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Purpose: To provide a detailed characterization of choroideremia (CHM) using fluores-
cence lifetime imaging ophthalmoscopy (FLIO) and to provide a deeper understanding
of disease-related changes and progression.

Methods: Twenty-eight eyes of 14 patients with genetically confirmed CHM (mean age,
28 + 14 years) and 14 age-matched healthy subjects were investigated in this study.
FLIO images of a 30° retinal field were collected at the Moran Eye Center using a Heidel-
berg Engineering FLIO device. FLIO lifetimes were recorded in short spectral channels
(SSC; 498-560 nm) and long spectral channels (LSC; 560-720 nm), and mean autoflu-
orescence lifetimes (r,) were calculated. Optical coherence tomography (OCT) scans
were recorded for each patient. Three patients were re-imaged after a year.

Results: Patients with CHM exhibit specific FLIO lifetime patterns. Prolonged FLIO
lifetimes (around 600-700 ps) were found in the peripheral macula corresponding to
atrophy in OCT imaging. In the central macula, t,, was unrelated to autofluorescence
intensity. Some areas of persistent retinal pigment epithelial islands had prolonged FLIO
lifetimes, whereas other areas of hypofluorescence had short FLIO lifetimes. At 1-year
follow-up, FLIO lifetimes were significantly prolonged within atrophic areas (P < 0.05).

Conclusions: FLIO shows distinct patterns in patients with CHM, indicating lesions of
atrophy and areas of preserved function in the presence or absence of findings in fundus
autofluorescence intensity images. FLIO may provide differentiated knowledge about
pathophysiology and atrophy progression in CHM compared to conventional imaging
modalities.

Translational Relevance: FLIO shows distinctive lifetime patterns that potentially
identify areas of function, atrophy, and disease progression in patients with CHM.
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Introduction

Choroideremia (CHM) is a rare progressive retinal
dystrophy that causes night blindness, peripheral
vision loss, and diminished central vision later in
life as peripheral atrophy widens.! CHM is charac-
terized by atrophy of the retinal pigment epithelium
(RPE), choroid, and photoreceptor layers. The disease
predominantly affects males due to its recessive X-
linked inheritance pattern, with an estimated preva-
lence of 1:50,000.!

The CHM gene, localized on chromosome Xq21.2,
encodes for the ubiquitously expressed Rab escort
protein 1 (REP1).> REPI1 falls under a class of
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necessary for membrane association and target protein
recognition.’ In addition, REP1 is heavily involved in
intracellular trafficking of proteins, small substrates,
and various organelles.* Mutations in the CHM gene
subsequently alter the function of REPI1, causing
degeneration in cellular structure, transport, and
stability. The mechanism of disease pathophysiology
remains unclear, as it is uncertain whether the RPE,
choroid, or photoreceptor layers are affected first or
simultaneously; however, it has been suggested that
the RPE may be affected first, leading to retinal distur-
bances and to the formation of retinal tubulations.’
Studies have suggested that the severity of the CHM
phenotype may be due to the level of disruption in
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REPI1 intracellular trafficking, such as phagocytosis,
secretion, vesicle transport, and neurotransmission.®
However, a genotype—-phenotype correlation has
not been found, despite extensive research on large
cohorts.”-8

A range of multimodal imaging techniques, includ-
ing optical coherence tomography (OCT), optical
coherence tomography angiography (OCT-A), fundus
autofluorescence (FAF) intensity imaging, color
fundus photography, and fluorescein angiography,
have been utilized to assess structural, functional, and
visual damage of individuals affected with CHM. FAF
intensity imaging provides information on the distri-
bution of lipofuscin, which is predominantly localized
in the RPE. A buildup of lipofuscin and other visual
cycle byproducts typically leads to cell death and
atrophy, which can be seen as demarcated hypofluores-
cent lesions within the peripheral retina. In contrast,
hyperfluorescent areas may indicate preserved retinal
tissue, also known as RPE islands. These islands in the
temporal and central macular area are likely due to a
difference in rod—cone ratios.” Color fundus photogra-
phy highlights peripapillary and peripheral pigmentary
changes in patients with CHM, whereas OCT imaging
describes retinal thinning and structural changes. In
addition, progressive ellipsoid zone and RPE loss in
conjunction with a decrease in choroidal thickness is a
common finding in CHM disease progression. OCT-A
shows an association of choriocapillaris atrophy with
RPE degeneration,'” and fluorescein angiography
highlights large irregular patches of RPE atrophy.!!

Fluorescence lifetime imaging ophthalmoscopy
(FLIO) was developed in 2002 by Schweitzer and
coworkers'?-!3 and is based on the technique of fluores-
cence lifetime imaging microscopy (FLIM), which is
used for investigating metabolic changes in biological
tissue.'*" ' FLIO is the first application of in vivo
ophthalmic fluorescence lifetime imaging, and it may
potentially show metabolic and nutritional changes in
the human retina.!” ' FLIO may also indicate areas
of disease localization even before irreversible damage
manifests. Early FLIO lifeetime changes have been
detected in Stargardt disease, patients with macular
telangiectasia type 2 (MacTel), and patients who
may develop retinal toxicity due to hydroxychloro-
quine (Plaquenil) supplementation.”’~2* Recently,
early retinal changes in family members of patients
with MacTel were found with FLIO.?* Several other
diseases, such as age-related macular degeneration
(AMD), diabetic retinopathy, and Alzheimer disease,
similarly exhibit altered FLIO lifetimes in early disease
stages.20-25-31

Using FLIO to investigate CHM may enhance
the understanding of the disease and aid in explain-
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ing molecular processes in the retina and choroid.
Although conventional fluoresence imaging techniques
are efffective for describing specific changes in the
retina of patients with CHM, they often capture only
the altered fluoresence of lipofuscin due to its high
fluoresence. FLIO may increase the knowledge about
whether distinct retinal areas are affected differently
and may reveal new ways to approach and target the
disease. This knowledge may help us to understand
early changes and disease progression, which may be
of great importance in the diagnosis and management
of CHM. This study secks to provide a more detailed
characterization of CHM using FLIO, as well as a
deeper understanding of disease changes and progres-
sion.

This cross-sectional and, in part, longitudinal study
was conducted at the John A. Moran Eye Center of the
University of Utah in Salt Lake City. It was approved
by the University of Utah Institutional Review Board
and adheres to the tenets of the Declaration of
Helsinki. Patients were examined and diagnosed with
CHM by a retinal specialist and also met with a genetic
counselor. Genetic testing by Clinical Laboratory
Improvement Amendments (CLIA)-approved clinical
testing laboratories was performed on all patients to
confirm the diagnosis of CHM. All patients were
referred from the retina clinic, and informed written
consent was obtained prior to any investigations. All
measurements were performed between June 2017 and
January 2020.

Study Protocol and Image Acquisition

Intraocular pressure was measured with a Tono-
Pen (Reichert Technologies, Depew, NY), and pupils
were dilated. FLIO and Spectralis OCT (Heidel-
berg Engineering, Heidelberg, Germany) measure-
ments were performed on each patient. The princi-
ples of image acquisition and laser safety of FLIO
have been described elsewhere.!?:!8:32:33 Briefly, FLIO
relies on the principle of time-correlated single photon
counting.'>** A 30° field centered at the fovea was
imaged, where fluorescence was excited using a 473-nm
pulsed laser with a repetition rate of 80 MHz. Photons
were detected in two separate spectral wavelength
ranges, a short spectral channel (SSC; 498-560 nm)
and a long spectral channel (LSC; 560-720 nm). A
minimal signal threshold of 1000 photons per pixel
was set to ensure sufficient image quality. Fluores-
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cence data were analyzed using the software SPCImage
4.4.2 (Becker & Hickl GmbH, Berlin, Germany). The
amplitude-weighted mean autofluorescence lifetime
(tm) was used for further analysis. Additional details
may be found elsewhere.'®-** SPCImage and FLIMX
were used to analyze and illustrate FLIO lifetimes.>
The FLIMX software is documented and freely avail-
able for download online under the open source BSD
license (http://www.flimx.de).

Areas of Interest

Different areas of interest were defined by manually
drawing masks on areas of hyperfluoresence and
hypofluorescence in FAF intensity images. Atrophic
areas were outlined and manually masked by refer-
ring to areas of hypertransluminance on OCT B-scans.
These areas, as well as other areas of interest, were
demarcated within the en face infrared reflectance
image that is routinely obtained with the Spectralis
OCT. All areas were created as masks on the autoflu-
orescence intensity images, which were superimposed
on the FLIO measurements. FLIO was not used to
make any segmentation. The Early Treatment Diabetic
Retinopathy Study (ETDRS) grid was used to delineate
the central and peripheral areas for macular pigment
and peripheral fluoresence lifetime signal detection.
Figure 2 shows the peripheral and central RPE island
regions of interest used for quantifying mean lifetimes
in CHM patients.

En Face OCT for Outer Retinal Tubulation
Distribution Mapping

En face OCT images were created to highlight the
location of outer retinal tubulations (ORTs) in patients
with CHM. OCTs of each patient, which consisted
of 19 frames, were individually examined to manually
mark the presence of ORTs. This resulting map of ORT
distributions was subsequently overlayed onto FAF
intensity and FLIO images.

Statistical Analysis

SPSS Statistics 21 (IBM, Armonk, NY) was used
for all statistical analyses. To test for significant 7,
differences between regions in one eye, a t-test for
paired samples was used. To compare FLIO lifetimes
between CHM patients and healthy controls, a 7-test
for independent samples was used. A Pearson corre-
lation was used to correlate FLIO lifetimes from the
fovea with best-corrected visual acuity (BCVA). As the
disease is bilateral, only the left eye of each patient
was included for statistical analysis. Our data followed
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a normal distribution (checked with the Kolmogorov—
Smirnov test), and all results are provided as means +
standard deviation (SD).

Subjects

Twenty-eight eyes of 14 subjects with CHM (mean
age, 28 + 14 years; range, 10-54 years) and 14 eyes
from 14 age-matched healthy subjects (mean age, 28
+ 14 years; range, 10-54 years) were imaged. All
patients with CHM were male, and all eyes had
clear natural lenses. The age-matched healthy controls
included five female and nine male subjects; sex does
not influence FLIO lifetimes.’® All patients received
genetic testing from CLIA-certified labs, using either
Sanger sequencing or array comparative genomic
hybridization. Further patient characteristics including
genotypes can be found in Table 1.

FLIO Lifetimes in Patients with CHM

Patients with CHM show distinct FLIO patterns
that can easily be distinguished from other retinal
diseases, as well as healthy eyes. Figure 1 shows a
typical FLIO pattern observed in heathy eyes with the
shortest FLIO lifetimes in the fovea, corresponding
to macular pigment, and longest lifetimes at the area
of the optic disc. Figure 3 shows a typical eye from
a patient with CHM compared to a healthy control.
Phenotypically, the prolongation of FLIO lifetimes
can be described as streaky. Figures 4, 5, and 6 illus-
trate how the FLIO lifetimes changed with advanc-
ing age. Overall, the FLIO lifetimes were significantly
longer in patients with CHM compared to healthy
subjects in all areas but the fovea. Full statistical
analysis can be found in Table 2. In patients with
CHM, areas of atrophy had the longest mean autoflu-
orescence lifetimes (between 600 and 700 ps in both
spectral channels) compared to a range of 150 to
250 ps in healthy control eyes (P < 0.001).

FLIO Lifetimes Compared to FAF Intensity
Images

In most patients, FLIO lifetime patterns differed
from the fluorescence patterns obtained with FAF
intensity imaging. In areas where FAF intensity
imaging highlighted hypofluorescent patches, FLIO
lifetimes were not homogeneously prolonged but rather
showed a mixture of both short and long FLIO
lifetimes. Areas of short lifetimes were associated with
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Table 1. Patient Characteristics

Patient Number Age (y) Age of Onset (y)

Best-Corrected Visual Acuity
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Gene Mutation

1 17 12 20/20 (OD); 20/25 (0S) 1 path variant: c.1138C>T, p.GIn380*
2 30 21 20/20 (OD); 20/25 (0S) 1 path variant: ¢.819G>T, p.GIn273His
3 34 19 20/30 (OD); 20/25 (0S) 1 path variant: ¢.1511-1G>A

4 17 17 20/15 (OU) 1 path variant: GIn3800*C>T

5 19 18 20/15 (OD); 20/20 (OS) 1 path variant: c.889A>T

6 11 10 20/30 (OD); 20/50 (OS) 1 path variant: ¢.799C>T, p.Arg267*
7 45 30 20/50 (OV) 1 path variant: c.116+1G>A

8 32 25 20/20 (OU) CHM deletion

9 54 29 20/25 (OD); 20/150 (OS) 1 path variant: c.1138C>T, p.GIn380*
10 34 33 20/25 (OD); 20/20 (OS) 1 path variant: Ser233Ter

11 31 29 20/15 (OD); 20/25 (OS) CHM deletion

12 17 10 20/40 (OVU) 1 path variant: c.1138C>T, p.GIn380*
13 10 10 20/20 (OU) 1 path variant: c.1138C>T, p.GIn380*
14 44 10 20/300U 1 path variant: c.116+1G>A

Patient characteristics of our patients with choroideremia, including genetic mutations within the CHM gene. Patients 1, 9,
12, and 13 were distantly related; the rest were unrelated. OD, right eye; OS, left eye; OU, both eyes.

FAF Intensity

Figure 1.
optic nerve (ON), and retinal blood vessels (BV).

retinal tubulations, degenerating photoreceptors, and
cellular debris that oriented in a tubular fashion,
whereas long FLIO lifetimes could be associated with
areas of photoreceptor loss. This finding was especially
notable in patients 1, 2, 3, 5, 7, and 12. Figure 7 further
highlights these findings for patients 1, 2, 3, and 7.
Within hyperfluorescent RPE islands, some areas
had FLIO lifetimes comparable to those of healthy
eyes, whereas other areas showed prolonged lifetimes.
The difference in FLIO lifetimes between CHM eyes
and healthy eyes in these areas was not as large
as in the peripheral regions. In areas of prolonged
FLIO lifetimes, FAF intensity imaging and OCT analy-
sis showed hypoautofluorescence and hypertranslumi-
nence, respectively. Together, these modalities indicate

SSC (498 - 560 nm)
2000 THESNNNET T s00

FLIO Lifetimes
LSC (560 - 720 nm)

FLIO of a healthy patient. Arrows indicate standard mean lifetimes that are influenced by macular pigment localization (MP), the

areas of retinal atrophy. Longitudinal data will help
confirm if the prolonged lifetimes may indicate future
atrophy progression. Figure 8 describes these findings,
as well.

Correlation of FLIO Patterns, Genotype, Age,
and Functional Measures

There was no apparent correlation of genotype with
FLIO phenotype. Patient 4, who was 17 years old, had
a mild CHM mutation but no visual complaints and a
normal electroretinogram and visual fields. Although
this patient presented with a peripheral pigmentary
retinopathy in both eyes, a 30° field of view in both
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Figure 2.

Peripheral and central RPE island regions of interest used for quantifying mean lifetimes in CHM patients. Area C of the standard

ETDRS grid was used to quantify mean fluoresence lifetimes of the cental area that is influnced by macular pigment.

Table 2. FLIO Lifetimes in Patients with CHM

Variable

Healthy Controls (n = 14 Eyes) CHM Patients (n = 14 Eyes) P

Age (y), mean = SD
Lifetimes (ps), mean &+ SD
Fovea (area C)
SSC
LSC
Hyperfluorescent area (CHM)/IR (healthy)
SSC
LSC
Hypofluorescent area (CHM)/OR (healthy)
SSC
LSC
Atrophic area (CHM)/OR (healthy)
SSC
LSC

28 + 14 28 + 14 0.989
96 + 32 153 + 74 <0.05

173 + 39 222 + 90 0.075
157 + 42 283 + 55 <0.001"
212 + 38 349 + 50 <0.001"
183 + 40 362 + 84 <0.001"
232 + 40 419 + 64 <0.001"
183 + 39 632 + 209 <0.001"
232 + 40 680 + 198 <0.001"

Statistical analysis of FLIO lifetimes in patients with CHM compared to healthy controls. Areas C, IR, and OR correspond to
the central circle, inner macular ring, and outer macular ring on the standardized ETDRS grid, respectively.

“Indicates significance. P < 0.05 was considered significant.

FLIO imaging and FAF intensity did not reveal any
disease-related changes in the macula. His imaging
is presented in Figure 9. Overall, his FLIO image is
comparable to the images of healthy eyes. Except for
this patient, the FLIO phenotypes seemed to correlate
with age, as the area of preserved RPE shrank and the

area of atrophy enlarged with increasing age. A strong
correlation of FLIO lifetimes from the foveal center
with visual acuity is present in our data (SSC: r = 0.743,
P < 0.01; LSC: r = 0.588, P < 0.05). This correlation
remained significant at the P < 0.05 level when correct-
ing for age.
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CHM
31 year old male, #11

SSC (498 - 560 nm)

FLIO Lifetimes

LSC (560 - 720 nm)

FAF Intensity

OoCT

Figure 3.
the SSC and LSC.

Evaluation of Short FLIO Lifetimes in Blood
Vessels

On average, mean FLIO lifetimes for CHM blood
vessels were around 300 ps in the SSC. In compar-
ison, the 14 age-matched controls had lifetimes of
around 330 ps in the SSC. This trend, powered with
a 95% confidence interval, was not significant in the
SSC (0.522) but was significant in the LSC (0.032). The
significant prolongation of lifetimes in the LSC may be
due to the already prolonged background in areas of
retinal atrophy in patients with CHM.

Follow-Up Examinations

Out of the 14 patients enrolled, two were examined
a year after their initial visit and one was examined
2.5 years after his initial visit. In comparison to their
first visit, expansions of prolonged lifetimes in areas
of previously normal retinal FLIO signals were seen

20000 @l T 600
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Healthy
29 year old female

FLIO lifetime, FAF intensity, and OCT images from one patient with CHM and one healthy subject. FLIO lifetimes are shown for

in all of the follow-up patients. This finding occurred
in conjunction with increased areas of hypofluores-
cence in FAF intensity imaging. Overall, these changes
were very small. FLIO lifetimes at baseline and follow-
up can be found in Table 3. In comparison to the
patients’ baseline visits, FLIO lifetimes were prolonged
significantly in peripheral and atrophic areas. All
other areas showed no significant differences between
baseline and follow-up. In the patient who received the
2.5-year follow-up examination, there was a notable
increase of short lifetimes in the parafoveal area
compared to his initial visit. Figure 10 highlights these
findings.

Discussion

FLIO is a novel imaging tool that has proven
to be useful in detecting changes in early stages
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FAF OCT
Intensity

Figure 4. FLIO lifetime, FAF intensity, and OCT images from the left eyes of patients with CHM between the ages of 10 and 20 years. One
additional patient, 17 years old, is shown in Figure 9, as he presented with a normal macula examination. FLIO lifetimes are shown for the
SSCand LSC.
Table 3. Follow-Up Investigation of Six Eyes
Mean + SD (ps)
Area Channel Baseline Follow-Up P
Fovea SSC 171 £ 25 180 £ 23 0.275
LSC 252 + 17 259 + 14 0.058
Hyperfluorescent SSC 295 + 28 301 + 32 0.310
LSC 358 + 18 362 + 18 0.325
Periphery SSC 295 + 28 301 &+ 32 <0.05
LSC 491 + 35 536 + 46 <0.05

Baseline and follow-up FLIO lifetimes in three patients with CHM (patients 5, 8, and 11). P < 0.05 indicates significance.

of different retinal diseases.”’-?427:2%-37.38 I healthy
FLIO images, the longest mean lifetimes, depicted
in a blue color, can be found in areas of the optic
nerve head, as well as blood vessels, likely due to
dense connective tissue such as collagen or elastin.?>-33
The shortest FLIO lifetimes, which are typically
depicted in a red color, can be found in the fovea,
and they correlate with macular pigment levels.!”-!8

Intermediate FLIO lifetimes, often described by a
yellow to green color range, are believed to reflect
retinal lipofuscin.®**® Figure 1 depicts a healthy
FLIO image. FLIO lifetimes in healthy subjects slowly
prolong with age ¥ but FLIO lifetimes prolong
much more in patients with CHM compared to
healthy controls. FLIO shows specific patterns of
FLIO lifetimes in AMD, MacTel, hydroxychloro-
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Figure 5.
lifetimes are shown for the SSC and LSC.

quine toxicity, Stargardt disease, and other inherited
retinal diseases, and it is capable of distinguishing one
disease from another,20-2%:24-27.29.37.38,40.41 " Changes
in FLIO lifetimes can present before any structural,
anatomical, or autofluorescence intensity changes
appear in conventional imaging techniques.’?>3-4:42
For example, eyes of patients with AMD display a
ring-shaped pattern of prolonged FLIO lifetimes in
the macular area, which is not seen in FAF intensity
images.”® Patients with MacTel also express prolonged
lifetimes in parafoveal temporal crescent or ring-
like patterns that cannot be seen in FAF intensity
images.”?*?* FLIO has the potential to become a useful
tool in diagnosing patients in earlier stages of diseases,
which could help to prevent progression while vision is
still intact.

In CHM, FLIO may be useful in provid-
ing additional information on pathophysiological
processes. One of the most distinctive findings in
FLIO images of patients with CHM is a disparity
between FLIO lifetime patterns and FAF intensity
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FAF
Intensity

OCT

FLIO lifetime, FAF intensity, and OCT images from the left eyes of all patients with CHM between the ages 20 and 40 years. FLIO

patterns. This has been found in a previous FLIO
study.’® Areas of hypo- as well as hyperfluorescence
in FAF intensity imaging did not have homogeneous
FLIO lifetimes.

Different areas of the retina show diverse FLIO
lifetimes in CHM. The area of the fovea, if unaffected,
has FLIO lifetimes similar to those of healthy
eyes. In our study, there was no significant differ-
ence between healthy and CHM patients within
the central area C of the ETDRS grid in the
LSC (P = 0.075). However, we did find a signif-
icant prolongation of FLIO lifetimes in the SSC
(P < 0.05) in the central area in affected patients
compared to controls. We also found that FLIO
lifetime patterns in CHM appeared more pronounced
in the SSC. Compared to controls, FLIO lifetimes
from the area of hyperfluorescent RPE islands in
CHM patients were significantly prolonged (P < 0.001)
(Table 2). Prolonged lifetimes in these areas may
indicate early degeneration in CHM. Atrophic areas
in the retina of CHM patients present the great-
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Figure 6.
shown for the SSC and LSC.

est increase in FLIO lifetimes compared to controls,
with FLIO lifetimes between 600 and 700 ps in
either spectral channel compared to 150 to 250 ps in
controls. Atrophic areas show the greatest degree of
retinal degeneration. This is observed in FAF inten-
sity imaging as hypofluorescent regions of end-stage
choroidal loss, mirrored by significantly prolonged
lifetimes of these regions in FLIO imaging.

Hypofluorescence in FAF intensity images likely
indicates RPE cell death with decreased lipofus-
cin fluorescence.®® However, previous FLIO studies
in inherited retinal diseases have suggested that the
remaining outer retinal layers may cause short to
normal FLIO lifetimes in the absence of RPE.%
With this, FLIO may give further information on the
functioning of retinal photoreceptors. Short to normal
FLIO lifetimes in areas of RPE atrophy may therefore
support theories of the RPE being affected first in the
course of CHM.?

As an addition to the previous study, we describe
shortened FLIO lifetimes within hypofluorescent areas
that correlate with ORTs. ORTs typically represent final
stages of advanced retinal diseases such as AMD, cone
dystrophy, Stargardt disease, pattern dystrophy, CHM,
and other inherited retinal diseases.***** ORTs accumu-
late as a result of retinal deterioration, where cellular
debris aggregates in a tubular fashion to protect the
RPE from further atrophy.**43-46 It has been reported
that ORT formation occurs due to insufficient struc-
tural support of the RPE and choroid, with highly
atrophic areas having numerous and longer ORTs
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Intensity
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FLIO lifetime, FAF intensity, and OCT images from the left eyes of all patients with CHM older than 40 years. FLIO lifetimes are

and RPE islands having distinctly smaller and stabi-
lized ORTs.!? Previous studies have suggested that
ORTs function in providing structural trophic support
and replacement in areas with absent RPE tissue.’
Although the cellular and metabolic nature of ORTs is
not well understood, they are thought to be composed
of degenerating photoreceptors, RPE cells, and glial
elements.*® In OCT imaging, ORTs are round, hypore-
flective spaces with hyperreflective borders located in
the outer nuclear layer, as seen in Figure 7.** We
found that ORTs were most prevalent in hypofluores-
cent areas in FAF intensity and had both short and
long FLIO lifetimes; however, ORTs also localized in
hyperfluorescent areas. Examples of these findings can
be seen in Figure 8. It would be interesting to inves-
tigate if RPE tissue may still be partially functional
in these atrophic regions with the presence of ORTs.
Follow-up studies of larger patient populations with
these retinal areas would provide more information on
the capacity of FLIO to monitor the progression of
CHM.

Hyperfluorescent areas in patients with CHM did
not show homogeneous lifetimes in FLIO images,
either. The borders of preserved RPE islands in
FAF intensity imaging did not correlate with borders
found in FLIO lifetime imaging. This finding has
been reported previously, describing areas of short
FLIO lifetimes that correlate with areas of residual
photoreceptor layer, independent of the presence or
absence of remaining RPE.*® In addition, prolonged
FLIO lifetimes were found beyond areas of hypoflu-
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Figure 7.

FLIO lifetime, FAF intensity, and OCT images from eyes of patients with CHM that showed short and long FLIO lifetimes in areas of

hypofluorescence. Short and long FLIO lifetimes corresponded to areas of outer retinal tubulations in OCT imaging. FLIO lifetimes are shown

for the SSC and LSC.

orescence, indicating affected tissue even in areas of
hyperfluorescence. We found that, in some of these
cases, the prolonged FLIO lifetimes were associ-
ated with signs of early atrophy. This suggests that
hyperautofluorescence in conventional FAF intensity
does not necessarily exclude early retinal changes. It
has been suggested that an accumulation of lipofuscin
derivatives and other visual cycle byproducts, as well
as the loss of photoreceptors may lead to longer FLIO
lifetimes in patients with CHM.*® Additionally, retinal
deterioration through the choroid could potentially
cause prolonged lifetimes, as well.* FLIO may possess
the ability to provide information on the functional-
ity of retinal layers independent of RPE atrophy. This
knowledge may also be important to understanding
disease mechanisms in CHM.

New therapeutic approaches for treating CHM have
been on the rise in recent years. This includes stem
cell therapy, small molecule subretinal injections, gene
therapy, and retinal implants.*’->° Because CHM is
a slowly progressive monogenic disease, this allows
potential gene therapy initiatives a window of inter-
vention to target the many pathological effects of
disease. One study employed by Fischer and cowork-
ers’! was a phase 2 randomized clinical trial that

included six patients with CHM. This study used
an adeno-associated virus vector (AAV2) to deliver a
functional version of CHM to affected patients (AAV2-
REP1).>! Patients who received treatment showed
general improvement of visual acuity with a mean
gain of 3.7 letters on the BCVA ETDRS score and
a significant reduction in the rate of retinal degen-
eration compared to untreated controls. Employing
gene therapy approaches in conjunction with FLIO
imaging in patients with CHM could show great
potential. Examining CHM patients before, during,
and after gene therapy trials in comparison with age-
matched controls may provide new information about
how the retina responds to such therapies. Addition-
ally, in conjunction with FLIO imaging, measuring
retinal function with high-resolution adaptive optics
microperimety would help in understanding whether
experimental gene therapies could provide functional
benefits in patients with CHM.*

A previous study using FLIO imaging in patients
with CHM conducted by Dysli and coworkers®®
described similar findings of prolonged FLIO lifetimes
in areas of diseased retina. Specifically, the authors
observed short FLIO lifetimes in areas surrounding
the fovea where macular pigment localizes and in
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Infrared reflectance, FAF intensity, and FLIO lifetime images from eyes of patients with CHM who showed ORT localization in

areas of hypo- and hyperautofluorescence. Short and long FLIO lifetimes corresponded to areas of outer retinal tubulations (red dots). FLIO

lifetimes are shown for the SSC and LSC.

RPE islands, which are defined by areas of hyper-
autofluorescence on FAF intensity imaging. FLIO
lifetimes were prolonged in all patients who received
follow-up examinations. Dysli and coworkers*® also
reported that RPE islands in FAF intensity images
shrank from the baseline visit, indicating progression
of disease. Although our current study shares similar
findings in lifetime changes, there are differences in data
analysis techniques, as well as in the ages of patients
enrolled. Dysli et al.*® reported a mean age of 55
+ 17 years (range, 32-70 years), whereas this study
reports a mean age of 28 + 14 years (range, 10-54
years). Finally, the focus of analysis also differs between
both studies. Dysli and coworkers®® focused on analyz-
ing FLIO images in the LSC in a range of 200 to
1000 ps. In contrast, this study included the analysis
of both spectral channels at a different lifetime range
of 100 to 600 ps. Furthermore, we focused on using

the SSC (498-560 nm) in our analysis, as we believe
that it provides valuable additional information on the
disease.

Unlike the long FLIO lifetimes in the blood
vessels seen in healthy controls, we found short
lifetimes in blood vessels in all patients included
in this study, a finding that has been described in
previous FLIO studies of AMD and CHM.3#40 We
postulate that, because the FLIO lifetimes in the
periphery were significantly prolonged, this caused
the highly atrophic environment to possess a longer
lifetime signal than that of blood vessels, making
blood vessels in this area appear to have shorter
FLIO lifetimes than normal. This finding provides a
possible explanation for the shorter lifetimes found
in CHM patients’ blood vessels compared to the
longer lifetimes found in healthy individuals’ blood
vessels.
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Figure 9. FLIO lifetime, FAF intensity, and OCT images for
patient 4, who had a nonsense mutation in the CHM gene that
phenotypically showed a healthy macula. This single nucleotide
variant (GIn3800*C>T) generates a stop codon late in the gene that
produces a relatively benign phenotype.

Previous research has shown that CHM phenotypes
cannot be explained by genotype alone and instead
are likely to be affected by environmental factors and
unknown genetic modifiers.® Similarly, we did not find
strong evidence for a genotype—phenotype correlation.
The strongest association that we found was pheno-
type severity with advancing age. As areas of persist-
ing RPE islands shrink, areas of atrophy subsequently
enlarge with advancing age and disease progression.
Phenotypically, our patients’ FLIO and FAF inten-
sity images looked very similar. It would be interesting
to investigate FLIO lifetimes from a larger cohort of
genotyped patients to truly understand these lifetime
changes and to analyze if there might be a connection
with genotypes. One choroideremia patient had only a
peripheral pigmentary retinopathy. His CHM mutation
was a single nucleotide variant (GIn3800*C>T), and
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his macular imaging including FLIO showed no abnor-
malities. This mutation produces a stop codon late in
the gene that could result in a relatively benign pheno-
type or late-onset disease pathology.’

Two patients received follow-up FLIO measure-
ments after 12 months and one after 30 months.
Changes in hyperfluorescent areas were very small, but
an enlargement of the atrophic area was found. This
is in accordance with a previous FLIO study.*® We also
observed a prolongation of lifetimes in the correspond-
ing areas of extended atrophy, as well as the foveal areas
where macular pigment localizes. However, an increase
of short lifetimes in the parafoveal area was observed
at the 30-month follow up in one patient. OCT findings
revealed an increase of ORTs at this patient’s 30-month
follow up compared to the initial visit. FLIO lifetimes
between baseline and follow-up in atrophic areas were
significantly different, at the P < 0.05 level. Other areas,
especially hyperfluorescent areas, did not show signif-
icant differences. This may be due to a combination
of prolonged lifetimes in healthy areas, which may
indicate progression of disease, and shortened lifetimes
in areas of atrophy due to an increased abundance
of ORTs. Further follow-up analysis will be needed in
order to reaffirm these findings.

This study has some limitations, including a small
sample size. Of the included 28 eyes, individual
genotypes had small numbers, making it difficult to
establish general statements. Including patients from
other retinal centers would be helpful to further
understand specific FLIO changes. Furthermore, all
fluorescence-based imaging modalities are influenced
by the autofluorescence of the lens. With this study
cohort having a mean age of 28 + 14 years, the lens
influence is assumed to be small. Previous studies with
patients around 60 years old did not find strong influ-
ences of the lens**?; however, studies that included
older patients showed an impact of the lens.?6:33:36
We included only young patients with clear natural
lenses. As FLIO uses a confocal aperture, this influ-
ence should be minimal; therefore, we do not think
that the lens influences our study results to a signifi-
cant degree. En face OCT imaging was not in the scope
of this study, thus limiting our ability to provide more
detailed information on the co-localization of ORTs
and FLIO lifetimes. This modality will be applied
to future studies in order to further describe CHM
findings in FLIO. Finally, we were able to include
only a small number of follow-up investigations. More
long-term follow-up examinations are needed to truly
understand FLIO changes over time in patients with
CHM.

Overall, FLIO is a very promising tool for imaging
patients with CHM and may hold the potential to
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19 year old male, #5

2019 2018 2019

Follow-up FLIO lifetime and FAF intensity images from patient 8 (32 years old), patient 11 (31 years old), and patient 5 (19 years

old). FLIO lifetimes are shown in short (498-560 nm) and long (560-720 nm) spectral channels. FLIO lifetimes were prolonged in both SSC and
LSC, whereas hyperautofluorescence areas in FAF intensity decreased in size over the course of 1 year. The patient who received a 2.5-year
follow-up additionally showed a notable increase of short lifetimes in the parafoveal area.

identify potential functioning areas, as well areas at risk
for disease progression. It may be helpful for under-
standing and monitoring changes in the disease over
time.
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