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Abstract
Fluorescence lifetime imaging ophthalmoscopy, FLIO, has gained large interest in the scientific community in the recent
years. It is a noninvasive imaging modality that has been shown to provide additional information to conventional imaging
modalities. The FLIO device is based on a Heidelberg Engineering Spectralis system. Autofluorescence lifetimes are excited
at 473 nm and recorded in two spectral wavelength channels, a short spectral channel (SSC, 498–560 nm) and a long spectral
channel (LSC, 560–720 nm). Typically, mean autofluorescence lifetimes in a 30° retinal field are investigated. FLIO shows a
clear benefit for imaging different retinal diseases. For example, in age-related macular degeneration (AMD), ring patterns of
prolonged FLIO lifetimes 1.5–3.0 mm from the fovea can be appreciated. Macular telangiectasia type 2 (MacTel) shows a
different pattern, with prolonged FLIO lifetimes within the typical MacTel zone. In Stargardt disease, retinal flecks can be
appreciated even before they are visible with other imaging modalities. Early hydroxychloroquine toxicity appears to be
detectable with FLIO. This technique has more potential that has yet to be discovered. This review article focuses on current
knowledge as well as pitfalls of this technology. It highlights clinical benefits of FLIO imaging in different ophthalmic and
systemic diseases, and provides an outlook with perspectives from the authors.

Introduction

Retinal imaging provides an opportunity to detail and study
ocular pathology with a new approach. Imaging modalities
are constantly expanded to discover novel ways to precisely
image the eye. Recently, there has been a growing interest in
imaging modalities that explore not only structural but also
metabolic changes in the eye, as these may manifest prior to
structural damage. One technique known to show metabolic
changes in tissues is autofluorescence lifetime imaging.
Autofluorescence lifetimes describe the fluorescence decay
over time without the application of fluorescent dye and are
unique features of individual substances [1]. Autofluorescence
lifetimes may change with alterations in the microenviron-
ment or the molecular composition.

Previously, fluorescence lifetime imaging has been used in
the diagnosis of various cancers as well as atherosclerotic
disease [2]. Gastrointestinal and bronchial cancers showed
differences in autofluorescence lifetimes of the tumour versus
healthy tissue. Oral carcinomas exhibited faster decays com-
pared to normal tissue, which was attributed to varying ratios
of free and bound NAD(P)H [3]. Even brain tumours, such as
gliomas, have altered lifetimes compared to healthy tissue.
Multiple skin diseases have also been studied with lifetime
imaging, and individual types of atherosclerotic plaques may
show different fluorescence lifetimes [2].

One of the most interesting approaches to autofluorescence
lifetime imaging is in the ophthalmoscopic realm. Fluores-
cence lifetime imaging ophthalmoscopy (FLIO) dates back to
the early 2000s when Professors Schweitzer and Hammer
from the University Hospital of Jena, Germany, first showed
that it is possible to detect autofluorescence lifetimes from the
human retina in vivo [4]. The researchers built an experi-
mental device and were able to show images of fluorescence
lifetimes in healthy eyes and eyes with age-related macular
degeneration (AMD), the latter with prolonged FLIO lifetimes
[5]. In the following years, the FLIO technology was further
developed by Heidelberg Engineering, and first prototypes
were used in 2012 in a clinical setting in Jena (Germany),
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Bern (Switzerland) and Ilmenau (Germany). These centres
focused on establishing scientific as well as clinical knowl-
edge of this technology. Reproducible patterns were found for
different diseases, and retinal changes in FLIO lifetimes
were associated with changes in early disease stages. The
technology was expanded and is now available to more
research centres, including Salt Lake City (USA) and Lübeck
(Germany). Many studies showed the value of FLIO as more
than just a research device, and ongoing research will likely
determine even more areas where FLIO proves to be useful.
Overall, this field is rapidly evolving, and this review article
aims to give an overview of the current knowledge in
this field.

Technological aspects

Fluorescence lifetime imaging has a long history in the
analysis of metabolic changes in cell cultures. As the
fluorescence spectra from many different fluorophores in
biological tissue overlap, fluorescence lifetime imaging
provides an additional parameter to provide contrast.
Furthermore, fluorescence lifetimes are independent of
fluorescence intensity, fluorophore concentration, and
quantum yield. Despite these advantages, the technique is
highly complex, especially when investigating fluorescence
lifetimes in vivo. Metabolic as well as structural factors can
influence fluorescence lifetimes. In cell cultures, individual
lifetimes can be attributed to specific components, but the
in vivo analysis is challenging, as fluorescence lifetimes
represent a collection of different fluorophores rather than a
single component or fluorophore.

Nevertheless, applications in vivo show promising find-
ings, and fluorescence lifetime imaging has been used in
cancer diagnosis and skin evaluations [2], but one of the
most promising applications is within ophthalmology. A
clinical Spectralis-based prototype device manufactured by
Heidelberg Engineering (Heidelberg, Germany) has been
available in the past decade. This system records fundus
autofluorescence lifetimes by utilizing time-correlated,
single-photon counting (TCSPC) [6]. The system is equip-
ped with a 473 nm wavelength pulsed diode laser emitting
pulses with a frequency of 80MHz at a full width at half
maximum (FWHM) of 89 picoseconds (ps). Laser safety
has been evaluated in previous works [7]. In brief, the single
pulse peak power was calculated to be 28 mW, focused as
an ~75 μm2 spot on the retina, resulting in an intensity of 37
kW/cm2. Applied onto a single spot with a continuous wave
laser, this laser power would result in retinal damage.
However, FLIO uses a pulsed laser with a low duty cycle
for the laser power density, and the scanning procedure
allows only a few laser pulses to sum up at an individual
spot, resulting in a mean power much lower than critical

values [7]. Based on regulations from the American
National Standards Institute (ANSI) Z136.1-2000 [8], FLIO
fulfils all safety regulations for a class 1 laser, and the pulse
energy is almost a factor of 104 smaller compared to the
acceptable exposure limit [9].

The Heidelberg FLIO images an area of 256 by 256
pixels, corresponding to a 30 by 30° (9 by 9 mm) field at the
retina, which can be centred at the fovea or any other area of
the retina. Two sensitive hybrid photon-counting detectors
(HPM-100-40, Becker&Hickl GmbH, Berlin, Germany)
record fluorescence photons from each pixel in 1024 time
channels, and two separate photon arrival histograms are
thereby obtained for each pixel (one histogram per spectral
channel). Photon arrival histograms are mathematically
approximated to calculate the fluorescence lifetime.

The Heidelberg Engineering Spectralis FLIO device
detects fluorescence decays in two separate spectral wave-
length channels, a short spectral channel (SSC; 498 to
560 nm) and a long spectral channel (LSC; 560 to 720 nm).
This separation was based on a publication that suggested
that the LSC predominantly records information from
lipofuscin, while the SSC records a large variety of other
fluorophores, including reduced nicotinamide adenine dinu-
cleotide, flavin adenine dinucleotide and retinal carotenoids
[5, 10]. It would be interesting to obtain FLIO images from
other wavelengths ranges, but the two wavelength channels
in current FLIO instruments have proven to be very helpful
in the clinical setting, as different diseases manifest more
significantly in one of the two channels and can therefore be
distinguished. Furthermore, the SSC is somewhat affected by
the lens fluorescence, whereas the LSC is relatively unaf-
fected by this.

The Heidelberg FLIO system utilizes a high-contrast
confocal infra-red reflectance image to account for eye
movements during the measurement. Thereby, each fluores-
cence photon is recorded at the corresponding spatial retinal
location. To obtain FLIO images in good quality, a minimal
signal threshold of ~1000 photons per pixel should be
achieved, resulting in a measurement time of ~2 min per eye.

To analyse the fluorescence decays obtained with FLIO,
the software SPCImage (Becker&Hickl GmbH, Berlin,
Germany) has mostly been used. SPCImage traditionally is
used in fluorescence lifetime imaging microscopy (FLIM),
but a similar software is available for in vivo ophthalmic
imaging. Typically, the fluorescence decay is approximated
using a two- or three-exponential approach according to:

IðtÞ
I0

¼ IRF�
X

i

αi � e�
t
τi :

In this equation, I (t) represents the fluorescence intensity at
time t, I0 the maximal fluorescence intensity, IRF the
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instrument response function, α the amplitude, and τ each
lifetime component. ⊗ represents the convolution integral
with the IRF. With this calculation, two or three different
lifetimes are obtained (τ1, τ2, τ3) depending on the model
used (bi- or tri-exponential approach). The measure of
interest is the amplitude-weighted, mean autofluorescence
lifetime (τm). In a tri-exponential setting, τm can be
calculated as follows:

τm ¼ α1 � τ1 þ α2 � τ2 þ α3 � τ3
α1 þ α2 þ α3

:

The fluorescence does not decay completely within the
time of the next laser impulse from the scanning laser
ophthalmoscope (12.5 ns), so SPCImage accounts for this
incomplete decay. Most clinical FLIO studies also use a
sliding average pixel kernel (squared binning) of either
3 × 3 or 5 × 5 pixels to reduce noise and improve quality
of the fit.

One two-channel FLIO measurement acquires two
autofluorescence intensity images, two FLIO lifetime
images, and a corresponding infra-red reflectance image.
Figure 1 gives an example of measurements obtained with
FLIO for a healthy eye.

Although FLIO lifetimes can be investigated within
individual pixels, in the clinical setting FLIO lifetimes are
often averaged across areas of interest. SPCImage provides
a masking tool where manual masks can be drawn onto any
area of interest. This can be done on the FLIO image as well
as on the corresponding autofluorescence intensity image.
The software provides mean FLIO lifetimes found across all
pixels within the masked area and allows for a quantitative
analysis. In clinical studies, the utilization of standardized
grids has also been very helpful. The Early Treatment
Diabetic Retinopathy Study (ETDRS) grid has typically
been used. Two additional programmes are available that
apply the ETDRS grid onto the FLIO lifetime image in a
similar fashion as the masking in SPCImage. These two
programmes are the FLIO-Reader (ARTORG Center for
Biomedical Engineering Research, University of Bern,
Switzerland) and FLIMX (Institute for Biomedical Engi-
neering and Informatics, Technische Universität Ilmenau,
Ilmenau, Germany). We hope that a single software will be
available in the future that can apply standardized grids as
well as individual masks onto FLIO images. The ETDRS
grid is shown in Fig. 1.

FLIO images represent pseudo-colour maps of individual
lifetimes. When investigating or presenting these images, it
is important to understand that the heat map can be adjusted
in order to highlight certain details. This adjustment does
not change the FLIO lifetimes and is comparable to image
processing for CT imaging of the chest, where contrast
adjustments lead to a better visualization of either the bones,
the soft tissue, or the lung. In a similar way, FLIO lifetime

maps may be adjusted to show different disease-related
features. As FLIO lifetimes prolong with increasing age,
contrast adjustments may improve image quality [11].

FLIO imaging is highly reproducible, and previous
studies quantified the inter-individual variability of FLIO
by the coefficient of variation (CV). The first study
investigating the reproducibility of FLIO was published in
2013 when Klemm et al. performed FLIO imaging on ten
healthy volunteers with ten replicate images per volunteer.
The fovea, optic disc and papillo-macular bundle were
investigated regarding reproducibility, and foveal CVs of
7.9% (SSC) and 17.7% (LSC) were reported for dilated
eyes [12]. A second study was published by Dysli et al.
[13], where 31 phakic healthy volunteers (62 eyes) were
imaged twice (>1 h apart) with non-dilated pupils and then
again after pupil dilation. The authors investigated differ-
ent ETDRS grid areas and reported highly reproducible
FLIO lifetimes. The CVs were 17% (SSC) and 11% (LSC)
for the central area, 12% (SSC) and 7% (LSC) for the inner
ring, and 9% (SSC) and 6% (LSC) for the outer ring [13].
Good repeatability in mydriasis was again reported by
Kwon et al. [14] with CVs of 9–16%. Furthermore, right
and left eyes showed good correlations for both spectral
channels [13]. No correlation was found between FLIO
lifetimes and refractive errors for either spectral channel in
a cohort of healthy patients with mean spherical equiva-
lents around −1.9 ± 2.6 dioptres [14].

Pupil dilation plays an important role in FLIO imaging.
Dysli et al. [13] showed that the correlation between age
and a prolongation of FLIO lifetimes was more pronounced
in non-dilated pupils. They attributed this finding to a larger
lens impact in non-dilated measurements. In 2019, Kwon
and colleagues investigated 63 eyes from 32 healthy, phakic
subjects and concluded that without dilation, FLIO lifetimes
are longer in the SSC. In addition, image acquisition takes
longer without pupil dilation. All FLIO studies, except
those investing the effect of mydriasis, were performed with
maximal pupil dilation.

Bleaching effects with FLIO have been studied in 21
healthy volunteers [15]. Three individual measurements
were taken, all in full mydriasis. The first measurement
was obtained after 30 min of dark adaptation, the second
image followed a 1-min light bleaching at a luminance of
3200 cd/m2, and the third measurement followed another
10-min period of dark adaptation. Acquisition times in
the bleached state were significantly shorter in bleached
(78 s) versus dark-adapted states (136 s before bleaching,
138 s after second dark adaptation). The number of pho-
tons collected and mean FLIO lifetimes were similar in all
three measurements. Minor but significant prolongations
with bleaching were reported for the LSC. These changes
were less than 10% and were within the inter-individual
variability of FLIO [12]. Therefore, the authors
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concluded that bleaching does not confound clinical
FLIO imaging.

Lifetime imaging studies of certain parts of the eye or the
fundus typically use the terms fundus autofluorescence
lifetimes, autofluorescence decays, autofluorescence life-
times, or FLIO lifetimes (typically abbreviated as FLTs)
when reporting autofluorescence lifetimes. In the past,
however, fundus autofluorescence lifetimes have also been
abbreviated with the term FAF lifetimes, which is confusing
due to the common abbreviation FAF for fundus auto-
fluorescence (intensity) imaging. Autofluorescence lifetimes
are intensity-independent. It is therefore important to dis-
tinguish between conventional autofluorescence intensity
imaging and FLIO, and we would like to encourage the
usage of the terms FLIO lifetimes or FLTs. In contrast to
intensity, which would typically be higher or lower, it may
make sense to use the words prolonged and shortened for
FLIO lifetimes. Both short and long lifetimes can be seen in
areas with high as well as low FAF intensity. Furthermore,
it is important not to refer to lifetimes by colours. As
mentioned above, the colour scaling is an arbitrary measure
that helps to highlight differences in FLIO lifetimes and can
be adjusted depending on the goals of the study. Changing
the colour range will not change the lifetimes, but it is
important to report the lifetime range along with the colour
scale because FLIO lifetimes never become more red or
more blue.

Clinical aspects

General knowledge and healthy eyes

In the clinical setting, FLIO has been used to investigate a
variety of pathological conditions as well as healthy eyes.
Healthy eyes have been analysed in great detail by multiple
centres [7, 10, 11, 13, 14]. The fundus of healthy eyes was
found to have a consistent FLT pattern, which is shown in
Fig. 1. The longest lifetimes were observed in the area of
the optic disc, and early FLIO studies suggested this to be
the influence of collagen and connective tissue [4, 5, 16].
Across the retina, intermediate lifetimes can be found that
likely originate from the retinal pigment epithelium (RPE)
and are potentially caused by lipofuscin. This conclusion
was also drawn from a study investigating eyes with
macular holes [17], as here FLIO lifetimes were obtained
directly from the RPE without overlying retinal layers.

FLTs within holes were not significantly different from
those found across the retina. The foveal centre shows
shortest FLIO lifetimes, which were found to be influenced
by the carotenoids of the macular pigment (MP).

MP was initially believed to only absorb light but to not
emit fluorescence. In 2001, it was found that MP shows
fluorescence in the context of Raman imaging [18]. In 2015,
FLIO studies showed a strong correlation of MP with foveal
FLIO lifetimes (SSC: r=−0.76, LSC: r=−0.66, p < 0.001
for both) [7]. Further studies confirmed this finding [7, 10].
Retinal carotenoids themselves also show short FLIO life-
times when investigated in a quartz cuvette, and FLTs of
about 50–60 ps were reported [10]. Supplementation with
retinal carotenoids leads to a significant shortening of FLIO
lifetimes in as little as 3 months. If carotenoid supple-
mentation is discontinued, FLIO lifetimes prolong to the
baseline within 3 months [19]. In patients with albinism,
who do not have MP, short FLIO lifetimes in the foveal
centre are absent [10].

FLIO lifetimes also show an age dependency. In 2014,
Dysli et al. [13] investigated 31 healthy, phakic eyes and
found that FLTs prolong with increasing age. The correla-
tion of FLTs with age was stronger if pupils were not
dilated [13]. Differences regarding mydriasis are discussed
in the Technological Aspects section. To a large extent, the
prolongation of FLIO lifetimes with age is believed to be
caused by the aging natural lens, but a recent study found
that some prolongations of FLIO lifetimes with increasing
age may be lens-independent [11]. Ninety-seven eyes from
97 healthy subjects were included, within an age range from
5 to 85 years, and the two spectral channels did not change
in the same way with increasing age. The SSC showed
significant changes with age starting around age 35,
whereas the LSC showed prolongations of FLIO lifetimes
from childhood on. While pseudophakic patients had
shorter FLIO lifetimes in the SSC, the LSC seemed to be
somewhat more independent of the lens status, and FLIO
lifetimes in pseudophakic patients were not significantly
shorter compared to age-matched healthy subjects with
natural lenses. This may arise from the increasing amount of
lipofuscin with increasing age detected in the LSC. The
accumulation of lipofuscin with age has been speculated
to increase autofluorescence intensity in quantitative auto-
fluorescence imaging [20], and it is likely that the pro-
longations of FLIO lifetimes with increasing age in the LSC
are due to lipofuscin.

FLIO lifetimes are independent of gender, as was shown
by investigating 97 eyes from 97 healthy subjects [11]. The
same study did not find any differences based on race;
however, the study was limited due to a small number of
black participants (8 subjects). The authors found only a
non-significant trend of longer lifetimes in the SSC in
darker pigmented individuals. Furthermore, long FLIO

Fig. 1 FLIO in a healthy eye. FAF intensity and FLIO lifetime
images from a healthy eye. Short (SSC, 498–560 nm) and long (LSC,
560–720 nm) spectral channels are shown. A–C Individual pixels with
the decay curves shown below. The standardized ETDRS grid is
shown as well.
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lifetimes were reported for melanin that was measured
ex vivo in a quartz cuvette (SSC 1400 ps, LSC 850 ps). This
study should be repeated with a more diverse population.

Multiple studies investigated the effects of retinal
thickness on FLTs. The first study investigated the inner
nasal area of the ETDRS grid and found significant corre-
lations of retinal thickness with FLIO lifetimes as well as
the amount of detected photons [13]. A second study
investigated the central subfield retinal thickness and found
that simply correlating the central subfield thickness with
FLIO lifetimes showed that shorter lifetimes were found in
eyes with a thinner central retina [7], but those eyes also
showed larger amounts of MP. When correcting for MP, no
correlation of FLTs with retinal thickness was found [7].
A third study investigated retinal thickness and FLIO life-
times in areas outside of the fovea and found significant
correlations of retinal thickness with FLIO lifetimes in
both spectral channels [14]. The same study also investi-
gated vascular density and FLIO lifetimes; a weak corre-
lation of vascular density and FLTs was found in the LSC
(r=−0.119, p < 0.05), but no significant correlation in the
SSC [14].

Posterior segment imaging

Most clinical FLIO studies have focused on diseases of the
posterior segment, particularly retinal diseases. Figure 2
shows how different retinal diseases manifest in FLIO
imaging. This section highlights the current FLIO knowl-
edge in some retinal diseases. As research advances, more
diseases will likely be investigated.

Age-related macular degeneration (AMD)

AMD is a frequent cause of blindness in the elderly popula-
tion, but despite its common presentation, treatment options
are still lacking [21–23]. AMD has been classified as either
exudative or non-exudative, both forms leading to irreversible
vision loss and retinal atrophy in its end stages [24].
Supplementing retinal carotenoids in the AREDS2 study was
found to slow disease progression [25]. Although the
AREDS2 study included only patients with intermediate
AMD, it is likely that all forms of AMD benefit from car-
otenoid supplementation. It would be especially interesting if
disease progression could be slowed even before damage of
the disease manifests clinically.

FLIO imaging shows a distinct and characteristic pattern
in eyes with AMD, a ring-shaped prolongation of the LSC
FLIO lifetimes in an area of about 1.50–3.0 mm from the
fovea [26]. Figure 3 depicts this pattern. Compared to
healthy eyes, the area of the pattern (outer ring of the
ETDRS grid) was found to be significantly longer in AMD
compared to age-matched healthy eyes. FLIO lifetimes from

the outer ring were 545 ps in phakic AMD compared to
370 ps in phakic healthy eyes, (p < 0.001), and 475 ps
(AMD) compared to 419 ps (healthy), (p < 0.05), in
pseudophakic eyes [27]. Another study found similar
differences; lifetimes in the outer ring were between 55
and 80 ps longer in eyes with AMD compared to healthy
eyes [26]. Central FLIO lifetimes did not show significant
differences, which indicates that the outer ring is most
affected by these FLT changes. Eyes with early disease
stages as well as increased risk due to prior familial
presentation were also found to show this pattern in
many cases. Furthermore, it was reported that eyes with
advanced disease stages show significantly longer life-
times in the area of the outer ring compared to earlier
disease stages (p < 0.05), whereas the fovea showed
similar FLIO lifetimes [26]. This indicates that the FLIO
pattern may advance with disease progression.

The origin of the AMD-associated FLIO pattern is still
unclear, but it has been speculated that this prolongation of
FLIO lifetimes may reflect an accumulation of bis-retinoids
or sub-RPE deposits. Vascular alterations are less likely but
could potentially also account for changes in the lifetimes.
Nevertheless, the pattern is a unique and consistent finding
in eyes with AMD and should be further explored.

Eyes with geographic atrophy related to late stage AMD
show extremely prolonged FLTs, but occasionally short
lifetimes can be found in the area of atrophy [28, 29].
Another pathological hallmark in AMD is drusen, extra-
cellular debris deposits that localize between the inner
collagenous layer of Bruch’s membrane and the basal
lamina of the RPE [22, 30]. In addition, pigment epithelial
detachments (PEDs) which can be drusenoid, fibro-vas-
cular, serous, or haemorrhagic, often represent the initial
step of vision loss [31]. Various studies have investigated
drusen and PEDs [26, 27, 32–34]. One study investigated
drusen ex vivo and found that drusen with the same fluor-
escence spectrum can show different lifetimes [33]. The
same study reported that lifetimes of drusen were longer
compared to lifetimes from surrounding tissue in in vivo
human eyes as well as RPE in ex vivo samples [33]. Further
studies again found the heterogeneity of FLIO lifetimes
from drusen, and while some studies reported longer life-
times in drusen compared to surrounding tissue [26], other
studies did not find these differences [27]. This discrepancy
may be caused by different study populations included in
these studies, as the study that found significant prolonga-
tions of drusen included only eyes with non-exudative
AMD. A study investigating PEDs gave further information
on the difference in drusen lifetimes, as drusenoid PEDs
showed long FLIO lifetimes, whereas serous or haemor-
rhagic PEDs showed short FLIO lifetimes [32]. FLIO may
not be the best modality to detect drusen, as drusen do not
exhibit uniform FLIO lifetimes. On the contrary, FLIO may
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Fig. 2 FLIO in different retinal diseases. FLIO lifetime images from short (SSC, 498–560 nm) and long (LSC, 560–720 nm) spectral channels of
different retinal diseases.
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be a great modality to further understand various drusen
pathologies, metabolism, and phenotypes based on the
differences in FLIO lifetimes. Overall, FLIO in eyes with
AMD shows very promising findings, and there is a large
potential for FLIO to become an indispensable tool to
evaluate AMD in the future.

Diabetes mellitus

Diabetes often affects the eye and leads to visual dis-
turbances. Common ocular complications include micro-
angiopathy, disturbances in the blood-retina barrier,
increased inflammation, retinal degeneration, and macular
oedema [35–37]. In addition, hyperglycaemia leads to
protein glycation and to the formation of advanced glyca-
tion endproducts (AGEs), which were shown to fluoresce
[38]. FLIO imaging has been studied in diabetic patients,
both with and without diabetic retinopathy [16, 39–41].
FLTs were prolonged in diabetes, which was thought to
be due to reduced oxidative metabolism and an increase of
AGEs [41]. An accumulation of AGEs in the crystalline
lens may contribute to this [41]. A detailed study was
conducted on an early experimental device, where 48

patients with type 2 diabetes but no clinical signs of
diabetic retinopathy were investigated [40]. Although the
retinas of these patients appeared healthy, FLIO imaging
already showed significant prolongations of FLTs in these
eyes. Another study investigated 33 patients with non-
proliferative diabetic retinopathy compared to 28 controls.
Again, prolonged retinal FLIO lifetimes were reported.
Interestingly, the lenses of patients with diabetes showed
shorter FLIO lifetimes compared to controls [39]. These
studies highlight the potential metabolic alterations that
can be seen with FLIO even before structural damage
manifests and may be helpful in monitoring the retina of
patients with diabetes.

Vascular occlusions

Vascular occlusions in the retina lead to sudden, typically
non-painful vision loss. In the case of retinal artery occlu-
sion, the central retinal artery can either be completely
occluded (central retinal artery occlusion: CRAO), or a
branch of the central retinal artery can occlude (branch
retinal artery occlusion: BRAO). Ophthalmoscopically,
opacification due to swelling of inner retinal layers is

Fig. 3 FLIO in AMD. FAF
intensity and FLIO lifetime
images from an eye with AMD.
Short (SSC, 498–560 nm) and
long (LSC, 560–720 nm)
spectral channels are shown.
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observed in the acute phase. In the post-acute phase, this
swelling typically resolves within 2–3 weeks, with restored
retinal transparency. Vision loss is often permanent due to
inner retinal atrophy, optic nerve head pallor, and perma-
nent vascular changes within affected areas.

The first study that used FLIO to investigate vascular
occlusions was done with an early experimental FLIO
device. Two eyes were investigated, and a prolongation of
FLIO lifetimes was found [42]. A second FLIO-based study
included 24 patients with retinal artery occlusions, 13 with
CRAO (11 acute and four post-acute; 2 patients were
examined in both stages) and 11 with BRAO (seven acute
and four post-acute). Mean FLIO lifetimes were prolonged
in both spectral channels in the acute stage. Significant
prolongations were found in the inner and outer ring of the
ETDRS grid, with no significant prolongation in the central
area. In addition, no significant correlations were found
between retinal thickness and FLIO lifetimes. Compared to
the control eye, FLIO lifetimes from the inner ring of eyes
with CRAO were prolonged by 59% (209 ps) in the SSC
and by 22% (89 ps) in the LSC. No significant differences
were found when comparing the post-acute stage to control
eyes despite atrophy of inner retinal layers, which may
indicate the small contribution of inner retinal layers to the
total FLIO lifetimes. Eyes with BRAO showed similar
findings. Nevertheless, other studies showed that the con-
tribution of neuronal retinal layers should not be neglected
when investigating FLIO [43]. In a mouse model, prolonged
lifetimes were found in eyes with ischaemia [44]. The exact
mechanisms are not quite understood, but the prolonged
FLIO lifetimes may indicate metabolic alterations and
unbalanced intracellular ionic concentrations [45].

Central serous chorioretinopathy (CSCR)

CSCR is a common retinal disease characterized by dete-
rioration of the RPE, resulting in serous RPE detachments
and RPE atrophy [46]. Multimodal imaging displays focal
leakage in fluorescence angiography, mottled atrophic
hyperfluorescence in FAF, and hyporeflectance corre-
sponding to areas of subretinal fluid or PEDs seen in OCT
imaging [47]. One study investigated fluorescence lifetime
changes in 35 CSCR patients. Results showed that patients
with chronic CSCR or areas with current or previous PEDs
or subretinal fluid had significantly shorter fluorescence
lifetimes in both spectral channels [48]. While increased
duration of disease was associated with prolonged fluores-
cence lifetimes, acute stages displayed shortened fluores-
cence lifetimes, even in areas where subretinal fluid was
absent. In addition, patients with retinal pigment atrophy
associated with previous PEDs or subretinal fluid showed
prolonged FLIO lifetimes in those respective areas as well
as poor visual acuity [48].

Macular Telangiectasia type 2 (MacTel)

MacTel is a disease with complex inheritance that causes
bilateral central visual impairment [49]. It was believed to
manifest in the 4–6th decade of life, but there have been
recent reports of MacTel in younger individuals. A phase
3 clinical trial investigating the effects of ciliary neuro-
trophic factor on MacTel to slow or even stop disease
progression is currently in progress, which emphasizes the
importance of accurate characterization of affected indi-
viduals at early disease stages [50]. FLIO shows retinal
disease-related changes very early, sometimes even before
there is structural damage and before changes are visible
with other imaging methods [51–53]. For example, a 26-
year-old female with multiple first-degree family members
affected with MacTel whose macula appeared clinically
normal had characteristic MacTel changes when imaged
with FLIO [51].

In FLIO, MacTel presents with a typical pattern of pro-
longed FLTs in the so-called MacTel zone, an oval area 9°
horizontal and 5° vertical centred at the fovea. This area
appears to harbour most MacTel-related pathology. FLIO
images show a temporal crescent or a ring of prolonged
FLIO lifetimes in this area [52]. Figure 4 shows this pattern.
The inner temporal area (T1) from the ETDRS grid showed
prolonged FLTs in MacTel (382 ps) compared to healthy
eyes (298 ps) in the SSC (p < 0.001). A second study
showed that this pattern is very reproducible and found
longer FLIO lifetimes in patients with less MP. MP dis-
tribution is altered in eyes with MacTel, and instead of a
central peak, a ring-like enhancement of MP outside of the
MacTel zone can be found. FLIO also shows a ring of short
FLTs surrounding the MacTel zone, but prolonged FLTs
inside the MacTel zone cannot be explained by the loss of
MP alone.

One study investigated children of MacTel probands
and found changes that may be indicative and predictive
of disease development [53]. Follow-up studies of these
family members will give further insights into whether
FLIO will have the ability to detect MacTel potentially
years before the onset of structural changes. Finally, some
studies have investigated longitudinal changes in eyes
with MacTel. One study included four patients and found
a prolongation of 22% in 2.1 years [54]. A second study
investigated 33 patients with MacTel and found an annual
progression of 9 ps in the SSC and 8 ps in the LSC for the
temporal area.

Stargardt disease

Stargardt disease, an inherited retinal disease that often
manifests in childhood, causes a retinal dystrophy and can
result in severe vision loss [55–57]. The disease itself is
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caused by mutations in the ABCA4 gene, encoding for an
ATP-binding cassette protein that transports N-retinylidene-
phosphatidylethanolamine across photoreceptor disc mem-
branes [57]. The mutation leads to an accumulation of bis-
retinoids, all-trans retinal, lipofuscin and other visual cycle
by-products [58–60]. In the early stages, FAF intensity is
typically increased, while photoreceptor function remains
normal [60]. Later in the course of the disease, yellow spots,
so-called retinal flecks, can appear across the fundus,
eventually leading to retinal degeneration. Sixteen patients
with Stargardt disease were initially investigated with FLIO
[61]. The retina without flecks, deposits, or atrophy showed
FLIO lifetimes around 322 ps, which were comparable to
age-matched controls. Retinal flecks showed shortened
(242 ps) as well as prolonged (474 ps) FLTs. Flecks with
short FLIO lifetimes are believed to be new onset flecks,
and follow-up examinations reveal a shift towards longer
FLTs over time [62]. Figure 5 shows this finding. Short
lifetimes may represent different compounds of the degen-
erating photoreceptor cells, possibly retinaldehyde adducts
and bis-retinoids. Longer FLIO lifetimes in older flecks
were mostly attributed to lipofuscin and A2E. The short
lifetime flecks were visible with FLIO even before they
could be appreciated in conventional autofluorescence

imaging. With various pharmaceutical trials in progress to
reduce the accumulation of by-products from the visual
cycle and to slow the development of atrophy [63, 64],
FLIO imaging may be extremely helpful to highlight pro-
gression of the disease.

Choroideremia

Choroideremia is an inherited retinal dystrophy caused by a
mutation in the CHM gene, which encodes for Rab escort
protein 1, and results in degeneration of the RPE, photo-
receptor, and choroidal layers [65]. Choroideremia has been
previously investigated with FLIO imaging by Dylsi and
coworkers, describing short fluorescence lifetimes in areas
of MP and preserved RPE islands, and prolonged lifetimes
in areas of diseased and atrophic retina [65]. The most
recent study by Vitale et al. [66] reported similar findings
but noted heterogeneous mixtures of short and long FLIO
lifetimes in both atrophic and preserved retinal areas. Upon
further examination, it was found that short lifetimes in
atrophic areas could be attributed to the presence of outer
retinal tubulations (ORTs) [66]. In addition, short fluor-
escence lifetimes in retinal blood vessels were observed
in all 15 choroideremia patients. Follow-up analysis of

Fig. 4 FLIO in MacTel. FAF
intensity and FLIO lifetime
images from an eye with
MacTel. Short (SSC, 498–560
nm) and long (LSC, 560–720
nm) spectral channels
are shown.
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three patients showed that compared to baseline imaging,
significant prolongation of lifetimes were observed in
corresponding areas of extended atrophy. Interestingly,
one follow-up patient showed an increase of short life-
times due to an accumulation of ORTs in the parafoveal
area, indicating that they have some influence in altering
FLIO lifetimes [66]. While all patients were genetically
confirmed for choroideremia, there were no observable
genotype–phenotype correlations. As gene therapy trials
for choroideremia are in progress, FLIO may help identify
functional areas, disease-related risk, and subsequent
progression.

Retinitis pigmentosa (RP)

RP is a group of inherited degenerative diseases that lead to
night blindness, visual field constriction, peripheral vision
loss, and eventual legal blindness [67]. RP has a large
genetic heterogeneity, including autosomal dominant,
autosomal recessive, and X-linked inheritance, and is one of
the most common causes of legal blindness. Patients with
RP typically show retinal vessel attenuation, bone spicules
in the peripheral retina, and retinal thinning and atrophy.
Two studies have investigated FLIO findings in patients

with RP [68, 69]. Fluorescence lifetimes in areas of pho-
toreceptor atrophy alone were slightly prolonged, and
combined photoreceptor and RPE atrophy showed even
further prolonged FLIO lifetimes. FLIO can identify pho-
toreceptor and RPE atrophy, as well as preserved photo-
receptor segments within large areas of RPE atrophy. In
addition, FLIO can be used to pinpoint ellipsoid zone loss
that correlates with retinal function. Typically, the central
macula remains relatively spared from RP and is compar-
able to healthy controls. Surrounding this region, ring-
shaped patterns both in autofluorescence intensity as well as
in FLIO lifetimes were observed. These were found to be
the most common in patients with autosomal dominant
RP inheritance [69]. Rings of short FLIO lifetimes in the
LSC may indicate different genetic or pathophysiologic
processes. The distinct FLIO pattern may offer a deeper
understanding into the disease progression in eyes affected
with RP.

Macular holes and retinal detachments

Full-thickness idiopathic macular holes and symptomatic
vitreomacular adhesion have a prevalence of 0.02–0.8%
and cause visual disability [70]. FLIO lifetimes were

Fig. 5 FLIO in Stargardt
disease. FAF intensity and FLIO
lifetime images from an eye with
Stargardt disease. Short (SSC,
498–560 nm) and long (LSC,
560–720 nm) spectral channels
are shown.
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investigated in 37 patients with full-thickness idiopathic
macular holes [17]. It was observed that short central FLIO
lifetimes were disrupted and that together with the inner
retinal layers they were displaced adjacent to the defect,
likely due to relocation of the foveal MP. Macular holes
often show an operculum, a small opacity at the posterior
vitreous above the defect. This opacity may contain
MP and has correspondingly short FLIO lifetimes. Fifteen
patients were followed after surgery, and in 11 cases, the
surgery was successful. Central FLIO lifetimes correlated
significantly with best visual acuity, and shorter lifetimes
in the central fovea were found in eyes with better visual
acuity. This may be an important finding, as surgical
outcomes vary.

Analysis of rhegmatogenous retinal detachments before
and after surgery showed similar results. Fifty-eight patients
were included, and all had macula-off rhegmatogenous
retinal detachments, which were successfully repaired with
surgery [71]. Previously detached retinal areas showed
significantly prolonged FLIO lifetimes, while short FLIO
lifetimes in the centre of the ETDRS grid correlated
with better visual acuity. FLIO may therefore be useful in
predicting long-term surgical outcomes.

Hydroxychloroquine toxicity

Hydroxychloroquine, also known as Plaquenil, is a drug
that is commonly used in the treatment of rheumatoid
arthritis and systemic lupus erythematosus. For many
patients, hydroxychloroquine is the only effective treatment
option; however, irreversible retinal toxicity and vision loss
can be a side effect of this medication after prolonged use.
With a half-life of more than 40 days [72], it was found that
retinal damage continues to worsen up to 6 months after the
drug is discontinued [73]. Therefore, early detection and
correct interpretation of retinal changes due to hydroxy-
chloroquine are of utmost importance. Diagnosing retinal
toxicity related to hydroxychloroquine can be easy in some
cases with advanced atrophy but often is more challenging
in cases of early toxicity [74, 75]. Multifocal ERG as well
as OCT imaging give good indications on the state of the
retina; however, if a patient has multiple retinal diseases, it
may be difficult to distinguish hydroxychloroquine toxicity
from other retinal abnormalities.

FLIO has been shown to be of help in diagnosing retinal
toxicity at an early stage, possibly before the onset of
structural changes. Two studies were published that inves-
tigated hydroxychloroquine toxicity with FLIO [76, 77].
In both studies, patients with known hydroxychloroquine
retinopathy as well as patients on hydroxychloroquine
without known retinopathy were evaluated. One study
investigated 12 patients [76], and the other study included
seven patients with toxicity [77]. Both studies showed

similar results of prolonged FLIO lifetimes in the inner ring
of the ETDRS grid, the presumed area of toxicity (about
400 ps and 375 ps, respectively) compared to the healthy
retina (about 250 ps and 313 ps, respectively, p < 0.001
for both studies). Prolongations were found in both spectral
channels but were found predominantly in the SSC.
Figure 6 shows typical FLIO findings. Furthermore,
abnormal FLTs with a ring of prolonged FLIO lifetimes
were found in eyes with very early toxicity. Both studies
also found significantly altered FLIO lifetimes in patients
on hydroxychloroquine without retinal toxicity. It will
be interesting to continue to follow these patients closely, as
most of the patients with abnormalities only in FLIO con-
tinued to use the drug. Patients on hydroxychloroquine with
other retinal changes unrelated to hydroxychloroquine
toxicity did not show these typical FLIO findings.

Anterior segment imaging

The anterior segment consists of the cornea, iris, suspensory
ligaments, trabecular meshwork, lens, and the surrounding
aqueous fluid. Only a few studies have investigated the
FLTs of the anterior segment of the eye, and most of these
focus on properties of the lens. As the human lens ages,
post-translational modifications of polypeptides occur,
including a variety of photo-oxidative changes that speci-
fically change the tryptophan and non-tryptophan peptides
within the crystalline lens [78, 79]. These biochemical
changes affect protein structure within the lens, subse-
quently affecting its intrinsic fluorescence properties.
Although FLIO uses a confocal system, FLTs from the
retina can be influenced by the lens. It has been shown in
several studies that cataracts of the eye lead to a general
prolongation of FLIO lifetimes [80, 81]. FLIO lifetimes in
healthy eyes had an age-related prolongation [11, 13].
While the LSC showed significant age-specific fluorescence
lifetime changes from birth on, the SSC showed significant
age-specific changes only after age 35, presumed to be
caused by the lens. One study conducted by Hammer and
coworkers analysed the lenses of 32 pre-operative cataract
patients. In addition, patients with preexisting ophthalmo-
logic diseases known to influence FLIO results were
excluded from the study [79]. Patients’ FLIO images were
compared before and after surgery, and an overestimation
(prolongation) of FLIO lifetimes by 173% (320 ps) in the
SSC, and 48% (100 ps) in the LSC was found [79]. While
the LSC is less affected by lens changes, lens-related
SSC prolongation presents challenges to produce reliable
FLIO images. Similarly, Klemm et al. [80] compared
autofluorescence intensity to mean fluorescence lifetimes
when examining patients before and after cataract surgery.
Figure 7 shows this impact by depicting the anterior seg-
ment before and after cataract surgery. Crystalline lens
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fluorescence in cataract patients reduced the signal-to-noise
ratio in FAF intensity imaging, while increasing the FLTs
[80]. These findings not only highlight a limitation of the

current system but also the importance of finding a solution
to minimize the crystalline lens interference in FLIO ima-
ging and image analysis. Multiple approaches have been

Fig. 7 FLIO in the anterior segment. FAF intensity and FLIO lifetime images of the anterior segment before (top row) and after (bottom row)
cataract surgery. Short (SSC, 498–560 nm) and long (LSC, 560–720 nm) spectral channels are shown.

Fig. 6 FLIO in
hydroxychloroquine toxicity.
FAF intensity and FLIO lifetime
images from an eye with
hydroxychloroquine toxicity.
Short (SSC, 498–560 nm) and
long (LSC, 560–720 nm)
spectral channels are shown.
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investigated to minimize this effect in the fitting process,
and further research is needed to truly eliminate the lens
fluorescence from retinal FLIO images [12, 80, 81].

Glaucoma

Glaucoma has been investigated with FLIO imaging to a
limited extent. Only one Letter to the Editor can be found
where 43 patients with glaucoma were investigated with an
experimental FLIO device [82]. These measurements were
compared to those of 54 healthy controls to determine whe-
ther FLIO could show the glaucomatous degeneration of
retinal ganglion cells. This study was done on patients who
received glaucoma profiling at the same time, which required
multiple applications of fluorescein drops to the eye during
the day for Goldmann applanation tonometry. Unfortunately,
fluorescence from fluorescein can overwhelm FLIO signal
originating from ocular tissues, an effect that can last up to 24
h. Therefore, it is not surprising that no significant differences
were found, and this study should be repeated without con-
current use of fluorescein drops.

Alzheimer disease

Alzheimer disease (AD) is a progressive neurodegenerative
disease that affects an individual’s cognitive abilities and
memory processes, which is associated with the deposition
of amyloid beta (Aβ) plaques and neurofibrillary tangles of
hyperphosphorylated tau in the brain [83]. The close asso-
ciation of the brain and optic nerve provides a window into
understanding neurological diseases and their pathologic
associations. Previous studies have shown that AD man-
ifests in ocular structures such as the retinal and optic nerve
tissues, which can result in retinal degeneration, retinal
nerve fibre layer thinning, reduced choroidal thickness, and
Aβ deposition [84, 85]. Novel biomarkers for disease
detection and pathology, such as FLIO, have been of great
interest in understanding disease onset, localization, and
progression of AD.

A pilot study conducted by Jentsch et al. [86] found that
changes in FLIO parameters were dependent on the severity
of AD. When examining the second component of fluor-
escence decay (parameters τ2, α2, Q2) in a macula-centred
30° field, the LSC showed a strong correlation between
increasing Q2 and tau and phosphorylated tau proteins (r=
0.906 and 0.919, respectively) [86]. These findings indicate
that FLIO may be useful as a potential biomarker for AD-
related disease pathology in the neuronal retina. A second
pilot study conducted by Sadda and coworkers investigated
the correlations between ganglion cell and inner plexiform
layer thickness (GCIPL) and Aβ and tau levels with fluor-
escence lifetime parameters. They reported a strong corre-
lation of fluorescence lifetimes [87]. Prolongation of

fluorescence lifetimes in the LSC in association with GCIPL
and Aβ deposition may detect pre-clinical AD.

Outlook and perspectives

FLIO imaging holds the potential to diagnose, detect, and
monitor the progression of a variety of retinal diseases.
While this novel technology is currently available at only
a few academic research centres, results have been shown
to be reproducible at each site. Within our perspectives
and future outlook, we would like to draw attention to
four retinal conditions; AMD, Stargardt disease, hydro-
xychloroquine toxicity, and MacTel, for which we found
evidence that FLIO may be very useful.

FLIO detects changes consistent with AMD even before
typical hallmark signs such as drusen appear, and a consistent
ring-shaped pattern of prolonged lifetimes can be found.
These FLIO findings may indicate signs of evolving disease.
FLIO has also been useful in distinguishing between ambig-
uous cases of AMD and other retinal diseases. Importantly,
Stargardt disease and AMD may clinically appear similar but
have very different manifestations in FLIO. FLIO lifetimes in
Stargardt disease are not generally prolonged, and the ring-
shaped pattern is not found in eyes with Stargardt disease.
However, the largest benefit for the use of FLIO in Stargardt
disease is the detection of early disease-related changes; flecks
can be detected about a year prior to being visible in other
imaging modalities. Early findings may help determine not
only which patients are susceptible to progression, but
they can also guide patient selection for clinical trials.
Early disease-related changes have also been shown in other
inherited retinal diseases such as MacTel. With current clin-
ical trials to treat and slow MacTel under investigation, FLIO
may be helpful in identifying patients that are appropriate for
treatment even before they experience vision loss. Finally,
systemic drugs such as hydroxychloroquine have shown
specific FLIO lifetime patterns, even in patients with early
retinal toxicity. FLIO may be a quicker and easier alternative
than a multifocal ERG for detecting these changes.

It is possible that FLIO will show large benefits for
diseases that have not yet been investigated with this device.
It would not be surprising to us if future research found
additional benefits of FLIO in other retinal diseases and
even anterior segment conditions. Some preliminary studies
have already found significant changes in patients with
diabetes and AD, both of which need further exploration.
The unexplored potential of FLIO is exciting and promis-
ing. However, it is important to overcome and address some
technical pitfalls that may make the broad application of
FLIO more difficult.

In the context of pitfalls, we would like to highlight that the
current analysis software still needs significant improvement.
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While it is easy to quickly train an inexperienced researcher
the technical aspects of FLIO, it is important to be mindful of
three major components: proper illumination of the 30°
macular field, precise focus of peri-foveal blood vessels, as
well as sufficient photon counts of at least 1000 photons in
each spectral channel. The imaging time is typically 2 min for
each eye, but it can take upwards of 3 min in patients with
advanced macular atrophy. We recognize that it may be
beneficial to obtain higher photon counts of up to 1500
photons in the macula of patients with early cataracts, as this
can improve fitting parameters of the retina.

Fitting the FLIO data to obtain the final images poses a
major challenge. The software used to fit the raw data is a
spin-off from one that has been traditionally used in cell
culture analysis. Although this software, SPCImage, is very
advanced for cell cultures, it lacks some features that may
be useful in clinical analysis. The rather complex and time-
consuming software may seem overwhelming to clinicians
who rely on more straightforward and efficient programmes
to generate clinical images. Furthermore, the software is not
well equipped for the clinical analysis of lifetimes, such as
the ability to obtain the mean from standardized areas such
as ETDRS grid. Instead, secondary programmes such as
FLIMX and FLIO-Reader are used to accomplish this. Raw
data from SPCImage must first be exported and then
imported into the secondary programme to obtain mean
lifetimes over certain areas, which is not sustainable or
practical in a clinical setting. In addition, one must be
careful not to create fitting errors that may be falsely
interpreted as disease-related changes. Overall, we see the
fitting process as very complex and believe that addressing
the image analysis will be key in establishing the uni-
versality of FLIO in academic centres.

Aside from these pitfalls, we regard FLIO as a modality
that holds promising potential in the field of retinal imaging,
in addition to its insight in ambiguous ophthalmic and
systemic diseases. More research will be necessary to truly
establish this device in the clinical arena. Therefore, we
would like to stress the importance of ongoing research and
expansion of FLIO technology as we look forward to the era
when FLIO can become more widely accessible.
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