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Purpose: Fluorescence lifetime imaging ophthalmoscopy (FLIO) is a non-invasive
imaging modality to investigate the human retina. This study compares FLIO lifetimes
in different degenerative retinal diseases.

Methods: Included were eyes with retinal pigment epithelium (RPE) and/or photore-
ceptor atrophy due to Stargardt disease (n = 66), pattern dystrophy (n = 18), macular
telangiectasia type 2 (n = 49), retinitis pigmentosa (n = 28), choroideremia (n = 26), and
geographic atrophy (n = 32) in age-related macular degeneration, as well as 37 eyes
of 37 age-matched healthy controls. Subjects received Heidelberg Engineering FLIO,
autofluorescence intensity, and optical coherence tomography imaging. Amplitude-
weighted mean FLIO lifetimes (z,,) were calculated and analyzed.

Results: Retinal FLIO lifetimes show significant differences depending on the disease.
Atrophic areas in geographic atrophy and choroideremia showed longest mean FLIO
lifetimes. T, values within areas of RPE and outer nuclear layer atrophy were significantly
longer than within areas with preserved outer nuclear layer (P < 0.001) or non-atrophic
areas (P < 0.001).

Conclusions: FLIO is able to contribute additional information regarding differences in
chronic degenerative retinal diseases. Although it cannot replace conventional autoflu-
orescence imaging, FLIO adds to the knowledge in these diseases and may help with the
correct differentiation between them. This may lead to a more in-depth understanding
of the pathomechanisms related to atrophy and types of progression.

Translational Relevance: Differences between atrophic retinal diseases highlighted by
FLIO may indicate separate pathomechanisms leading to atrophy and disease progres-
sion.

AMD, the leading cause of legal blindness in indus-

Introduction

Atrophy of photoreceptors and/or the retinal
pigment epithelium (RPE) is a common end-stage
manifestation of many chronic degenerative retinal
diseases. These include but are not limited to
geographic atrophy (GA), as the end-stage of non-
exudative age-related macular degeneration (AMD),
Stargardt disease (STGD), pattern dystrophy, macular
telangiectasia type 2 (MacTel), choroideremia, and
retinitis pigmentosa (RP). Overall, atrophic retinal
diseases lead to severe deterioration of visual acuity.'-
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trialized countries, typically has a late onset.> > The
end stage of non-exudative AMD is referred to as
GA and manifests with atrophy of photoreceptors,
RPE, and choriocapillaris. There is currently no treat-
ment available for GA.%7 Recessive STGD is the most
common inherited macular dystrophy.® It is caused by
a mutation in a retina-specific ATP-binding cassette
transporter gene (ABCA4), which interferes with the
visual cycle and leads to an abnormal accumula-
tion of lipofuscin within the RPE.® Atrophic areas
can display morphological similarities to GA, bearing
the risk of misdiagnosis.” Similar to STGD, pattern
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dystrophy with RDS/PRPH?2-related gene mutations
can also easily be mistaken as GA, as this mutation
also leads to apoptosis of the photoreceptors and the
RPE.!" 12 The inherited, bilateral, degenerative disease
MacTel manifests with loss of the foveolar reflex, the
presence of intraretinal cavities and blunting vessels
at the fovea, loss of foveal macular pigment, and,
subsequently, foveal atrophy.'>"!> Although MacTel
has been categorized as a rare disease, recent studies
suggest that the number of patients affected by MacTel
is underestimated due to frequent misdiagnoses.!®!7
Other retinal diseases that eventually progress to
atrophy include choroideremia and RP. Choroideremia
is caused by a mutation in the CHM gene, which
encodes for Rab escort protein 1, a mediator for
transmembrane trafficking in the retina and RPE.'8:1°
Although central vision is usually preserved, patients
suffer from nyctalopia with onset in the first decade
of life, progressing peripheral atrophy, and subsequent
loss of peripheral vision. Despite a primarily preserved
fovea, choroideremia commonly leads to blindness in
the late stage of the disease.” RP is a genetically
determined degenerative disease defined by functional
impairment of photoreceptors and RPE, with photore-
ceptor atrophy.’!-?? In general, rods in the periphery are
affected first, followed by central cones, then followed
by atrophy of the RPE, ultimately leading to peripheral
vision loss and tunnel-like visual fields with progressive
constriction.”!??

The non-invasive imaging modality fluorescence
lifetime imaging ophthalmoscopy (FLIO) may be
helpful not only to distinguish different atrophic retinal
diseases from another but also to understand their
pathophysiology in more detail. First introduced by
Schweitzer et al.>*?7 in 2002, FLIO allows for non-
invasive imaging of the retina. It has further previ-
ously been suggested that FLIO holds the potential
to detect subtle metabolic changes in the retina.’*
Different previous FLIO studies have investigated the
aforementioned retinal diseases GA, STGD, MacTel,
choroideremia, and RP.?*32 The aim of this study is to
comprehensively compare the FLIO characteristics of
each individual disease.

This cross-sectional study was approved by the
University of Utah’s Institutional Review Board and
adhered to the tenets of the Declaration of Helsinki.
Patients from the retina clinic at the Moran Eye Center
were offered FLIO imaging and inclusion in the study
if they were affected by the diseases of interest and
showed clear signs of atrophy in optical coherence
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tomography (OCT) imaging as defined below. Further-
more, patients with pathologic conditions that could
interfere with FLIO measurement such as cataract or
intra-/subretinal fluid were excluded from this study.
Written informed consent was obtained from every
patient and from age-matched healthy controls prior to
all investigations. All subjects were examined between
March 2017 and January 2020 at the Moran Eye
Center. Intraocular pressure was measured with a
Tono-Pen (Reichart Technologies, Depew, NY), and
no topical or intravenous fluorescein was applied
before imaging. Pupils were maximally dilated prior to
imaging, as this is also important for consistent FLIO
imaging.?”-3? Patients received FLIO and OCT imaging
(Spectralis OCT, Heidelberg Engineering, Heidelberg,
Germany) after pupil dilation.

FLIO Setup and Image Acquisition

Based on the Heidelberg Engineering Spectralis,
FLIO records autofluorescence lifetimes in vivo in
a 30° retinal field, relying on the principle of time-
correlated single-photon counting.**3 The detailed
setup and safety of FLIO have been described previ-
ously.?’-34:3¢ Briefly, retinal autofluorescence is excited
with a pulsed diode laser at 473-nm wavelength,
and fluorescence photons are detected with two
hybrid photomultipliers (HPM-100-40; Becker & Hickl
GmbH, Berlin, Germany). There is only 1 short and
one long channel, therefore it is either in short (SSC,
498-560 nm) and long (LSC, 560-720 nm) channels;
or, in a short spectral channel (SSC, 498-560 nm) and
a long spectral channel (LSC, 560-720 nm). A high-
contrast confocal infrared reflectance image is included
for eye tracking, and fluorescence photons are recorded
at their correct spatial location. To ensure reliable
image quality, a minimal signal threshold of at least
1000 photons was recorded for each pixel. Typically,
2 minutes of acquisition time were required for each
eye. The repeatability of this technique has previously
been confirmed.?’-?>”-3% The interindividual variability
of FLIO has been quantified by the coefficient of varia-
tion (CV). The first study found a CV of 17% for
the SSC and 11% for the LSC.?’ Two further studies
confirmed a good CV of 7.9 in the SSC, and 17.7% in
the LSC,? as well as 9% to 16% for both channels.?

The fluorescence data were analyzed using SPCIm-
age 4.4.2 (Becker & Hickl GmbH), and the mean
fluorescence decay was approximated. The amplitude-
weighted mean fluorescence decay time (t,,) was
used for further analysis; t,, represents the average
of three time constants from the fit, weighted by
their amplitude. Further details have been described
elsewhere.?>* SPCImage and FLIMX were used to
obtain mean FLIO lifetimes over regions of interest.
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The FLIMX software is documented and freely avail-
able for download online under an open-source BSD
license (http://www.flimx.de).?’

Analyzing Regions of Interest and Grading
Atrophy

Structural OCT changes were used to grade atrophy
according to the Classification of Atrophy Meetings
definition.’® In brief, complete RPE and outer retinal
atrophy (cCRORA) was defined by a zone of homoge-
neous choroidal hypertransmission and absence of the
RPE band measuring 250 um or more with overlying
outer retinal thinning and loss of photoreceptors. The
size of each lesion was measured and confirmed to be
appropriate using the measuring tool implemented in
the Heyex OCT software. Terminations of the exter-
nal limiting membrane and ellipsoid zone had to be
visible. Furthermore, we defined areas of homogeneous
choroidal hypertransmission due to the absence of
RPE, external limiting membrane, and ellipsoid zone
with the outer nuclear layer still present as areas of
preserved outer retina. These areas were demarcated
within the en face infrared image that is routinely
obtained with Spectralis OCT imaging. These areas
were used as masks on the FLIO measurements; FLIO
itself was not used to make any grading.

Unaffected areas were selected using both OCT and
autofluorescence intensity imaging. One unaffected
area was used per patient. These arcas were selected
based on the absence of any pathologic retinal
manifestation, including but not limited to drusen,
atrophy, or presence of fluid. Hyperfluorescent areas
were defined as an increased fundus autofluorescence
signal compared with autofluorescence signal outside
these areas.’” In healthy eyes, FLIO lifetimes were
obtained from the outer ring of the standardized
Early Treatment Diabetic Retinopathy Study (ETDRS)
grid. Figure 1 depicts where these measurements were
taken. Atrophic regions, as well as unaffected areas of
interest, were selected manually in each FLIO measure-
ment by drawing the previously defined mask onto
the connected autofluorescence intensity image. With
SPCImage it is possible to select a manual mask on
the autofluorescence intensity image, and the same
mask is projected onto the lifetime image at the exact
same location of the fundus. Masks over specific areas
allowed us to obtain the average of FLIO lifetimes for
these areas. As macular pigment is known to influ-
ence FLIO lifetimes, only regions of interest outside the
direct foveolar area were measured and included in the
analysis. Figure 2 shows which exact retinal region of
interest was selected for FLIO lifetime measurement in
a patient affected by pattern dystrophy.’
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Figure 1. FLIO lifetime image of a healthy 60-year-old female
control. The gray areas highlight the outer ring of the standardized
ETDRS grid from which mean FLIO lifetimes were investigated.
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Figure2. FLIO lifetime image, fundus autofluorescence (FAF) inten-
sity image, and OCT scan of a 61-year-old male patient affected by
pattern dystrophy. The red lines on the OCT scan highlight where
atrophy was graded as cRORA and therefore eligible for FLIO lifetime
measurement. The gray area depicts where FLIO lifetimes of healthy
retinal areas were measured.

Statistical Analysis

For all statistical analyses, SPSS Statistics 21 (IBM,
Armonk, NY) and R 3.6.2 were employed. To test for
significant 1., differences between regions in one eye, a
t-test for paired samples was used. To compare FLIO
lifetimes between different patient groups, as well as
healthy controls, a z-test for independent samples was
used. A multiple linear regression analysis account-
ing for age and lens type was used to compare FLIO
lifetimes between patients with different diagnoses.
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Assumptions that our diagnosis groups are normally
distributed and have equal within-group variance were
checked graphically, and a post hoc analysis using
Tukey’s range test was applied to pairwise compare
diagnosis effects on FLIO lifetime while controlling the
familywise error rate.** All results are reported with
their means and standard deviations (SDs).

Subjects

This study investigated 219 eyes from 124 patients.
Mean age over all patients was 55 4+ 22 years (range,
10-93). Patients with atrophic eye diseases, verified
with OCT imaging, were investigated. This included
geographic atrophy secondary to AMD (32 eyes),
STGD (66 eyes), pattern dystrophy (18 eyes), MacTel
(49 eyes), RP (28 eyes), and choroideremia (26 eyes).
An age-matched group of 37 eyes from 37 healthy
controls with a mean age of 53 + 19 years (range,
10-85) was included, as well. Table 1 provides further
patient information.

Characteristics of Atrophic Eye Diseases in
FLIO

In general, atrophic lesions show prolonged FLIO
lifetimes. Comparing all atrophies with unaffected
retinal areas within the same eye, significant differ-
ences were found for both spectral channels. Atrophic
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areas showed a prolongation of FLIO lifetimes of
approximately 150 ps (SSC) and 130 ps (LSC), P <
0.001 for both. Comparing FLIO lifetimes of atrophic
areas in eyes affected by the aforementioned diseases
to FLIO lifetimes in age-matched healthy control eyes,
similar differences were found (differences around 140-
150 ps in both spectral channels; P < 0.001 for both).
This is shown in Table 2. Figure 3 presents the differ-
ent atrophic eye diseases investigated in this study
compared with a healthy eye.

Differences Between Different Types of
Atrophy

FLIO lifetimes vary among the different types of
atrophy. The longest FLIO lifetimes can be found in
eyes with GA and choroideremia. All fluorescence-
based imaging techniques are impacted by the autoflu-
orescence of the lens. This can be noted especially in
patients of an advanced age.’® Mean lifetimes across
atrophic areas from different diseases were compared
with each other, controlling for age and lens (natural
lens vs. intraocular lens). There was no statistical
difference based on the lens status in our study.
Significant FLIO lifetime differences in the SSC were
found when comparing GA with atrophic areas in
MacTel and choroideremia. The SSC also showed
significant differences between atrophic areas in choroi-
deremia with atrophic areas in STGD, pattern dystro-
phies, MacTel, and RP. MacTel and RP also showed
significantly different FLIO lifetimes in the SSC. In
the LSC, significant differences were found when
comparing GA with atrophic areas in STGD, pattern

Table 1. Patient Characteristics
Agel(y),  Agely)
Characteristic Patients (n) Eyes(n) Mean+SD Range Gender Lens
Healthy 37 37 53 £ 19 10-85 16 females (43%); 21 31 natural (84%); 6
males (57%) intraocular (16%)
All atrophy 124 219 55 + 21 10-93 53 females (43%); 71 168 natural (77%); 51
males (57%) intraocular (23%)
GA 21 32 78 + 11 58-93 8 females (38%); 13 14 natural (44%); 18
males (62%) intraocular (56%)
STGD 34 66 42 + 20 11-75 20 females (59%); 14 64 natural (97%); 2
males (41%) intraocular (3%)
Pattern dystrophy 10 18 54 +9 43-69 6 females (60%); 4 18 natural (100%)
males (40%)
MacTel 30 49 61 + 12 34-83 12 females (40%); 18 40 natural (82%); 9
males (60%) intraocular (18%)
RP 16 28 60 £ 12 44-77 7 females (44%); 9 6 natural (21%); 22
males (56%) intraocular (79%)
Choroideremia 13 26 29 + 14 10-54 13 males (100%) 26 natural (100%)
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Table 2. Atrophy Versus Healthy Regions
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Test Channel Healthy Control (Outer Ring) Atrophy (Manual Mask) P
Independent sample SSC 248 + 50 ps 379 + 183 ps 0.001
t-test; healthy
controls (n = 37) vs.
patients (n = 219)
LSC 281 + 50 ps 434 £ 156 ps 0.001
Test Channel Unaffected Areas (Manual Mask) Atrophy (Manual Mask) P
Paired sample t-test; SSC 226 + 81 ps 379 + 183 ps 0.001
patients (n = 219) vs.
patients (n = 219)
LSC 299 + 89 ps 434 £ 156 ps 0.001

Comparison of FLIO lifetimes between healthy controls and eyes affected with atrophy, and between unaffacted and
atrophic areas within the same eye. The P-values, printed in bold letters, indicate the level of significance.
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Figure 3.

Fundus autofluorescence intensity and FLIO lifetime images from different eyes with atrophic and dystrophic retinal diseases, as

well as a healthy control eye. FLIO lifetimes from the SSC and LSC are shown. The LSC is presented in two color ranges.

dystrophies, MacTel, and RP. Furthermore, the LSC
also showed significant differences between atrophic
areas in choroideremia with atrophic areas in STGD,
pattern dystrophies, MacTel, and RP. Statistically
significant differences were also found between STGD
and MacTel in the LSC. Table 3 shows differences
among the different types of atrophy for the SSC and
LSC. Figure 4 shows a box plot that highlights these
findings.

Difference Between RPE Atrophy and Retinal
Atrophy

FLIO lifetimes are typically prolonged in atrophic
areas; however, when analyzing RPE atrophy with and
without retinal atrophy, differences can be observed.
Similarly, retinal atrophy without RPE atrophy, as can
be found in RP, also shows different FLIO lifetimes.
Areas where the RPE and the outer nuclear layer are
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Table 3. Atrophies
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A.
FLIO Lifetimes in Atrophy
Disease SSC (498-560 nm) LSC (560-720 nm)
GA (n =32 eyes) 523 £ 178 ps 609 £ 130 ps
STGD (n = 66 eyes) 312+ 192 ps 385+ 143 ps
Pattern dystrophy (n = 18 eyes) 342 £ 191 ps 397 + 145 ps
MacTel (n =49 eyes) 319+ 70 ps 353 £59 ps
RP (n =28 eyes) 385+ 160 ps 413+ 117 ps
Choroideremia (n = 26 eyes) 507 £ 182 ps 540 £ 173 ps
B.
LSC
STGD Pattern MacTel RP Choroi
Dystrophy deremia
<0.01 <0.001 <0.01 0.10
STGD 0.86 <0.001 1.0 <0.001
Pattern 0.13 0.95 0.39 1.0 <0.001
Dystrophy
MacTel <0.001 0.20 <0.001
S RP 1.0 0.65
75 Choroi- <0.05 <0.001
deremia

Part B shows age- and lens-corrected P values of differences among the different types of atrophy. White boxes indicate SSC
(498-560 nm) and gray boxes indicate LSC (560-720 nm). Bold indicates significance at a P > 0.05 level. Tukey’s method for
comparing a family of six estimates was used for P value adjustment.

atrophic show the longest FLIO lifetimes. In areas
where the outer nuclear layer is preserved within areas
of RPE atrophy, FLIO lifetimes are less prolonged
but are still longer than in non-atrophic retinal
regions. In areas with preserved RPE but photorecep-
tor atrophy, FLIO lifetimes appear to be prolonged
similarly to complete photoreceptor and RPE atrophy.
In conventional autofluorescence imaging, atrophic
areas of the RPE appear hypofluorescent compared
with areas of healthy retina, regardless of the status
of the outer nuclear layer. Moreover, areas of
atrophic photoreceptors and preserved RPE display a
similarly decreased autofluorescence signal. Figure 5
highlights these findings for the investigated atrophic
diseases.

To further quantify these findings, eyes with GA
secondary to AMD were segmented according to
their atrophy status in correlation with OCT findings.
FLIO lifetimes from within segmented areas were
compared, Figure 6 gives a detailed example of the
aforementioned findings in one patient with GA.
Hypofluorescent areas display FLIO lifetimes that
depend on the status of the outer nuclear layer. Table
4A shows the statistical analysis, and Figure 7
shows corresponding box plots for both spectral
channels.

Finally, we investigated hyperfluorescent areas in
different atrophic eye diseases. We found hyperfluores-

cent areas in eyes with GA, STGD, and pattern dystro-
phy. Table 4B shows how hyperfluorescent areas differ
from other areas within the retina. In GA and STGD,
the FLIO lifetimes are significantly shorter in hyperflu-
orescent areas compared with atrophic areas, whereas
FLIO lifetimes are similar between hyperfluorescent
areas and atrophic areas in eyes with pattern dystrophy.
All hyperfluorescent areas were significantly longer
compared with non-atrophic and normal-fluorescent
areas.

Characteristics of GA in AMD

Geographic atrophy secondary to non-exudative
AMD shows very long FLIO lifetimes in both spectral
channels. Comparing all investigated diseases, GA has
the longest FLIO lifetimes, ranging from 500 to 700 ps
in both spectral channels. In addition, areas surround-
ing atrophy also show prolonged FLIO lifetimes, and
this prolongation occurs in the previously described
ring-shaped AMD-related FLIO pattern.’’ Eyes with
GA show a more pronounced version of this pattern,
which is visible 3 to 6 mm from the fovea. Figure
8 displays a comparison of five eyes affected by
GA with five eyes of patients with STGD. All
presented patients with STGD had confirmed 4 BCA4
mutations.



translational vision science & technology

FLIO in Degenerative Retinal Diseases

*  (GA-CHM)
*x% (GA- MacTel)

— (STGD - CHM) ***
3 1200+ (Pattern Dystrophy - CHM) ***
c (MacTel - CHM) **%

* (MacTel - RP)
2 . S o
b1 °
. 1000 * o

[<2]

] o o

N2

QO 8007 * *

(2] *

7] °
& °
Q 6007 ® *

£ 5 -

[/}
[
£ 4007

=

2

-1

o 2007

=

TS

T T
Retinitis Choroideremia
Pigmentosa

T T T T
Geographic Stargardt Pattern MacTel

Atrophy Disease  Dystropy

(STGD - CHM) *#%

(Pattern Dystrophy - CHM) *¥%
(MacTel - CHM) *¥%
(RP-CHM) %%

*% (STGD - MacTel)
** (GA-RP)
*** (GA - MacTel)

**_(GA- Pattem Dystrophy)
* _(GA-STGD)

1200+

1000-
800
6007 8

400- é

200

FLIO Lifetimes in ps, LSC (560 - 720 nm)

Retilnitis Chorloideremia
Pigmentosa

Geoglraphic Starlgardt Patltern MalcTeI

Atrophy Disease  Dystropy

Figure 4. Differences in FLIO lifetimes among different groups
of atrophy. Both spectral channels are shown. Lines and asterisks
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indicate significant differences at "P < 0.05and “*P < 0.001; P < 0.05
was considered significant.

Characteristics of Atrophy in STGD and
STGD-Like Pattern Dystrophies

All patients included in the STGD and the pattern
dystrophy group had received genetic testing and
showed ELOVL4 or ABCA4 mutations for STGD or
RDS/PRPH? for pattern dystrophy. Six clinical cases
of STGD and four clinical cases of pattern dystro-
phy were also included in the analysis, because these
patients had refused genetic testing or their testing
results were still pending. Atrophy in these diseases
appeared very similar in small peripheral flecks and in
central atrophic regions. In contrast to AMD, shorter
lifetimes were observed both within atrophic areas
and in surrounding non-atrophic areas. None of these
eyes showed the AMD-related FLIO pattern. Figure 8
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shows five cases of STGD in patients with confirmed
ABCA4 mutations.

Characteristics of Atrophy in MacTel

Atrophic disease may manifest in advanced MacTel
and typically starts temporal to the fovea. In general,
FLIO shows a temporal crescent or a ring-like pattern
of prolonged lifetimes around the fovea, with the
longest lifetimes typically being found temporally.
Lifetimes are explicitly more prolonged in the SSC,
being a unique feature, as other atrophic retinal
diseases tend to display more prolonged FLIO lifetimes
in the LSC. Atrophy typically remains within the
MacTel area, sparing peripheral retinal regions.

Characteristics of Atrophy in RP

All patients diagnosed with RP had received confir-
matory genetic testing, and different genotypes were
included in this study. Characteristically, FLIO shows
prolonged lifetimes in atrophic areas of the retinal
periphery. Atrophy typically includes the photorecep-
tors but spares the RPE. These atrophic areas typically
manifest in a speckled manner, further progressing
concentrically toward the fovea. Central retinal areas
with preserved RPE and outer nuclear layers show
shorter FLIO lifetimes. Figure 9 gives an example of
three eyes affected by RP.

Characteristics of Atrophy in Choroideremia

All patients underwent genetic testing to confirm
a mutation in the CHM gene. Alongside GA,
choroideremia showed extremely prolonged FLIO
lifetimes in atrophic areas, even in very young patients.
These lifetimes increase with age. Prolonged lifetimes
can be observed, especially in the periphery, where RPE
atrophy and atrophy of the outer nuclear layers occur.
Areas with non-atrophic outer nuclear layers according
to the applied grading system, often displaying outer
retinal tubulations, retain shorter FLIO lifetimes.
Further, FLIO images of choroideremia typically do
not follow the appearance of the disease in fundus
autofluorescence (FAF) intensity imaging. Some areas
that appear normal or hyperfluorescent in FAF inten-
sity imaging show prolonged FLIO lifetimes. Figure
9 gives an example of such eyes affected by choroi-
deremia that highlights these findings. Compared with
other peripheral atrophies (e.g., RP), which display
a rather speckled structure, eyes affected by choroi-
deremia appear streaky in FLIO imaging.
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Figure 5.

Autofluorescence intensity and FLIO lifetime images from the LSC (560-720 nm) and OCT images in atrophic eye diseases. Yellow

arrows and lines indicate RPE atrophy; red arrows and lines indicate RPE atrophy with a preserved outer nuclear layer.

Figure 6. Autofluorescence intensity and FLIO lifetime images in one patient with GA from the LSC (560-720 nm). FLIO images are shown
in two different color ranges. Yellow lines indicate RPE with outer nuclear layer atrophy, and red lines delineate regions with RPE atrophy but

without outer nuclear layer atrophy.

Conventional imaging, such as autofluorescence
intensity imaging, often shows hypofluorescence in
atrophic areas, but a differentiation of areas with
a preserved outer nuclear layer is difficult.*! In
contrast, OCT has been shown to be helpful in under-

standing how the morphology of individual layers
change.*” FLIO may contribute additional information
to conventional imaging modalities.’**

In general, atrophic areas of any kind present with
prolonged FLIO lifetimes.’®>*-** The exact prolon-
gation may be correlated with types of atrophy and
individual disease pathomechanisms. In GA, FLIO
lifetimes are significantly longer in atrophic areas of the



translational vision science & technology

FLIO in Degenerative Retinal Diseases

TVST | June 2021 | Vol. 10 | No.7 | Article 11 | 9

Table 4. Hyperfluorescent Areas, RPE Atrophy With and Without Outer Nuclear Layer Atrophy in GA, STGD, and

Pattern Dystrophy

A.
RPE Atrophy RPE Atrophy
With Outer Without Outer
Channel Nuclear Layer Atrophy Nuclear Layer Atrophy Unaffected Areas P
SSC 589 £+ 178 ps 431+ 173 ps 327 £79 ps <0.001
LSC 687 £ 159 ps 550 £ 160 ps 417 =75 ps <0.001
B.
Disease Channel Hyperfluorescent Areas Atrophic Areas P
GA (n =32 eyes) SSC 388 £ 99 ps 523 £ 178 ps <0.001
LSC 507 £ 88 ps 609 £ 130 ps <0.001
STGD (n = 66 eyes) SSC 285 £ 81 ps 301 £ 169 ps 0.327
LSC 352+ 81ps 385+ 143 ps <0.05
Pattern dystrophy (n = 18 eyes) SSC 295 + 61 ps 342 + 191 ps 0.271
LSC 338+ 74 ps 397 £ 145 ps 0.117
Non-Atrophic, Normal
Disease Channel Hyperfluorescent Areas Fluorescent Areas P
GA (n =32 eyes) SSC 388 £ 99 ps 322 +79ps <0.001
LSC 507 + 88 ps 421 £ 75ps <0.001
STGD (n = 66 eyes) SSC 285 + 81 ps 197 £ 70 ps <0.001
LSC 352+ 81 ps 268 + 89 ps <0.001
Pattern dystrophy (n = 18 eyes) SSC 295+ 61 ps 233 + 44 ps <0.001
LSC 338+ 74 ps 283 + 49 ps <0.01

Part A shows results from an analysis of variance among the different atrophic areas, specifically areas with RPE atrophy
with and without outer nuclear layer atrophy, compared with unaffected areas. Part B shows Bonferroni-corrected P values of
differences between hyperfluorescent areas and atrophic areas, as well as hyperfluorescent areas and unaffected areas. Both

spectral channels (SSC, 498-560 nm; LSC, 560-720 nm) are shown.

retina compared to non-affected areas.?®-*! Similarly,

atrophic areas in STGD display longer lifetimes than
healthy retinal areas.”” However, FLIO lifetimes within
atrophic areas are significantly longer in GA compared
to STGD.’> In MacTel, FLIO shows a crescent-
shaped area of prolonged lifetimes temporal to the
fovea. Advanced disease stages, however, show the
shape of a ring surrounding the fovea.* In advanced
atrophic stages of the disease, the prolonged FLIO
lifetimes can affect the complete MacTel area.** In
other atrophic diseases, such as RP and choroideremia,
it has been found that FLIO lifetimes are not uniformly
prolonged.®*~47 It has been suggested that an intact
outer nuclear layer in choroideremia, which may be
preserved despite RPE atrophy, may be the reason
for relatively normal FLIO lifetimes. In RP, however,
areas of photoreceptor atrophy and preserved RPE
display significantly prolonged FLIO lifetimes, similar
to atrophies with complete RPE and photoreceptor
atrophy.

When comparing all types of atrophy, FLIO
lifetimes in GA and choroideremia are much longer
compared with other diseases that we investigated.
In these two conditions, choroidal atrophy results in
a complete loss of retinal layers and function.s-4
In other diseases, lifetimes remain within shorter
ranges, indicating that some retinal areas may still be
preserved. Furthermore, some areas within atrophy
may even show short to normal FLIO lifetimes. We
found that significantly shorter lifetimes were origi-
nating from areas with a preserved outer nuclear
layer, compared with areas of complete RPE and
outer nuclear layer atrophy, as in GA and choroi-
deremia. Two previous FLIO studies investigated
patients with choroideremia.*’>" In one study, the
authors argued that the short FLIO lifetimes may
originate from an accumulation of the visual cycle
byproduct all-trans retinal, which typically shows short
fluorescence lifetimes.”! According to the authors,
this could indicate preserved metabolic activity in the
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Figure 7. Box plots indicating differences in FLIO lifetimes among
areas of RPE atrophy with outer nuclear layer atrophy, RPE atrophy
without outer nuclear layer atrophy, and unaffected areas. Lines
indicate significant differences at “"P < 0.001. P < 0.05 was consid-
ered significant.

photoreceptors. Pfau and colleagues®> found preserved
light sensitivity in border regions within the atrophic
areas of GA, whereas Foote and colleagues®® demon-
strated similar results in patients affected by choroi-
deremia. The border regions within atrophic areas of
GA and choroideremia also show short FLIO lifetimes,
as has been shown in previous FLIO studies.’*:3! A
second FLIO study on patients with choroideremia
found short FLIO lifetimes originating from areas
with outer retinal tubulations.”® Short FLIO lifetimes
within atrophic retinal areas may indicate areas of
at least partially preserved photoreceptor structure,
which eventually might indicate preserved photorecep-
tor function. This might be an interesting finding to
consider when identifying patients who might benefit
from enrollment in early clinical trials.>*>3
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Hyperfluorescent areas have previously been
described as areas at risk for atrophy progression.* In
GA, FLIO lifetimes of the hyperfluorescent junctional
zone were significantly shorter compared with atrophic
areas and were significantly longer compared with non-
atrophic retinal areas without hyperfluorescence.”®
This could indicate pathological changes already
happening in hyperfluorescent areas, predisposing
the concerned cells for subsequent atrophy; however,
it may still be possible to preserve these areas from
complete atrophy. Histologically, pathological changes
in the RPE also increase with increasing proximity to
atrophic regions.’® In choroideremia, normal or hyper-
fluorescent areas of RPE already show prolonged
FLIO lifetimes, which may indicate cellular processes
in these areas that may be related to disease progres-
sion. Especially in choroideremia, FLIO shows alter-
ations in areas that in FAF intensity imaging may
appear normal. This important finding was further
evaluated in a different study.”

Furthermore, various retinal diseases are often
misclassified.”-'®17 In some cases, it can be challenging
to correctly distinguish a patient with GA secondary to
AMD from a patient with late-onset STGD.’ Similarly,
many patients with atrophic MacTel have been misdi-
agnosed as having atrophic AMD or other retinal
diseases.'®"!” By showing a very characteristic pattern
of FLIO lifetimes in the LSC, FLIO can help to distin-
guish among these diseases.** The AMD pattern is
found in the LSC and shows a ring of prolonged FLIO
lifetimes between 3 mm and 6 mm from the fovea.*"
This pattern was found in patients with both exuda-
tive and non-exudative AMD, and we can confirm it
for patients with GA, as well. In MacTel, a differ-
ent pattern can be found.**3” The FLIO pattern
in MacTel appears in the SSC as a temporal area
of prolonged FLIO lifetimes, which is typically not
exceeding the MacTel area of approximately 5° verti-
cal and 6° horizontal eccentricities.'® Regarding choroi-
deremia, we were able to confirm findings from a previ-
ous study indicating that its appearance in FLIO and
autofluorescence intensity imaging are not necessar-
ily concordant.*’ Dysli and colleagues*’ argued that
this could be explained by an increased accumula-
tion of lipofuscin derivatives, sustaining the assump-
tion that the RPE is first to degenerate in the course of
choroideremia. Finally, FLIO lifetimes show different
patterns when comparing RP with choroideremia. Not
only are FLIO lifetimes in choroideremia much longer
than in RP, but they also show phenotypical differ-
ences. FLIO lifetimes in RP appear speckled, whereas
FLIO lifetimes in choroideremia appear streaky. To
this point, we can only speculate on the reasons for
this. The streaky appearance resembles the structure of
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Figure 8. Autofluorescence intensity and FLIO lifetime images in patients with GA and atrophy due to STGD from the LSC (560-720 nm).
Phenotypically, FLIO shows the AMD ring in patients with AMD but not in patients with STGD.

choroidal vessels, suggesting a choroidal contribution
to the FLIO lifetimes examined in this study. The differ-
ences in appearance between RP and choroideremia
could help to further understand the pathomechanisms
involved in these diseases and provide information on
how diseases progress. It may also highlight the differ-
ent types of atrophy in these diseases, as choroideremia
presents with RPE and photoreceptor atrophy, whereas
the RPE is mostly preserved in RP.

This study has a several limitations. These include
small patient numbers in some investigated subgroups,
such as pattern dystrophy. Another limitation lies in
the fact that all fluorescence-based imaging modali-
ties are influenced by the lens to a certain degree. In
this study, we excluded patients with cataracts. Previous

studies have shown that lens status mainly impacts the
SSC, leaving the LSC unaffected.?® A statistical analysis
controlling for the lens status did not show significant
differences in patients with IOL compared with those
with a natural lens. Future studies should further assess
the impact of lenses on FLIO lifetimes in a more in-
depth manner. Furthermore, axial length has not been
assessed in our study, and assessing the axial length
was not part of the current study protocol. Despite not
yet being investigated, an influence on FLIO measure-
ments is possible and should be addressed in future
studies. Best-corrected visual acuity, central macular
thickness, and foveal sparing were not assessed in this
study, as these parameters depend on the state of
the fovea, which was deliberately excluded from the
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Figure 9. Autofluorescence intensity and FLIO lifetime images in patients with RP and choroideremia from the LSC (560-720 nm). Pheno-
typical differences in atrophic appearance between RP and choroideremia are visible in FLIO images. Although eyes with RP show atrophy
in a speckled form, atrophy in choroideremia appears in a streaky pattern.

analysis.’® Studies investigating foveal FLIO lifetimes
in atrophic retinal diseases should investigate these
parameters, which could be very interesting, as they
would likely differ between eyes with and without foveal
sparing. The reproducibility of FLIO has been investi-
gated in various studies by multiple groups, all of which
found a similar reproducibility with a coefficient of
variation between 9% and 17%. We verified this repro-
ducibility for our FLIO device; however, these data are
currently unpublished.?>?7-33

We included and compared patients of different age
ranges. This is due to the fact that different diseases may
manifest at different ages. FLIO lifetimes, especially
those of the SSC, were found to be influenced by
age.” We therefore had an age-matched group of
healthy subjects for each disease. Furthermore, we
controlled for age in our statistical analysis, which
should minimize this impact on our statistical results.
One can further speculate about an impact of time
since diagnosis on FLIO lifetimes. In this study, we
did not assess for the initial date of diagnosis nor
did we collect information on time since the develop-
ment of atrophy. Future studies should be conducted to

investigate this. Nevertheless, all included eyes showed
atrophic diseases, which we believe is a similarity that
makes comparing these diseases important.

Conclusions

Atrophic retinal diseases appear differently in FLIO,
and this imaging modality gives additional informa-
tion relative to conventional fundus autofluorescence
intensity imaging. Atrophy typically shows prolonged
FLIO lifetimes, but different types of atrophy show
different types of FLIO lifetime prolongation. Areas
of preserved outer nuclear layers, for example, remain
with less prolonged FLIO lifetimes. In FAF inten-
sity imaging, most areas of atrophy appear similar.
The information obtained with FLIO may therefore
be useful in clinical trials and may give further infor-
mation on the pathogenesis of the different diseases.
Finally, FLIO aids in distinguishing among the differ-
ent atrophic diseases and may help to avoid misclassi-
fication of atrophic eye conditions.
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