increased FAF lifetimes with age could also be the aging
of the lens.40 Lipofuscin was investigated by Eldred und Katz in
1988, and further studies were conducted to better understand
the constituent parts of RPE granules.57,58 Sparrow et al. were
able to identify at least 25 different bisretinoids.59 Lipofuscin,
with an excitation maximum of around 340 to 395 nm, shows
two emission maxima (430 to 460 nm and 540 to 640 nm).60 The
main component of the fluorescence is emitted by the hydropho-
bic A2E with a maximum at an excitation wavelength of 446 nm
and an emission maximum at roughly 600 nm. It shows a mean
autofluorescence lifetime of ∼189 ps (τ1 ¼ 0.17 ns, α1 ¼ 98%;
τ2 ¼ 1.12 ns, α2 ¼ 2%).15 It is assumed that A2E may damage
cell membranes by released radicals in a photochemical reac-
tion, and the molecule has been reported to be related to the
development of a variety of retinal diseases such as AMD.61,62

However, the dominance of A2E on the development of retinal
diseases has recently been discussed controversially, as it is pos-
sible that A2E isoforms or even other lipofuscin components
could be involved in damaging the retina.63 In addition, it was
shown that there is no relation between A2E and an increasing
FAF intensity with increasing age.64 Therefore, phototoxic
theories regarding A2E are still under discussion.65

3.2 Retinal Carotenoids

The macular pigment (MP) consists of the carotenoids lutein
(L), zeaxanthin (Z), and meso-zeaxanthin (MZ).66,67 These
yellow-colored pigments can be found anterior to the photore-
ceptors, especially within the Müller-cells and the Henle fiber
layer.68,69 Xanthophyll-binding proteins can be found in a circu-
lar area of 0.5 mm in diameter centered at the fovea, resulting in
an accumulation of MP this region.70–76 The carotenoids protect
the cells at the macula from oxidative damages by absorbing
especially within the blue-light range (around 460 nm) and
therefore act as protective antioxidants.70,77,78 According to
Bone et al.,69,79–81 two protective mechanisms are possible: MP
may quench free radicals and absorb the potentially phototoxic
blue light before reaching the photoreceptor layer.

The absorption of the blue fluorescence excitation light
by carotenoids in the fovea causes a hypofluorescent (dark)
area in FAF intensity images in the macular center.33

Therefore, it has been believed that in vivo MP does not

show any fluorescence within the retina. However, one study
using Raman-based imaging showed direct fluorescence from
retinal carotenoids.82,83 Later, FAF lifetime imaging was able
to prove this fluorescence.45 This was possible because FAF
lifetimes are independent of the intensity of fluorescence, so
carotenoids with weak fluorescence intensity also impact the
measured autofluorescence lifetimes of the fundus.45,84

3.3 Redox Equivalents

Different redox equivalents, such as NADH, FAD, and flavin-
mononucleotide (FMN), may impact FAF lifetimes, 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.35,85,86 While free NADH in vitro shows autofluor-
escence lifetimes of around 0.4 ns, protein-bound NADH can
show decay times of 1.2 up to 5 ns.35 Time-resolved fluores-
cence lifetime imaging almost always aims to detect NADH,
which is believed to be a sensitive method to investigate the
redox state of tissue.28,87–90 However, it has been discussed
that a contribution of NADH to the FAF in vivo is unlikely,
as its very short-wavelength fluorescence excitation maximum
(350 nm) cannot be used in FAF imaging due to absorption
by the lens and cornea.16,91 Nevertheless, other studies
describe autofluorescence lifetimes of ∼1268 ps (τ1 ¼ 387 ps,
α1 ¼ 0.73, τ2 ¼ 3650 ps, α2 ¼ 0.27 ps) upon an excitation
at 446 nm.15 Therefore, the effect of NADH on in vivo FLIO
measurements should be further investigated.

The oxidized flavin FAD, located in mitochondria, is of
interest regarding retinal fluorescence. Both FAD and 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.35,85 Typical auto-
fluorescence lifetimes of these substances are 2.3 ns (FAD) and
4.7 ns (FMN), while protein-bound flavins show intermediate
autofluorescence lifetimes (0.3 to 1 ns) with a weak fluorescence
intensity due to quenching.35 Skala et al.21 determined the
autofluorescence lifetime of protein-bound FAD to be 100 ps.
In vitro FAF lifetime investigations show flavin decay times of
around 2.4 ns.15

3.4 Collagen and Elastin

Different components of the extracellular matrix are found in
the eye. Four different types of collagen as well as elastin
were previously described and are likely fluorescent.15,86,92–95

The collagens (I, II, III, and IV) emit fluorescence at ∼510 nm
(excitation 446 nm).19 Time-resolved autofluorescence investi-
gations show different lifetimes for each type of collagen
(I: 1748 ps; II: 1435 ps; III: 1106 ps; IV: 1619 ps).15 The auto-
fluorescence lifetime of elastin was described to be 1279 ps.15

3.5 Other Fluorophores

The skin pigments melanin and bilirubin emit fluorescence at a
maximum of 436 nm (melanin) and 520-540 nm (bilirubin).15,96

As melanin occurs not only in the iris but also in the choroid and
the RPE layer, it is of special interest when investigating FAF
lifetimes. The excitation maximum of melanin, however, is at
360 nm. Excitations above 400 nm lead to a weak fluorescence
signal. Nevertheless, time-resolved in vitro measurements at
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446 nm excitation showed mean autofluorescence lifetimes
of melanin powder at 916 ps (τ1 ¼ 280 ps, α1 ¼ 70%;
τ2 ¼ 2.4 ns, α2 ¼ 30%).15 Considerably shorter lifetimes were
determined for melanin dissolved in PBS (τ1 ¼ 0.03 ns,
τ2 ¼ 0.62 ns, τ3 ¼ 3.24 ns).97

The aromatic amino acids tyrosine, phenylalanine, and
tryptophan also fluoresce, but the excitation lies within the ultra-
violet range (260 to 295 nm), and the emission maxima can be
found between 280 and 350 nm.35 Therefore, a fluorescence
detection of these substances is unlikely with FLIO imaging.

Protoporphyrin IX, occurring within the cytochrome-c
complex in mitochondria and as a byproduct in the synthesis of
hemoglobin, shows fluorescence at an emission maximum of
635 nm, with an autofluorescence lifetime in the nanosecond
range.85 Its detection was discussed in relation with tumorigen-
esis, as the amount of protoporphyrin may increase in prolifer-
ative tissue.36,98,99

Pathological fluorophores, such as advanced glycation end-
products (AGEs), also show fluorescence at the retina.15,100 They
are discussed within the disease-related sections of this paper.

The lifetime of isolated RPE was determined as τm ¼
273.6 ps (τ1 ¼ 210 ps, α1 ¼ 0.96, τ2 ¼ 1800 ps, α2 ¼ 0.04).15

4 Clinical Applications in Ophthalmology

4.1 Healthy Eye

FAF lifetimes of the healthy eye have thoroughly been investi-
gated. The pattern of FAF lifetimes in a healthy eye was first
described by Schweitzer et al.15,28,39 using the first experimental
device for ocular time-resolved fluorescence detection, which
had a slightly different setup (e.g., an excitation laser of 446-
nm wavelength). The group presented the fluorescence data
of a healthy 25-year old subject analyzed with a triexponential
approach. Here, very short τ1 (150 ps) were found at the macular
region and the longest τ1 (>250 ps) were found at the optic
disc.15 Dysli et al.40 focused on describing the parameter τm
using a biexponential fit and found a very similar pattern
with shortest τm at the macular center (SSC: 208 ps; LSC:
239 ps) and increasing values toward the peripheral retina.
This study investigated patients aging from 22 to 61 years
with a mean age of 35 years. FAF lifetime values were obtained
from within the standardized early treatment diabetic retinopa-
thy study (ETDRS) grid. The longest FAF lifetimes are found at
the area of the optic disc. A third study describing the FAF life-
times in healthy eyes in 2015 confirmed the same lifetime dis-
tribution pattern.45 Here, a young group of patients with a mean
age of 24 years (range: 21 to 35) was investigated and mean
foveal τm were described to be very short (SSC: 82 ps; LSC:
126 ps).45 Although the patterns are identical, the lifetimes differ
between those two studies. This is easily explained by the use of
two exponentials by Dysli et al.; however, by a three-exponen-
tial fitting of the decays by Sauer et al., FAF lifetimes appear to
correlate significantly with age in non-dilated eyes.40 Both spec-
tral channels, but especially the LSC, seem to be influenced
by an age-dependent effect.40,45 The origin of this effect can
only be speculated, and it may be found within the lens or
the accumulation of lipofuscin, as the lipofuscin fluorescence
signal seems to be predominantly detected in the LSC.15

In healthy eyes, FLIO always shows the same lifetime
distribution patterns with the fovea showing the shortest FAF
lifetimes. Figure 4 shows this typical pattern. A large part of
FLIO-related research focused on describing the origin of

these different decay times. Ex vivo investigations in porcine
retinae showed shortest FAF lifetimes at the level of the RPE.
Therefore, it was first believed that, also in human eyes, the
RPE, containing melanin and lipofuscin, accounts for the short
FAF lifetimes.9,19,101 As fluorescence of MP was detected in
Raman-based measurements, it was later speculated that MP
might also have an influence on the autofluorescence lifetimes
at the foveal center.40,82 The impact of MP on short FAF life-
times was carefully investigated in two further studies.45,46 The
first study, investigating a group of healthy young subjects,
found a strong negative correlation of foveal FAF lifetimes
with the amount of MP (SSC r ¼ −0.76, LSC r ¼ −0.66;
p < 0.001).45 The second study, confirming the hypothesis
that short foveal autofluorescence decay times are strongly
influenced by the MP, investigated a group of patients with
macular holes.46 Here, the MP is dislocated toward the side of
the macular hole in a ring-shaped manner, and the short auto-
fluorescence lifetimes are dislocated in the same way. After
successful surgery, both MP as well as shortest FAF lifetimes
relocated back toward the foveal center.46 A recent study inves-
tigating macular carotenoids in vivo and in vitro confirmed these
findings.102 A thorough analysis of pigments in solution at
different concentrations as well as their corresponding binding
proteins was performed.102 The autofluorescence lifetimes of
carotenoids in PBS-CHAPS solution were found to be around
50 ps (lutein) and 60 ps (zeaxanthin). The respective binding
proteins showed similarly short FAF lifetimes (around 40 to
50 ps). However, combining either carotenoid with their respec-
tive binding protein resulted in prolonged autofluorescence
lifetimes (about 70 to 90 ps).102 In a different review article,
unpublished data were mentioned where autofluorescence life-
times of lutein and zeaxanthin in solution measured with FLIO
were found to show similarly short FAF lifetimes.16 Although
the fluorescence intensity of macular carotenoids is very low,
MP impacts the in vivo FAF lifetimes, resulting in the short
foveal fluorescence decay times.

Fig. 4 (a, c) FAF intensity and (b, d) lifetime images from a 25-year-
old healthy person. Images of (a, b) the SSC (498 to 560 nm) and
(c, d) the LSC (560 to 720 nm) are presented.
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Intermediate FAF lifetimes are found all across the human
retina. It has been discussed that they most probably show
the influence of lipofuscin from the RPE. These FAF lifetimes
are similar to those found inside of macular holes, where the
fluorescence signal comes from the RPE only.46 Under physio-
logic conditions, an influence of the neuronal retina is possible
as well.15

The longest FAF decays in healthy eyes are found at the optic
disc. They have been attributed to connective tissue molecules,
such as collagen and elastin.15

In general, the healthy pattern in FLIO investigations is
reproducible and constant throughout literature. Although not
every possible fluorophore at the retina has been thoroughly
investigated, and only few studies focused on the longest
FAF lifetimes, the general pattern of the healthy eye can now
be explained.

4.2 Albinism

Patients with albinism often present with reduced foveal
depression.77,103–106 Their MP levels are typically low or not
detectable, but the extent of measurable MP in albinism has
been discussed diversely.105,107,108

Two patients with albinism were recently investigated with
FLIO.102 Figure 5 shows the FLIO images from a typical patient
with albinism. In FAF intensity images, the fundus in these
patients seemed to have normal autofluorescence with the
exception of little to no MP absorbance. In FLIO imaging,
no short FAF lifetimes were detected from the center of the
fovea except for one eye with a little amount of MP. The authors
suggest that FLIO may reliably show the actual amount of MP.

A previous study by Wolfson et al.107 investigated MP in
patients with albinism using with dual-wavelength autofluores-
cence imaging. Evidence for MP accumulation was reported in
this study. Other reports did not confirm MP in patients with
albinism.105,108 Dual-wavelength autofluorescence imaging often
shows a sloping baseline of MP, which may be a miscalculation

due to the absence of melanin. This may therefore be a miscal-
culation commonly seen in measurements of patients with albi-
nism, whereas FLIO can confirm that there is no MP measurable
in these patients.102 Nevertheless, this confirms again the impact
of MP on the short FAF lifetimes at the fovea. In addition, as
melanin is missing in patients with albinism, this could possibly
be another cause of prolonged FAF lifetimes, not only in the
fovea but also over the entire retina. A deeper penetration of
the excitation light to the choroid is also possible; in that
case, a higher contribution of fluorescence from collagen could
be detected. Furthermore, Peters et al.9 previously attributed
shortest FAF lifetimes in the RPE of porcine eyes to the melanin.
Thus, its lack also may result in longer fluorescence lifetimes.
The impact of the missing melanin on the overall FAF lifetimes
in human eyes in vivo still needs to be investigated, as such
a study has not been conducted to this point.

4.3 Age-Related Macular Degeneration

AMD is a leading cause of blindness in the western world. Two
forms of AMD have been described, the exudative (neovascular)
and the nonexudative (dry) AMD.109,110 A genetic risk is likely
involved in the pathogenesis of the disease.111–114 Clinically,
both forms present retinal drusen (small yellowish deposits of
metabolic byproducts), pigment disruption, and a thickening
of Bruch’s membrane. Neovascular AMD additionally shows
subretinal or intraretinal fluid. Whereas exudative AMD can
be treated with vascular endothelial growth factor antagonists
(anti-VEGF), no sufficient treatment has been established for
the nonexudative form yet.115 Nevertheless, light-induced
oxidative pathology might be reduced under carotenoid
supplementation strengthening the MP, and AMD patients are
likely to show reduced progression rates of the disease.116–118

A connection between MP and visual function in AMD has
also been described.119 However, various studies have published
discordant results, and no uniform recommendation on the
supplementation of lutein and zeaxanthin has been made so
far.69,111,115,116,120–128 Both forms of AMD may lead to atrophy
of the retina in their end-stages. The late stage of nonexudative
AMD is called geographic atrophy (GA), and literature uses
the term “macular atrophy” in cases of advanced exudative
AMD.129,130

Fluorescence-based retinal imaging modalities, especially
FAF intensity imaging, appear to be helpful in AMD
diagnostics.131–134 The disease has also been intensively
investigated with FLIO, starting in 2004 when Schweitzer
et al.15,39,135 found altered FAF lifetime patterns within patients
with AMD. In a study investigating 15 patients with AMD,
a prolongation of different FAF lifetime components was found
even in early stages.101,135 This study was performed with an
early experimental device, and, as the Heidelberg FLIO became
available, more studies with increased patient numbers were
conducted.43,44,50,136

FAF lifetimes in patients with AMD are generally prolonged
as compared with healthy controls. This holds true for exudative
as well as nonexudative AMD.16,44,136 A recent study from Salt
Lake City showed that there was no significant differences in
the central area of a standardized ETDRS grid between AMD
patients and age-matched controls (SSC: AMD: 196 ps, healthy:
210 ps, p = 0.39; LSC: AMD: 299 ps, healthy: 284 ps, p = 0.29),
whereas the outer ring of that same grid showed highly signifi-
cant differences between both groups (SSC: AMD: 342 ps,
healthy: 313 ps, p < 0.001; LSC: AMD: 403 ps, healthy:

Fig. 5 (a, c) FAF intensity and (b, d) lifetime images from a 44-year-
old patient with albinism. Images of (a, b) the SSC (498 to 560 nm)
and (c, d) the LSC (560 to 720 nm) are presented.
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340 ps, p < 0.001). The FLIO group from Bern similarly
reported a prolongation in the outer ring of the ETDRS grid
and additionally distinguished between phakic and pseudo-
phakic eyes (Phakic patients: SSC: AMD: 613 ps, healthy:
346 ps, p < 0.0001; LSC: AMD: 545 ps, healthy: 370 ps,
p < 0.0001; pseudophakic patients: SSC: AMD: 404 ps,
healthy: 325 ps, p < 0.001; LSC: AMD: 475 ps, healthy:
419 ps, p < 0.05). Differences in the absolute numbers may
be caused by different inclusion criteria, especially the exclusion
of eyes late dry AMD and neovascular AMD from statistical
analysis in the study conducted at Salt Lake City. Another differ-
ence lies within the calibration difference among the different
cameras. Nevertheless, both groups find prolongations of
mean FAF lifetimes in the outer ring of the standardized
ETDRS grid. The prolongation of mean FAF lifetimes seems
to be especially pronounced within the LSC and may be an
early sign of the bis-retinoid accumulation within the RPE.16

In early stages of AMD, metabolic changes may occur before
they are visible in conventional imaging techniques.137 The
recent FLIO study gives hints that these metabolic alterations
may be detectable with this technique, as a typical and likely
AMD-associated pattern of prolonged FAF lifetimes was
found.136 This pattern is ring-shaped, presents between the
large vessels with a diameter ∼3 to 6 mm centered at the
fovea, and is most pronounced in the LSC.136 Figure 6 shows
the pattern, which was found in all 150 eyes with nonexudative
AMD investigated in the study. It was described to be most
prominent in the superior and nasal area. Furthermore, the
authors believe that this pattern progresses over time and may
thereby indicate the disease progression as well.136 A significant
difference in the pattern has been described in the area of the
outer ring between early and intermediate AMD (p < 0.05),
whereas the central area did not show significant differences
between different disease stages (p ¼ 0.4).136 Longitudinal
studies are in progress. Furthermore, 36% of the age-matched
controls showed that pattern as well, many of which showed
small drusen (<63 μm), or had a highly positive family history

of AMD. The authors believe that this trace pattern may be
indicative of a high risk to develop AMD in eyes that are
still considered healthy.136 Future research should be directed
toward long-term follow-up investigations of these changes.

Intraretinal fluid from neovascular AMD, however, does not
seem to significantly influence the mean FAF lifetimes.16

Further changes of FAF lifetimes were caused by intraretinal
and subretinal deposits as well as atrophic processes. The next
paragraphs focus on these conditions.

Drusen were first described in 1855 and are yellowish depos-
its that can be seen funduscopically.138 They represent extracel-
lular debris deposits and are located between the basal lamina of
the RPE and Bruch membrane’s inner collagenous layer.111,139

Chronic inflammation caused by cellular remnants and debris as
well as complement dysregulation seems to play a role in their
development.137,140–142 From clinical appearance, AMD can be
classified according to the Beckman Initiative for Macular
Research Classification Committee as early (medium drusen,
63 to <125 μm), intermediate (confluent drusen >125 μm, pig-
mentary changes), and late (GA) AMD and showing different
drusen types: soft, intermediate, and hard drusen, cuticular dru-
sen, crystalline drusen, refractive, and reticular pseudodrusen.143

Although there are many different diseases in which drusen
may occur, and even the normal aging fundus may show some
drusen, they are a typical hallmark of AMD.111,137

One recent FLIO study especially focused on drusen in
AMD.44 Here, FAF lifetimes of soft drusen as well as reticular
pseudodrusen were analyzed. FAF lifetimes of both deposits
showed a broad range of autofluorescence lifetimes and were
on average not significantly different from the surrounding
retina. Drusen, although often appearing hyperfluorescent in
FAF intensity images, were not directly identifiable with
FLIO.44 The relatively short autofluorescence from the RPE
may also be blocked, which may also be the cause of prolonged
FAF lifetimes in AMD.16,137 This was thought to reflect an
increase of connective tissue in the remodeling process of
the disease at the level of the RPE-photoreceptor band.16,44

Previous ex vivo studies found significantly prolonged FAF life-
times in extramacular drusen as compared with the surrounding
RPE.37 Another recent article focusing on AMD changes in vivo
reveals information about drusen, where all investigated drusen
types (soft, hard, and pseudodrusen) showed significantly pro-
longed FAF lifetimes as compared with the adjacent retina when
conducting a paired sample t-test.136 In contrast to the previous,
drusen-based article, no shortening of FAF lifetimes in the area
of drusen was found.44,136 The authors attribute this to the spe-
cific inclusion of nonexudative AMD only, whereas the previous
study included both AMD types. Short FAF lifetimes in the area
of drusen may therefore be associated with neovascular AMD.

The development of GA, the late stage of dry AMD, may
also be related to RPE drusen patterns.144–146 While both the
etiology as well as prognostic factors of GA are still under
investigation, retinal imaging may be important for a better
understanding of the disease. Areas of atrophy often spare
the fovea initially, but they eventually progress and cause central
vision loss.130,144,146–148 The progressive atrophy involves the
choriocapillary and RPE layer as well as the outer retina.130,149

Bindewald et al.131 graded different appearances of GA and
also classified the fovea as affected or spared.

So far, two studies investigated GAwith FLIO.43,50 FAF life-
times from atrophic areas were described to show a broad range
of much prolonged FAF lifetimes.43,50 This was discussed as

Fig. 6 (a, c) FAF intensity and (b, d) lifetime images from a 73-year-
old patient with AMD. Images of (a, b) the SSC (498 to 560 nm) and
(c, d) the LSC (560 to 720 nm) are presented.
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a missing contribution of short fluorescence lifetimes from the
RPE, an increase of connective tissue, and a larger contribution
of long fluorescence lifetimes from the choroid. Short FAF
decays were sometimes still detected in the foveal center,
which originate from persisting MP.43,50 This may hint foveal
sparing. As GA lesions within the fovea are difficult to identify
due to the presence of fluorescence-intensity blockingMP, FLIO
may be able to help in the prediction of spared versus nonspared
fovea.149

In addition, the marginal zone of GA, which seems to play
a role in disease progression, can be analyzed with FLIO.
Furthermore, FLIO may be useful for monitoring the disease
progression as the border zone of the atrophy can be
analyzed.43,50 Nevertheless, further follow-up studies need to
be conducted to investigate if altered FAF lifetimes in these
areas may in fact be related with disease progression. It might
also be interesting to monitor the effect of novel treatment
options, such as complement factor inhibitors, with FLIO.

4.4 Diabetic Retinopathy

Retinal microangiopathy is a common complication of
diabetes.150 It leads to inflammatory processes at the neuronal
level, retinal degeneration, and disturbances at the blood–retina
barrier as well as macular edema.151,152 Hyperglycemia, as the
primary event in diabetes, causes general protein glycation as
well as a formation of AGEs. This may lead to endothelial dys-
function and disturbance of the protein kinase C pathway.151,153

AGEs may play an important role in the pathogenesis of DR, as
their concentration in serum was found to increase with severity
of DR.154 They are fluorescent molecules, and an increase in
FAF intensity has been found in studies on diabetic macular
edema.155,156

Multiple studies investigated time-resolved FAF in patients
with diabetes.47,101,157 Figure 7 shows the FLIO image of a
patient with DR. The FAF lifetimes in patients with DR appear
to be generally prolonged. In a first study, Schweitzer et al.101

compared patients with DR with age-matched healthy controls.
The shift to longer fluorescence decays was discussed as a sign
of reduced oxidative metabolism, an increased contribution of
protein-bound NADH as an effect of glycolysis, and the accu-
mulation of AGEs. Schweitzer et al.157 also speculated about
detecting prolonged FAF lifetimes from the crystalline lens,
as AGEs also appear in the lens. A further study analyzed
FAF lifetimes from a group of 48 type 2 diabetes patients,
which had clinically no signs of DR. These were compared
with an age-matched group of 48 healthy controls. Although
the fundus appeared healthy in OCT imaging and fundus pho-
tography, FLIO seemed to show early metabolic alterations in
terms of a general prolongation of FAF lifetimes. Although it
was not possible to assign specific fluorophores to cause these
alterations, the above-mentioned pathological mechanisms and
especially the accumulation of AGEs were discussed again.157

In a subgroup analysis, the authors were able to discriminate
diabetic patients from healthy controls much better in phakic
than in psudophakic subjects. Based on this, they assumed an
influence of AGEs-accumulation in the crystalline lenses of
diabetic patients.157

A more recent study investigated a group of patients with
DR.47 FAF lifetimes from different regions of interest in 34
patients with nonproliferative diabetic retinopathy were com-
pared with age-matched healthy controls.47 The results were
consistent with previous studies, and increased FAF lifetimes
were recorded in the patient group for all regions of interest.
This was more pronounced in the SSC, where the crystalline
lens has a larger impact. The formation of AGEs was discussed
again as the main reason for the prolongation of autofluores-
cence lifetimes.47

These investigations show consistent results and indicate
that FLIO has the potential to detect metabolic alterations at
very early disease stages. Such alterations may be caused by
the accumulation of AGEs as well as disturbances within the
coenzymes of cellular metabolism in diabetic conditions.

4.5 Macular Telangiectasia Type 2

MacTel is an uncommon retinal degenerative disease usually
showing a late onset around the sixth life decade. However, ear-
lier onsets are described in literature with the youngest MacTel
patient being diagnosed at the age of 21.48 The disease results in
vascular and neurodegenerative changes and central vision
loss.158–163 Changes occur within the so-called MacTel area,
with an extension of 5 deg vertically and 6 deg horizontally,
with the fovea in its center. A dominant genetic inheritance
with reduced penetrance is likely, and the glycine/serine path-
way may play a key role. So far, no specific gene has been
found.164–168 MP levels change during the course of the disease.
They show very low levels and an accumulation in a ring-shaped
manner around MacTel area.77,102,169–175

At this point, there is no treatment of MacTel available, and
intravitreal injections of steroids or anti-VEGF have not been
successful,176–178 but ciliary neurotrophic factor may be benefi-
cial and is currently being investigated. Therefore, the call for a
reliable imaging modality to diagnose the disease at early stages
is increasing.179 In ophthalmologic examinations, a retinal gray-
ing is described, and OCT imaging often shows temporal cysts.
It is believed that the prevalence of MacTel is underestimated,
as it is often mistakenly classified as exudative AMD.180,181

Reliable diagnosis based on retinal imaging is especially diffi-
cult at early stages of the disease, and there is no gold-standard

Fig. 7 (a, c) FAF intensity and (b, d) lifetime images of the SSC
(498 to 560 nm) from a 63-year-old patient with DR. Images of
(a, b) the SSC (498 to 560 nm) and (c, d) the LSC (560 to 720 nm)
are presented.
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imaging modality yet. Blue-light reflectance imaging as well as
fluorescein angiography appeared helpful, but other imaging
modalities also were discussed.178,182–188

FLIO images show very distinct changes at the area of
the MacTel zone, as τm prolongs in a crescent-shaped manner
temporal to the fovea in early stages. In more advanced stages,
FAF lifetimes of the entire MacTel area are shifted to longer
means in an oval-shaped manner.48 This is shown in Fig. 8.
The temporal area of the inner ring from a standardized
ETDRS grid (T1) was used to describe the MacTel-related
changes, the temporal area of the outer ring (T2) was used as
a reference. The nasal area from the inner ring of a standardized
ETDRS (N1), as well as the central area from a standardized
ETDRS grid (C), was also investigated. In eyes with MacTel,
T1 was significantly longer than the other investigated areas
(T1: 382� 81 ps, T2: 312� 69 ps, C: 313� 68 ps, N1:
355� 73 ps).48 In healthy eyes, however, T1 was significantly
shorter than N1, and slightly shorter than T2 (T1: 298� 84 ps,
T2: 301� 73 ps, C: 220� 81 ps, N1: 312� 48 ps).48 AT2/T1
ratio below 0.9 indicates that a patient is likely affected with
MacTel.48 In addition, the MacTel-related MP changes can
also be monitored with FLIO.48,102 In early stages of the disease,
MP can show nearly normal levels with a central peak. In these
cases, short central autofluorescence lifetimes are present as well.
In the course of the disease, MP may enhance in an oval-shaped
manner surrounding the MacTel zone. In these cases, the short
autofluorescence decays can be found exactly in this area.

The changes within the FLIO signals, especially the temporal
prolongation of τm, are visible at early stages of the disease and
can be distinguished very well from AMD-related patterns.
Therefore, FLIO opens new possibilities for reliable imaging
and early diagnosis of MacTel.48

4.6 Retinal Artery Occlusion

Central artery occlusions (CRAOs) can be distinguished from
peripheral branch retinal artery occlusions (BRAOs) clinically.
They usually manifest as painless sudden vision loss.189 There

may be a slight visual impairment after CRAO, but often visual
acuity remains considerably reduced.190 In the acute phase of
CRAOs, the retina is swollen, vessels appear attenuated, and
the fundus appears pale with a red spot at the macular area
as there is no retinal swelling at the fovea. After this phase of
retinal thickening due to a shortage of oxygen in the acute stage
of CRAO, all retinal layers are reduced in thickness measured
with OCT.191 The thickness of especially inner and middle reti-
nal layers is described to remain reduced late after CRAO.192

First time-resolved fluorescence examinations in retinal
artery occlusions were conducted with an experimental setup
and published by Schweitzer et al.101,193 Of special interest
were BRAOs, as in these eyes perfused and nonperfused areas
could be compared. CRAOs were investigated as well. The non-
supplied areas funduscopically appeared pale and the fluores-
cence intensity was low, resulting in hypofluorescent (dark)
areas in FAF intensity images. The corresponding FAF lifetimes
were much prolonged. Based on the different fluorescence sig-
nals, the authors also discussed the possibility of fluorescence
signals originating from the neuronal retina.101,193

Typical FLIO images from one patient with BRAO are
shown in Fig. 9. A more recent study to monitor changes in
CRAO was published by Dysli et al.41; here, the current
Heidelberg FLIO device was used. The results of this study
are in accordance with previously published results. Twenty-
four patients were included and imaged in the acute stage of
CRAO (<3 days after vision loss). A significant prolongation
of mean FAF lifetimes in the acute stage was found. This
prolongation affected all areas of the standardized ETDRS grid,
and the inner ring showed prolonged mean FAF lifetimes by
59% (209 ps, SSC) and 22% (89 ps, LSC) as compared with
age-matched healthy eyes.41 In contrast to previous studies,
which presented only cross-sectional investigations, the patients
were followed up by Dysli et al. and imaged again in the
postacute stage (>30 days after vision loss). Here, the inner
retinal layers of previously nonsupplied areas developed
atrophy. However, FAF lifetimes were found to be comparable

Fig. 8 (a, c) FAF intensity and (b, d) lifetime images from a 58-year-
old patient MacTel. Images of the (a, b) SSC (498 to 560 nm) and
(c, d) the LSC (560 to 720 nm) are presented.

Fig. 9 (a, c) FAF intensity and (b, d) lifetime images from a patient
with a BRAO. Images of (a, b) the SSC (498 to 560 nm) and
(c, d) the LSC (560 to 720 nm) are presented.
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to those of the unaffected fellow eyes.41 The authors came to
the conclusion that hypoxia and swelling of the inner retinal
layers influence and prolong the measured mean fluorescence
lifetimes.101 However, the fluorescence signal of thinned retinal
layers was comparable to retinal layers of normal thickness in
a healthy retina.41

Ischemic conditions change the microenvironment in human
tissue, such as the pH values, ionic states, enzymatic activation,
inflammation, and the increased formation of reactive oxygen
species.194–197 In addition, the coenzymes of cellular energy
metabolism may change when oxygen is lacking. These condi-
tions were also discussed previously.16,41 Briefly, due to a lack of
adenosine triphosphate in acute hypoxia, the redox pairs NAD+/
NADH (oxidized and reduced NADH) as well as FAD∕FADH2

(oxidized and reduced FAD) could also be affected. In particu-
lar, NADH and FAD bound to certain proteins emit fluorescence
signals.84 It was discussed that it is unlikely that the fluorescence
of NADH significantly affects the FAF lifetimes measured with
FLIO, as NADH shows excitation and emission spectra of very
short wavelengths, and therefore this fluorescence signal in vivo
is likely blocked by the lens and cornea.41 The fluorescence
characteristics of FAD are within the detectable range of FLIO
(excitation maximum: 450 nm; emission maximum: 528 nm).198

In particular, the hypoxia-induced shift from protein-bound
FAD with short autofluorescence lifetimes to reduced FADH2

(with either no or extremely weak autofluorescence at longer
autofluorescence decay times) might influence the FAF lifetime
signal.41 In addition, blockage from inner retinal swelling may
further reduce the short FAF signal from the RPE, prolonging
FAF lifetimes in acute stages even more.199

Ultimately, retinal artery occlusions show the consequences
of acute lack in the supply of oxygen very well and therefore
present an in vivo model of retinal ischemia.

4.7 Stargardt Disease

The common and most prevalent single-gene inherited retinal
dystrophy called Stargardt disease leads to a progressive loss
of the central vision.200,201 Usually within the second decade
of life, the mutation in the ABCA4 gene manifests with symp-
toms, rendering most patients legally blind by the third life
decade.202 The ABCA4 gene codes for the ABCA4 transmem-
brane transporter, which belongs to a group of ATP-binding
cassettes (subfamily A) and is almost exclusively found in the
photoreceptor outer segments in the human retina. Here, it plays
a role in the transport of vitamin A derivatives originating from
the visual cycle. Mutations in this gene lead to a degeneration of
photoreceptor outer segments and consecutive RPE cell death
caused by the accumulation of bis-retinoid adducts of all-
trans-retinal, lipofuscin, and other by-products from the visual
cycle.203–207 Usually, patients in early stages present a generally
increased FAF intensity with normal photoreceptor function.206

Later, yellowish spots of deposits appear across the fundus,
which finally result in retinal atrophy. These spots initially
appear as hyperfluorescent in FAF intensity. In later stages,
the FAF intensity is reduced, correlating to an absence of the
RPE cell layer in atrophic areas.208,209 Various pharmaceutical
approaches have been summarized to reduce the accumulation
of visual cycle by-products and to slow down the development
of retinal atrophy.210,211 It has also been found that higher
peripheral levels of retinal carotenoids can be correlated with
reduced amounts of A2E in the RPE.121 As therapeutic
approaches are progressing, the need for imaging modalities

for detection of disease progression at early disease stages is
rising.211,212

In one FLIO-related study, 16 patients with Stargardt disease
were monitored.42 Dysli et al. found that hyperfluorescent flecks
can show both prolonged (474 ps) as well as shortened (242 ps)
FAF lifetimes as compared with the normal retina (322 ps).
FAF lifetimes of unaffected retinal structures (without deposits
or atrophy) were comparable to those of age-matched healthy
individuals. Follow-up examinations showed a shift of flecks
with shortened FAF lifetimes to longer values over time. The
authors discussed this as a change of composition within
these deposits. Based on ex vivo findings, they attributed the
short FAF component to compounds in the degenerating photo-
receptor cells, especially retinaldehyde adducts and bis-retinoid
fluorophores.42,213 Longer FAF lifetimes were attributed to pho-
todegenerated products of A2E. Dysli et al.42 also found that
flecks of short FAF lifetime appeared even before hyperfluores-
cence was detectable in FAF intensity imaging. Figure 10 shows
a patient with Stargardt disease showing such flecks. FLIO is
therefore a very promising tool in the investigation and imaging
of Stargardt disease and its progression. It might also prove to be
very helpful in detecting and monitoring therapeutic effects.

4.8 Central Serous Chorioretinopathy

CSCR mostly affects young, white male patients (typical age
range: 20 to 50 years).214 It is associated with focal leakage
of fluid through the RPE at the macular area, leading to a detach-
ment of the neurosensory retina and a decrease in visual acuity.
In most cases the fluid resolves spontaneously, and patients
often retain good visual acuity of 20/30 or better.214–216

However, there are chronic forms with persistent or recurrent
subretinal fluid.217 This can result in atrophy of the RPE
and permanent vision loss. Different risk factors for the develop-
ment of the disease were identified, such as hypertension,
steroid usage, sleep disturbances, Heliobacter pylori infections,
autoimmune diseases, and various others.218 Nevertheless, the

Fig. 10 (a, c) FAF intensity and (b, d) lifetime images from a 48-year-
old patient with Stargardt disease. Images of (a, b) the SSC (498 to
560 nm) and (c, d) the LSC (560 to 720 nm) are presented. * highlight
different flecks.
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pathophysiological conditions underlying the disease are cur-
rently still under investigation.214,219

FLIO was performed on 35 patients with CSCR in different
stages of the disease.49 Representative images are shown in
Fig. 11. Affected areas in patients with an onset of symptoms
under 6 months previous to investigation presented shorter mean
autofluorescence decay times in affected eyes as compared with
healthy control individuals.49 The inner ring of a standardized
ETDRS grid showed a shortening of mean FAF lifetimes by
15% in the short and by 17% in the long spectral channel
compared with healthy control eyes [inner ring: 216� 8 ps
(SSC) and 235� 6 ps (LSC)]. A P < 0.01 and P < 0.0001,
respectively, were reported. Similarly shortened lifetimes were
reported for the outer ring as well as the central area of the
standardized grid.49

These short FAF lifetimes appeared to correlate with an elon-
gation of photoreceptors, which could be due to the accumula-
tion of visual cycle by-products.59,220 Shortened FAF lifetimes in
FLIO measurements as a result of the accumulation of bis-
retinoids, and other by-products were also discussed for other
retinal diseases.42 Over time, FAF lifetimes appeared similar to
the healthy retina, and secondary retinal changes (atrophy or
scar formation) resulted in prolonged FAF lifetimes in CSCR
patients.49 The processes here are probably comparable to the
formation of GA in AMD, where long FAF lifetimes were
assigned to components of the connective tissue.43,50 Similar
to other FLIO-based studies, subretinal fluid (present or absent)
did not seem to influence FAF lifetimes.49

4.9 Choroideremia

Choroideremia is a rare, X-linked recessive inherited retinal
disease, affecting approximately 1 in 50,000 males. This mono-
genic disease affects the CHM gene, coding for the Rab escort
protein-1, which takes part in membrane trafficking in the retina
and RPE. Choroideremia leads to progressive vision loss and
ultimately results in blindness. It affects different retinal layers,
such as the neurosensory retina, the RPE, and the choroid.221

Viral vectors were designed recently to replace the mutated
genes, and related research is still actively ongoing.222 Distinct
autofluorescence patterns were found in FAF intensity imaging,
where the area of remaining autofluorescence seems to inversely
correlate with the progression of the disease.223

FLIO was performed on 8 patients (16 eyes) with advanced
choroideremia.224 FLIO images provided more information on
atrophy of specific retinal layers including RPE than simple FAF
intensity measurements. Hereby, individual areas of different
atrophic stages were clearly separable from another.224 Areas
with complete chorioretinal atrophy showed very long mean
FAF lifetimes (SSC: 1116� 63 ps, prolonged by 364% com-
pared with healthy controls; LSC: 915� 52 ps, prolonged by
270% compared with healthy controls). However, in areas of
RPE atrophy where photoreceptor layers were still persistent
(verified by OCT), shorter FAF lifetimes were found (SSC:
567� 59 ps; LSC: 603� 49 ps), compared with the areas
where the photoreceptors were lost (see FAF lifetimes above).224

Intact retinal layers at the macula area showed the shortest mean
FAF decay times. Figure 12 shows these findings. As discussed
previously, these short FAF decay times likely originate from
accumulated by-products of the visual cycle and possibly even
show a persistent activity within the visual cycle.225 Follow-up
examinations showed a correlation of disease progression with
increase of chorioretinal atrophy and decreasing areas of short
fluorescence lifetimes.

4.10 Retinitis Pigmentosa

RP is a degenerative retinal disease that can be protracted with
little progression over decades or that can escalate to legal blind-
ness in a matter of years.226,227 Indeed, RP could be considered
an umbrella diagnosis, with a unified clinical picture and a vast
number of etiologic causes. At least 79 different genes that con-
tribute to proper retinal function have been shown to be mutated
in RP.228,229 In addition to having many causes, RP has diverse
modes of inheritance with about 30% to 40% being autosomal
dominant, 50% to 60% autosomal recessive, and 5% to 15%

Fig. 11 (a, c) FAF intensity and (b, d) lifetime images from a 33-year-
old patient with CSCR. Images of (a, b) the SSC (498 to 560 nm) and
(c, d) the LSC (560 to 720 nm) are presented.

Fig. 12 (a, c) FAF intensity and (b, d) lifetime images from a 18-year-
old patient with choroideremia. Images of (a, b) the SSC (498 to
560 nm) and (c, d) the LSC (560 to 720 nm) are presented.
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X-linked.226 Although age of onset and presenting symptoms
vary, RP advances to a characteristic progressive peripheral
loss of vision that is preceded by nyctalopia.230,231 Central vision
generally remains intact with tunnel visual fields that constrict
over time.232 Even before patients become symptomatic, photo-
receptors decrease in function, and, over the course of the dis-
ease, the RPE undergoes atrophy resulting in vision loss.233,234

Two recent studies focus on describing FAF lifetimes in RP,
showing a specific disease-related pattern.235,236 Areas of
peripheral atrophy (RPE and photoreceptor atrophy) can be
identified showing very prolonged FAF lifetimes. In the LSC,
FAF lifetimes of 401 ps were described for atrophic areas,
compared with 282 ps of the same area in healthy subjects
(p < 0.001).236 However, areas with remaining photoreceptors
in areas of RPE atrophy were found to show only slightly pro-
longed FAF lifetimes (301 ps in RP, compared with 263 ps in
healthy subjects, LSC). Ring-like structures were investigated in
both of these studies, showing good correlations with functional
imaging and visual acuity.235,236 Specifically, FLIO confirms
prior FAF intensity imaging studies that describe a parafoveal
hyperfluorescent ring in RP with coincident peripheral hypo-
fluorescence indicative of retinal atrophy.237 These rings shrink
over time, corresponding to RP disease progression.238 Both
studies showed that central areas of short FAF lifetimes corre-
sponding to MP remain relatively unaffected in RP, a finding
consistent with the natural disease progression. Shorter FAF
lifetimes in the foveal center correlated with better visual acuity.

Furthermore, one of the studies suggests that FLIO may be
useful in better characterizing phenotypic patterns in various
genetic subtypes of RP.236 Hyperfluorescent rings appear as
an area of generally short lifetimes with overt long lifetimes
in peripheral atrophic regions. Figure 13 shows a typical patient
with RP. Notably, inheritance-dependent phenotypic variance,
related to the prominence of the ring-like pattern in RP,
was found. Fundus FLIO images of patients with autosomal
dominant RP and Usher syndrome displayed strong ring-like

patterns, those with autosomal recessive RP a milder pattern,
and those with X-linked RP no ring-like pattern at all.

Overall, FLIO may give additional insights about the integ-
rity of the retina and may be used in the future to shed light on
genetic differences in the pathology and pathogenesis of various
etiologic subtypes of RP. Although the presented studies were of
a cross-sectional nature, it was suggested that longitudinal
studies may demonstrate the usefulness of FLIO in monitoring
disease progression of RP.235,236

4.11 Alzheimer’s Disease

In a small pilot study, Jentsch et al.51 investigated if Alzheimer’s
disease may cause changes in the FLIO signal. Here, the eyes of
16 patients were investigated. FAF lifetimes were investigated
and correlated to Alzheimer-specific diagnostic markers
obtained through lumbar puncture. Amyloid-β (1-42), total-
tau-protein, and phosphorylated tau-181 (p-tau181) protein were
investigated. This study was also performed with the early
experimental device, before the Heidelberg FLIO became avail-
able. The results of this study indicate that the signal observed
with FLIO correlates with the cognitive status (MMSE score), as
well as the p-tau181 in the CSF.51 These findings may indicate
that FLIO holds the potential to detect early metabolic changes
in Alzheimer’s disease. At the recent ARVO meeting in 2018,
Kwon et al. presented data from a more recent study investi-
gating seven patients with cognitive impairment related to
Alzheimer’s disease and eight healthy subjects with FLIO.239

They reported a correlation of Aβ and tau levels to FLIO param-
eters in phakic subjects only. Overall, the group sizes in each
study were extremely small, and no control group was investi-
gated in the pilot study. Therefore, these promising findings
need to be thoroughly investigated in a larger and if possible
longitudinal study before true assumptions can be made.
Nevertheless, FLIO may eventually prove to be an approach in
the noninvasive imaging of Alzheimer’s disease.

5 Mouse Models
In the living eye, fluorescence lifetimes are measured within
a complex system. Contribution of different retinal layers,
cell types, molecules, molecular interaction, and pathways is
expected. Thereby differentiation and isolation of fluorescence
lifetimes of specific molecules and processes of interest prove
challenging.

To investigate specific retinal conditions as well as degener-
ation processes, the FLIO technique has been established for
the use in small rodents, especially in the mouse model by
Dysli et al.240 For a detailed summary, we refer to the recently
published review article about FLIO and the corresponding
fundamental publications.16

Dysli et al.240 compared retinal fluorescence lifetime of pig-
mented (C57BL/6) and nonpigmented albino (BALBc) mice.
Thereby, they found shorter mean fluorescence lifetime in
nonpigmented compared with pigmented mice and proposed
a correlation to the amount of melanin, which showed relatively
long fluorescence lifetimes when measured in vitro. In contrast
to the steady increase of fluorescence lifetimes in the human
retina with age, fluorescence lifetime in the murine retina was
shown to decrease over time and finally reach a similar mean
lifetime value. In addition, Dysli et al. investigated a mouse
model of slow retinal degeneration (short RDS, C3A:Cg-
Pde6bþPrph2Rd2∕J). Here, patchy changes of fluorescence

Fig. 13 (a, c) FAF intensity and (b, d) lifetime images from a 45-year-
old patient with RP. Images of (a, b) the SSC (498 to 560 nm) and
(c, d) the LSC (560 to 720 nm) are presented.
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lifetimes were observed, mirroring the different stages of retinal
degeneration within the same eye.240

To differentiate the contribution of different retinal layers to
the measured mean autofluorescence lifetime, Dysli et al.241

pharmacologically induced retinal degeneration. Sodium iodate
(NaIO3) was used for degeneration of the RPE followed by sub-
sequent loss of photoreceptors.242 On the other hand, specific
degeneration of photoreceptors with preservation of the RPE
was induced using N-methyl-N-nitrosourea.243,244 Over the
duration of the experiment of 1 month, a prolongation of the
mean fluorescence lifetimes was observed in the absence of
the RPE. However, if the RPE was preserved and only the pho-
toreceptors were targeted and destroyed, shorter fluorescence
lifetime values were measured.

Thereby, Dysli et al. concluded that short fluorescence life-
times in the murine retina might originate from the RPE and
might be influenced and modulated by the overlying neurosen-
sory retina, which is in concordance with previous findings
Ref. 9. In the absence of the RPE and the photoreceptors,
increased contribution of other retinal layers such as the choroid
might be detected, featuring relatively long fluorescence
lifetimes.

As in ophthalmology, a separate mouse model exists for
nearly all retinal conditions, disorders, and diseases; the FLIO
technique in mice holds a versatile potential for future investi-
gations in this field to characterize retinal changes, natural
courses of disease, induced retinal changes, and potential thera-
peutical interventions in a standardized and well-controlled
experimental setup.

6 Limitations
Although the observed changes in FAF lifetimes in different reti-
nal diseases include many promising results, some limitations
must be mentioned. At the current point of time, FLIO is
still a research prototype. Therefore, it is not yet commercially
available and the data presented here are from a few individual
research sites only. We hope that FLIO will be available to
a broader field of researchers and clinicians in the future, so
studies can be conducted on a larger scale. Similarly, individual
devices still differ due to a different calibration. Therefore,
individual lifetimes often show small (device-dependent)
differences. This is in large part due to the individual prototypes,
and we strongly believe that this issue will be resolved in the
near future. Nevertheless, looking at different FAF lifetime pat-
terns, which can be found in different diseases, results among
different research groups are comparable. Therefore, a multicen-
ter investigation with FLIO is already possible to some extent.
More research should be focused on finding data points that are
comparable between individual centers.

Although the FLIO uses confocal optics, FAF lifetimes show
a mixture of many fluorophores, likely from different individual
layers of the fundus. In addition, the autofluorescence of the lens
is very strong and cannot be completely blocked from FAF life-
time images.245 By looking not at absolute numbers but at ratios
or differences within one eye, this problem can be minimized.
Nevertheless, a data analysis approach, possibly excluding lens
autofluorescence from the measurement, would be extremely
helpful. In comparison with measurements in reflection, the
suppression of the light originating from the anterior part of
the eye by the confocal principle is considerably reduced in
autofluorescence measurements. In the published studies, the
subjects have had clear ocular media. Also, in these cases,

the fluorescence signal of the fundus is covered by the fluores-
cence of the crystalline lens. At a minimum, when FLIO should
be applied as a diagnostic tool in elderly populations, technical
solutions that avoid the fluorescence of the crystalline lens are
necessary.

Using the FLIMX software, the contribution of the separately
measured fluorescence of the crystalline lens can be determined
in fluorescence measurements of the whole eye. Proposals for
the complete elimination of the contribution of the lens fluores-
cence in fluorescence measurements of the whole eye can be
found in the newest patient literature.245 The attribution of
the fluorescence related to single fundus layers might be a goal
for future developments. A possible technical solution might
be possible by oblique excitation, as published by Zhang
et al.246 Some of the mentioned studies looked only at a small
number of patients, such as the studies involving patients with
albinism and those with Alzheimer’s disease. These studies
should be repeated with a larger number of patients.

7 Discussion and Outlook
The investigation of FAF lifetimes in vivo presents an innovative
way to image the human retina. As this review indicates, there
may be many clinical applications in which FLIO can give addi-
tional information regarding various retinal diseases. As it is
noninvasive and takes only about 2 min, FLIO holds a great
potential to emerge into the clinical routine. In the context of
a critical analysis, the question of what additional information
FLIO may provide needs to be answered, especially with regard
to the already established FAF intensity imaging. However, as
the name already tells us, FAF intensity imaging accounts only
for the intensity of the fluorescence. This technique may hold a
lot of potential toward disease diagnosis but within the limit that
some fluorophores at the retina make up more of the signal than
others. Therefore, subtle changes in fluorophores with minor
fluorescence intensity may not be visible in FAF intensity im-
aging. FLIO on the other hand is independent of the intensity of
the fluorescence. Therefore, less intense fluorophores may also
impact the measurement. As an example, MP seems to only
absorb fluorescence when looking at FAF intensity imaging.
Through FLIO, we can observe a direct fluorescence from
the retinal carotenoids. This ability of FLIO to observe minor
fluorophores may be useful in the imaging of retinal diseases,
such as early AMD, MacTel, or Alzheimer’s disease. In these
diseases, for example, the fundus may appear completely nor-
mal on exam, and other conventional imaging such as FAF may
also reveal no pathology. Still, FLIO seems to give additional
information on subtle changes that start to manifest.

At the current point of research, FLIO is mostly used as
a qualitative imaging method, similar to FAF intensity imaging.
However, a quantitative approach is possible by investigating
the value of individual FAF lifetimes. This is very helpful
when quantifying follow-up investigations.

It will be crucial to identify ways to reliably investigate
the raw data. New fitting approaches may improve the signal
and may reduce the influence of the lens autofluorescence.245

Another interesting and elegant way to analyze the data is
the implication of the “Phasor” approach.247 Here, the decay
data of individual pixels can be distributed in a polar diagram,
based on phase and amplitude values, using a Fourier transfor-
mation. Individual pixels with similar decays will hereby
cluster, possibly allowing individual fluorescent molecules to
be distinguished. This approach is available with the latest
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software of the SPCImage and has already been used by Dysli
et al. in the analysis of FAF lifetimes in GA.43,53 This approach
may hold an alternative opportunity for data analysis and may be
useful in the future. Similarly, an automated approach of data
analysis would be helpful in a clinical setting.

8 Conclusions
The measurement of FAF lifetimes with the noninvasive
Heidelberg Engineering FLIO device may open possibilities
for retinal imaging. As shown in multiple studies in clinical set-
tings, FLIO is able to show metabolic alterations that occur in
various diseases. FLIO also shows high-contrast, disease-
specific patterns. These may lead to a more reliable diagnosis,
as has been demonstrated for MacTel. Detecting disease-related
patterns in funduscopically healthy eyes may go beyond simple
retinal imaging and lead to possibilities for earlier diagnosis.
Therefore, FLIO holds a great potential and may eventually
find establishment in routine clinical imaging.
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