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Near-Infrared Autofluorescence in
Choroideremia: Anatomic and Functional

Correlations
JOHANNES BIRTEL, ANNA PAOLA SALVETTI, JASLEEN K. JOLLY, KANMIN XUE, MARTIN GLIEM,
PHILIPP L. MÜLLER, FRANK G. HOLZ, ROBERT E. MACLAREN, AND PETER CHARBEL ISSA
� PURPOSE: To investigate near-infrared fundus auto-
fluorescence (NIR-AF) characteristics in patients with
choroideremia and to correlate these with anatomic and
functional parameters.
� DESIGN: Retrospective, observational case series.
� METHODS: In this multicenter study, 43 consecutive
choroideremia patients (79 eyes) underwent multimodal
retinal imaging, including near-infrared fundus autofluor-
escence (NIR-AF), blue autofluorescence (B-AF), opti-
cal coherence tomography (OCT), fundus photography,
and functional testing including fundus-controlled micro-
perimetry.
� RESULTS: All eyes could be categorized into 3 groups
based on patterns of NIR-AF over the island of surviving
retinal pigment epithelium: Group 1 (preserved NIR-AF
centrally), Group 2 (only disrupted NIR-AF), or Group 3
(absence of NIR-AF). Group 1 eyes showed areas of NIR-
AF that matched the areas of B-AF islands (R2 [ 0.94,
slope 0.84 ± 0.04) while Group 2 eyes showed significantly
smaller areas of NIR-AF compared with B-AF (R2[ 0.08;
slope 0.02 ± 0.01). The 3 groups differed significantly in
terms of residual B-AF island size (P < .0001), length of
foveal ellipsoid zone (P [ .03), foveal thickness
(P [ .04), and foveal sensitivity (P [ .01). Visual acuity
(P [ .07) and central retinal thickness (P [ .06) did not
differ statistically. The length of the ellipsoid zone line was
similar to the horizontal diameter of NIR-AF in Group 1
(R2 [ 0.97, slope 0.96 ± 0.04), while Group 2 eyes
showed broader ellipsoid zone than NIR-AF (R2 [ 0.60,
slope 0.19 ± 0.03).
� CONCLUSIONS: Choroideremia patients can be stratified
into 3 groups based on NIR-AF imaging, which showed
morphologic and functional changes correlating with
different stages of retinal pigment epithelium degeneration.
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NIR-AF could be amarker for disease staging in choroider-
emia, and could be used for patient selection or as an
outcome parameter in interventional trials. (Am J
Ophthalmol 2019;199:19–27. � 2018 Elsevier Inc. All
rights reserved.)

C
HOROIDEREMIA (CHM; OMIM #303100) IS AN X-

linked retinal dystrophy caused by mutations in
the CHM (or REP1) gene.1–4 The clinical course

is characterized by progressive degeneration of the retinal
pigment epithelium (RPE) and likely secondary
degeneration of photoreceptors and choroid.5 A central
retinal island is usually preserved until late in the disease
course.
In vivo gene augmentation therapy, in which a normal

copy of the CHM gene is delivered to RPE cells and photo-
receptors by replication-deficient viral vectors, has shown
promising results and is currently being further explored
in clinical trials.6,7 A large therapeutic window is known
for choroideremia, with often early diagnosis on the basis
of a known family history and usually good visual acuity
until the retinal degeneration involves the fovea. Thus,
anatomic and/or functional outcome measures are
essential to identify suitable patients for therapy, to
understand disease progression and optimal timing for
intervention, and to measure potential therapeutic effects.
Fundus autofluorescence (AF) imaging facilitates nonin-

vasive assessment of retinal degeneration and supports dis-
ease diagnosis, characterization, and monitoring.
Currently, blue AF imaging (B-AF), using a 488-nm laser
excitation light, is most frequently used in clinical routine.
Its main fluorophore is lipofuscin contained in RPE cells.8

Nevertheless, disadvantages of B-AF include intense glare
during image acquisition, reduced visualization of the cen-
tral retina owing to masking by macular pigment, and po-
tential phototoxic effects.9–11 An alternative AF
approach uses a 787-nm near-infrared (NIR) excitation
light.12 The NIR-AF signal is thought to originate mainly
from melanin in the RPE cells and, to a varying degree,
from melanin in the choroidal layers.12 It has been pro-
posed for monitoring disease progression and for distin-
guishing between functional and dysfunctional retina for
instance in patients with retinitis pigmentosa.13 However,
up to now NIR-AF is less commonly used in clinical
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FIGURE 1. Multimodal retinal imaging of a healthy control eye and of choroideremia eyes representing 3 phenotypic groups based on
near-infrared autofluorescence (NIR-AF) patterns.A representative example of each group (seeTable) is shown.Arrow: patternAwith
normal, homogenousNIR-AF; arrowhead: patternBwith granular/mottledNIR-AF; asterisk: patternCwithmainly choroidalNIR-AF.
practice and has not been systematically explored in
choroideremia patients.

In this study, we investigated NIR-AF characteristics in
a cohort of choroideremia patients; compared NIR-AF, B-
AF, and optical coherence tomography (OCT) features;
and correlated these to functional parameters. We hypoth-
esize that NIR-AF may have the potential to improve
monitoring of disease progression and might be useful as
an outcome parameter for treatment trials.

METHODS

� PATIENTS: The patients included in this retrospective
multicenter study were identified at the Department of
Ophthalmology, University of Bonn, and at the Oxford
20 AMERICAN JOURNAL OF
Eye Hospital. Inclusion criteria were (1) the clinical diag-
nosis of choroideremia and (2) a mutation in REP1 or a
pedigree indicating X-linked inheritance when molecular
screening was not performed (n ¼ 4). Eyes with a visual
acuity of hand movement or below were excluded from
further analysis. The study was in adherence with the
Declaration of Helsinki. Institutional review board
approval (Ethikkommission, Medizinische Fakultät der
Rheinischen Friedrich-Wilhelms-Universität Bonn) and
patients’ informed consent were obtained. Some of the pa-
tients were examined in the context of an ongoing clinical
trial (NCT02407678), approved by the UKHealth Regula-
tory Authority (179453).

� IMAGE ACQUISITION AND ANALYSIS: All patients un-
derwent a complete ophthalmic examination, including
MARCH 2019OPHTHALMOLOGY



TABLE. Morphologic and Functional Comparisons of the Identified 3 Groups

Group 1 Group 2 Group 3 ANOVA (P Values)

N (eyes/patients) 34/17 36/20 9/6

Mean age, y (range) 39 (25–57) 43 (25–73) 38 (27–51)

NIR-AF patterns A, B, C (from center outward) A, C (from center outward) C

NIR-AF areaa (mm2)b 12.58 6 1.61 0.69 6 0.06 0 <.0001

B-AF area (mm2)b 14.87 6 1.75 6.47 6 0.89 5.78 6 1.99 <.0001

EZ (mm)b 2482 6 203.8 1963 6 163.0 1544 6 218.0 .03

FT (mm)b 255 6 5.5 234 6 8.7 205 6 34.8 .04

CRT (mm)b 289 6 5.9 269 6 7.7 252 6 25.7 .06

BCVA (logMAR)b 0.17 6 0.02 0.27 6 0.04 0.26 6 0.06 .07

Max. LIS (dB)b 24.6 6 0.8 22.8 6 0.9 18.1 6 2.9 .01

ANOVA ¼ analysis of variance; B-AF ¼ blue autofluorescence; BCVA ¼ best-corrected visual acuity; CRT ¼ central retinal thickness; EZ ¼
foveal ellipsoid zone; FT ¼ foveal thickness; LIS ¼ foveal light increment sensitivity; NIR-AF ¼ near-infrared autofluorescence.

aNIR-AF area included for Group 1 pattern A and B and for roup 2 pattern A.
bMean 6 SEM.
logMAR best-corrected visual acuity (BCVA) testing, slit-
lamp examination, and funduscopy. Retinal imaging
included fundus photography (Visucam; Zeiss, Oberko-
chen, Germany), spectral-domain OCT and B-AF (both
Spectralis HRAþOCT, Heidelberg Engineering, Heidel-
berg, Germany), and NIR-AF imaging (HRA2; Heidelberg
Engineering). For NIR-AF, 787-nm excitation light was
used and detected emission light was limited by a barrier fil-
ter at 800 nm. For B-AF images, 488-nm excitation light
was used and emission was recorded between 500 and
700 nm using barrier filters.

The NIR-AF signal mainly derives from melanin in RPE
cells and, to a variable extent, from melanin in the choroid,
whereas the B-AF signal is dominated by lipofuscin fluoro-
phores in the RPE.11,12 On a 30-degree NIR-AF image, the
healthy retina is usually characterized by a relatively homog-
enous autofluorescence that is increased in the fovea owing to
its higher RPE melanin density (Figure 1, Top row).11,14 Loss
of the RPE-NIR-AF signal (eg, owing to RPE atrophy) results
in better visibility of the fluorescence derived from choroidal
melanin. OnB-AF, a healthy fundus is also characterized by a
mostly homogenous signal; however, the fovea appears darker
owing to light absorption by macular pigment and melanin,
which both absorb short-wavelength light (Figure 1). In
both imaging modalities the blood vessels and the optic
disc appear darker owing to light absorption by blood and
the absence of a strong fluorophore, respectively.

Residual islands on B-AF15 and NIR-AF 30-degree images
were measured manually by outlining borders using the Hei-
delberg EyeExplorer software (HEYEX;HeidelbergEngineer-
ing). If these areas extended beyond the 30-degree image, a
55-degree image was used instead. To identify the fovea for
the measurements of foveal NIR-AF diameters, the fovea
was marked on the OCT image and the corresponding
mark of the associated NIR reflectance image was overlaid
on the NIR-AF image. Furthermore, the software was used
VOL. 199 NEAR-INFRARED AUTOFLUORES
to measure the horizontal extent of the foveal ellipsoid zone
(EZ, based on single central foveal scan; if the EZ extended
beyond the OCT captured area or in case of low-quality
OCT images, eyes were excluded), the central retinal thick-
ness (CRT;mean thickness on spectral-domainOCTvolume
scans within the central 1-mmETDRS circle), and the foveal
thickness (FT; retinal thickness at the foveal center).

� FUNCTIONAL TESTING: Retinal sensitivity testing using
microperimetry (10-2 threshold test, Macular Integrity
Assessment-MAIA; CenterVue, Padova, Italy), which com-
bines scanning laser ophthalmoscopy (SLO) with real-time
eye-tracking static perimetry, was performed in all subjects.
Owing to thehigh test-retest variability at the border of retinal
degeneration16 and because of substantial differences in local-
ization and size of the residual island, quantitative analysis of
microperimetry data was limited to the test point with highest
sensitivity (dB) at or around the fixation point (max. light
increment sensitivity).

� STATISTICAL ANALYSIS: Statistical analysis was
performed using GraphPad Prism v6.0 for Windows
(GraphPad Software, La Jolla, California, USA). Areas of
preserved RPE on B-AF, BCVA, retinal thickness, and
foveal retinal sensitivity were compared among the groups
by analysis of variance (ANOVA) test, followed by Tukey
test for pair-wise comparison of groups if a significant differ-
ence was shown by ANOVA. R2 was used to evaluate the
goodness of fit between the residual area on B-AF and
the granular zone G on NIR-AF imaging.17

RESULTS

SEVENTY-NINE EYES OF 43 CONSECUTIVE CHM PATIENTS

(mean age 41 years, range 25-73 years) were included in
21CENCE IN CHOROIDEREMIA



FIGURE 2. Comparison of morphologic and functional parameters between the 3 near-infrared autofluorescence (NIR-AF)-based
groups. Differences between groups were identified concerning (Top row) the residual area detected on blue autofluorescence (B-
AF) images, (Second row) the length of the visible foveal ellipsoid zone on a horizontal optical coherence tomography scan through
the foveal center and its correlation with preservedNIR-AF signal at same position, (Third row) retinal thickness measures, and (Bot-
tom row, right) highest sensitivity around the fixation tested by microperimetry. There was no significant difference in best-corrected
visual acuity (BCVA) between groups. *P < .05; **P < .01, ****P < .0001.
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FIGURE 3. Qualitative comparison of blue autofluorescence (B-AF) and near-infrared autofluorescence (NIR-AF) images in choroi-
deremia. In Group 1, both B-AF and NIR-AF images show a well-preserved retinal island of similar size. In more advanced disease,
only NIR-AF images reveal whether foveal autofluorescence is preserved (Group 2) or not (Group 3), whereas characteristics of the
fovea are masked by macular pigment on B-AF images.
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FIGURE 4. Qualitative comparison of macular sensitivity between the 3 near-infrared autofluorescence (NIR-AF) groups. Exem-
plary cases demonstrate that higher sensitivities measured by microperimetry correlate with a preserved signal on blue autofluores-
cence rather than on NIR-AF imaging. Loss of NIR-AF seems to precede functional loss on microperimetry testing.
this study. Seven eyes were excluded, owing to either insuf-
ficient image quality (n ¼ 4) or low visual acuity (n ¼ 3).
The clinical diagnosis of choroideremia was confirmed by
genetic testing in 39 patients.
24 AMERICAN JOURNAL OF
Analysis of NIR-AF images of choroideremia patients
revealed 3 distinct local patterns of autofluorescence: areas
with homogenous preservation (pattern A, arrows in
Figure 1), areas with granular disruption (pattern B,
MARCH 2019OPHTHALMOLOGY



arrowhead in Figure 1), and areas with complete loss of
RPE-derived NIR-AF (pattern C, asterisks in Figure 1).
The latter leads to unmasking of underlying choroidal
vasculature with low background signal derived from the
choroidal stroma. Based on the global composition of these
3 patterns on the NIR-AF image, patients were classified
into 3 groups (Figure 1 and Table). Group 1 encompassed
patients with patterns A, B, and C demonstrated within a
single eye; Group 2 eyes displayed both patterns A and C;
and Group 3 eyes only had pattern C visible. Of note, in
Group 3 an apparently higher autofluorescence intensity
from the choroidal stroma was frequently found. This was
most likely the result of increased detector gain in response
to very low signal perceived by the camera.

The sizes of autofluorescent islands imaged using NIR-
AF and B-AF were significantly different between groups
(Table). Pair-wise comparisons revealed significantly larger
residual B-AF islands in eyes of Group 1 compared to
Groups 2 (P < .0001) and 3 (P ¼ .008), whereas Groups
2 and 3 were not significantly different (Figure 2, Top
row, left). Residual islands on NIR-AF imaging were signif-
icantly larger in Group 1 compared to Group 2 (P< .0001).
In Group 1 eyes, the outer border of pattern B on NIR-AF
images approximately matched the outline of the preserved
area on B-AF images but was somewhat smaller (slope of
regression line 0.84 6 0.04; R2 ¼ 0.94) (Table, Figure 2,
Top row, right). In Group 2 eyes, the definable residual is-
land on NIR-AF images (only pattern A) was typically
limited to the fovea and was smaller when compared to
the residual island on B-AF images (slope of regression
line 0.02 6 0.01; R2 ¼ 0.08). Qualitative comparison in
less advanced cases revealed that areas with normal appear-
ance on B-AF images correlated with pattern A onNIR-AF
images (Figure 3, Top row). However, conclusions on the
foveal B-AF pattern are usually not possible in more
advanced cases owing to the masking effect of macular
pigment on B-AF images (Figure 3, Middle and Bottom
rows). Thus, presence or absence of preserved foveal
NIR-AF signal from the RPE may provide additional infor-
mation on foveal RPE integrity.

On OCT scans recorded along the horizontal meridian,
the length of the visible EZ differed significantly across the
3 groups (Table, Figure 2, Second row, left); pair-wise com-
parisons revealed significant differences between Groups 1
and 3 (P ¼ .046). Eyes were excluded from this analysis if
the EZ extended beyond the edge of the OCT image or if
the image quality was too poor to delineate retinal layers
(n ¼ 9 in Group 1, n ¼ 10 in Group 2, n ¼ 2 in Group
3). In Group 1 eyes, the width of the EZ was similar to
the horizontal diameter of the residual NIR-AF island
(slope of regression line 0.96 6 0.04; R2 ¼ 0.97)
(Figure 2, Second row, right). Group 2 eyes revealed a
wider EZ compared to the diameter of NIR-AF pattern A
(regression line 0.19 6 0.03; R2 ¼ 0.60). Quantitative
analysis of foveal thickness revealed a statistically signifi-
cant difference across the 3 groups; however, pair-wise
VOL. 199 NEAR-INFRARED AUTOFLUORES
comparisons revealed significantly thicker measures only
for Group 1 compared to Group 3 (P ¼ .042). A similar
trend of decreasing central retinal thickness from Group
1 to Group 3 did not reach statistical significance (Table,
Figure 2, Third row, left and right).
In terms of correlation between the 3 groups and visual

function, there was no statistically significant difference
in BCVA (Table, Figure 2, Bottom row, left). Moreover,
no reliable correlation was found between retinal sensi-
tivity measured by microperimetry and NIR-AF patterns
across the whole cohort, partly owing to variability in size
and localization of the residual islands (see Methods). In
general, the area of preserved retinal function is better
represented by the outline of the residual island on B-AF
than NIR-AF (Figure 4). However, there appeared to be
some correlation between the maximum foveal sensitivity
and pattern of residual NIR-AF: the foveal retinal sensi-
tivity was higher in Group 1 patients compared to Group
2 or 3; pair-wise comparisons showed significant difference
only between Group 1 and Group 3 (P ¼ .007) (Table,
Figure 2, Bottom row, right).
DISCUSSION

IN THIS STUDY, WE IDENTIFIED DISTINCT NIR-AF PATTERNS

in patients with choroideremia that allowed categorization
of eyes into 3 groups. These groups differed with regard to
the corresponding residual island size on B-AF imaging,
the length of the foveal ellipsoid zone, foveal thickness,
and foveal sensitivity. Thus, NIR-AF may serve as an addi-
tional imaging parameter for prognosis and monitoring of
disease progression.
In all 3 groups the residual island size on NIR-AF was

smaller compared to the corresponding areas on B-AF im-
aging. It has previously been suggested that the main source
of NIR-AF is derived from melanin within the RPE,
whereas B-AF is mainly derived from lipofuscin within
the RPE.12,18,19 The results of this study suggest that
melanin-related AF is lost earlier in the disease course of
choroideremia compared to lipofuscin-related autofluores-
cence. Possible explanations for this observation include
early loss of melanin from dysfunctional RPE or changes
in the autofluorescence characteristics of melanin.
Presence of the ellipsoid zone and light sensitivity by

microperimetry were shown to correlate with the residual is-
land on B-AF imaging.8 In contrast, the borders of NIR-AF
were generally less eccentric compared to the length of the
ellipsoid band and loss of sensitivity. Thus, the loss of NIR-
AF seems to precede the loss of RPE and photoreceptors at
the edge of retinal degeneration. It is possible that the loss
of melanin-related NIR-AF represents a specific early stage
of RPE alteration in retinal degeneration during which
lipofuscin-related B-AF, photoreceptor-related ellipsoid
zone, and retinal sensitivity remained preserved. This
25CENCE IN CHOROIDEREMIA



assumption is supported by similar findings in rod-cone dys-
trophies13 or Stargardt disease,20 where alterations in NIR-
AF also seem to precede those in B-AF. With regard to
REP1 gene augmentation therapy, it could be speculated
that eyes with preserved NIR-AF (ie, pattern A) might be
more responsive to treatment, given that gene therapy may
better rescue RPE cells with early dysfunction than those
that have sustained a critical amount of metabolic distress.
Hence, patient stratification according to NIR-AF pattern
(eg, treating patients with preserved NIR-AF at least in
the foveal region) may be of benefit for future clinical trials.

The early loss of melanin-related NIR-AF seen in this
study suggests that alterations within RPE cells occur rather
early in the disease process. Whether this observation is
owing to loss-of-function mutations in REP1, which plays
a key role in intracellular vesicular trafficking, or if the
finding represents a similar (but yet undetermined) patho-
physiological event as in other retinal dystrophies, remains
unknown.

Visual acuity and central retinal thickness showed no
significant differences between the NIR-AF groups. This
is perhaps unsurprising given that the fovea is usually the
last part of the retina to be encroached by the shrinking
edge of degeneration, and choroideremia patients often
maintain near-normal visual acuity until the end stage of
disease.15,21,22

A challenge of NIR-AF imaging is that the signal from
the RPE is often low, resulting in poor differentiation of
the RPE from the surrounding AF. To achieve greater
26 AMERICAN JOURNAL OF
contrast between RPE and other sources of fluorescence,
Cideciyan et al. introduced reflectance-normalized NIR-
AF imaging by dividing the NIR-AF signal point-by-point
by the corresponding NIR-reflectance image, and showed
that these images seemed similar to B-AF images.11 This
type of image processing might be beneficial in more in-
depth evaluation of the patterns of NIR-AF in choroidere-
mia, but required standardized images were not available in
this project.
Apart from potentially being a more sensitive modality

for detecting early RPE alteration than B-AF, NIR-AF
holds further advantages over B-AF by avoiding the poten-
tial phototoxicity associated with repeated exposure to
short-wavelength blue light, particularly when monitoring
disease progression in retinal dystrophies.9,10,23,24

Moreover, NIR-AF imaging provides superior patient com-
fort and better cooperation, which has particular advan-
tages in children and photophobic patients.11 And since
the foveal NIR-AF signal is not masked by macular
pigment as compared to B-AF, NIR-AF facilitates better
evaluation of the foveal region, which is functionally vi-
tal.25

Based on these results, we propose that incorporation of
NIR-AF imaging in the evaluation of choroideremia may
improve disease monitoring by facilitating the detection
of early RPE alterations as part of the natural history of
the disease. The classification of eyes based on NIR-AF
pattern may help in patient selection and predicting
response to potential therapy.
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