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Purpose: To investigate the effect of systemic chloroquine/hydroxychloroquine
(CQ/HCQ) on outer retinal health using quantitative fundus autofluorescence (QAF)
imaging.

Methods: For this prospective, cross-sectional study, 44 CQ/HCQ patients and
25 age-matched controls underwent multimodal retinal imaging including QAF
(488 nm) and spectral-domain optical coherence tomography (SD-OCT) in addition to
the recommended CQ/HCQ screening procedures. Custom written FIJI plugins enabled
detailed QAF analysis and correlation with retinal thickness and comparison to the
healthy controls.

Results: Out of 44 patients, 29 (mean age 43.5 ± 12.2, range 22–59 years) exposed to
CQ/HCQ (mean cumulative dose 724.2± 610.4 g, median 608.0 g, range 18.6–2171.0 g)
met eligibility criteria. Four of these 29 patients had bull’s-eyemaculopathy (BEM).Mean
QAF values were significantly higher in CQ/HCQ patients than in healthy controls. QAF
increase started early after treatment onset, remained high even years after treatment
cessation, and was not accompanied by pathologies in the other screening methods,
including retinal thicknesses (except in BEM patients).

Conclusions: QAF might be a useful tool in retinal imaging and in verifying systemic
CQ/HCQ intake. The early onset and preserved high levels of QAF parallel findings of
CQ deposition in the retina in animal models. Whether QAF can be used as a screening
tool to detect early CQ/HCQ related maculopathy is the subject of long-term ongoing
studies.

Translation Relevance: Experimental QAF imaging in systemic CQ/HCQ therapy
monitoring might be a useful tool to indicate the drug or its metabolites and to detect
metabolic retinal changes.

Introduction

Chloroquine (CQ) and hydroxychloroquine (HCQ)
are effective and widely used systemic drugs to treat
several rheumatologic and dermatologic immunologic
disorders such as systemic lupus erythematosus or
rheumatoid arthritis.1–3 A well-known complication in
long-term, high cumulative dose therapy is the develop-
ment of a CQ/HCQ-related maculopathy, bearing the
possibility of eventually leading to irreversible sight-
threatening bull´s eye maculopathy (BEM).4–6

Fortunately, the risk of showing CQ/HCQ-related
retinal toxicity is very low (<1%) in the first five years
of treatment, but it is cumulatively dose-dependent
and rises after long-lasting intake.7 In addition, the
increasing use of HCQ (for example, nearly 21,000
newly initiated HCQ therapies in the UK only between
2007 and 20168) implies that the incidence of CQ/HCQ
relatedmaculopathiesmight increase in the near future.
If early sings of CQ/HCQ related maculopathies are
present, early cessation of medication bears the possi-
bility to stop or even reverse mild pathologic changes
and to avoid irreversible vision loss.9 However, in more
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severe cases, maculopathy may worsen even years after
CQ/HCQ treatment is stopped.10–15

Based on these observations, the American
Academy of Ophthalmology (AAO) recommended
screening at least at baseline and after 5 years
of CQ/HCQ therapy,16 using structural (spectral-
domain optical coherence tomography (SD-OCT) and
functional tests (visual acuity, visual field, multifocal
electroretinogram).16,17 In addition, to detect early
topographical damage to the outer retina, fundus
autofluorescence (FAF) can be qualitatively used.18,19

SD-OCT changes, though controversially discussed,
include thinning of the inner (ganglion cell layer and
inner plexiform layer)20 or outer retina,21 or both.22
FAF alterations, as observed with conventional short
wavelength FAF (488 nm excitation), range from
increased AF signals in the parafoveal region at early
stages19,23 to a mottled pattern with patchy areas of
decreased AF in more advanced stages.18 These areas
of decreased AF will, finally, lead to a loss of RPE and
the loss of AF in the parafoveal region with its typical
bull’s-eye pattern. However, a major limitation of the
conventional short wavelength FAF is its restriction to
qualitative analyses.

A recent development in FAF imaging is quanti-
tative fundus autofluorescence (QAF), which uses an
internal reference for AF intensity normalization. This
enables comparison of AF intensities intra- and inter-
individually, as well as in long-term follow-up.24 As for
conventional short wavelength FAF, QAF has shown
good repeatability25 and can serve as a diagnostic
tool for the healthy and diseased retina, especially in
diseases with high potential of FAF alterations in the
course of the disease or during treatment.26–28

The purpose of this study was to use the experimen-
tal QAF technique in addition to the recommended
screening tests in patients routinely examined at our
department due to systemic CQ/HCQ intake. TheQAF
signals were analyzed and compared to QAF signals
from a healthy age -and sex-matched control group.
The results of our preclinical study will promote the
debate on QAF as a screening tool in CQ/HCQ treat-
ment monitoring.

Patients and Methods

Study Population

For this monocentric, prospective, cross-sectional
study, patients (European Caucasians) with current
or past systemic CQ/HCQ intake due to rheumatic
disorders were recruited from the Department of
Ophthalmology at the University Hospital Würzburg,

Germany, between September 2017 andApril 2019. All
CQ/HCQ patients agreed to participate in this study.
Before study entry all patients gave written informed
consent after detailed explanation of the nature and
consequences of this study. This study was approved
by the University of Würzburg Ethics committee
(no. 69/17), and all study procedures were performed
in compliance with the Declaration of Helsinki.

CQ/HCQ patients were enrolled only if they had
clear optic media. Exclusion criteria included presence
of retinal diseases (other than CQ/HCQ related
maculopathy), unstable fixation, media opacity, or
refractive error > 6 Diopters (spherical equivalent).

Twenty-five age- and sex-matched healthy subjects
who had routinely planned examination (yearly health
check-ups or examination of a diseased fellow-eye)
were also recruited at the Department of Ophthalmol-
ogy, University Hospital Würzburg. These healthy eyes
served as controls in the QAF and SD-OCT analysis.

Examinations

At baseline visit, all participants were asked to
complete a questionnaire considering height, body
weight, and ophthalmologic and general medical
history. Furthermore, history of CQ/HCQ exposure
was recorded (daily dose and onset and stop date) and
cumulative dose was calculated.29

Patients were examined following the revised AAO
recommendations. This included visual field (12° white-
on-white 10-2 automated threshold kinetic perimetry,
Octopus; Haag Streit, Bern, Switzerland), multifocal
electroretinogram, mfERG (in line with the current
ISCEV Standards; CRTmonitor, 61 discrete black and
white hexagonal pattern30 stimulation, 27° angle of
the posterior pole, centered on the fovea (RETIscan,
Version 6.16.3.8; Roland Consult, Brandenburg an der
Havel, Germany), color vision testing (HMC anomalo-
scope; Oculus, Wetzlar, Germany), Farnsworth-Panel
D 15 (saturated and unsaturated), macula SD-OCT,
and FAF imaging (details for SD-OCT and FAF, see
below).

Best corrected visual acuity was determined using
the standardized Early Treatment Diabetic Retinopa-
thy Study protocol charts. Comprehensive ophthalmo-
logic examinations included slit lamp biomicroscopy,
applanation tonometry, and dilated funduscopy.

Image Acquisition

Before image acquisition, subject’s individual
c-curves24 were measured (IOL Master 500; Zeiss,
Oberkochen, Germany) and transferred to the
Spectralis and modified HRA2 device´s software
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(HEYEX; Heidelberg Engineering, Heidelberg,
Germany) for proper image size calculation. Pupils
were then dilated at a minimum of 6 mm diameter
(0.5% tropicamide, 2.5% phenylephrine). Multimodal
imaging included SD-OCT (6 mm horizontal macular
scan, ART 35 frames, 49 B-scans, 20° × 20°) as
well as infrared (IR) and red-free fundus reflectance
(30° × 30°), short wavelength FAF (excitation 488 nm,
emission 500-750 nm, 30° × 30°), and QAF (excitation
488 nm, emission 500-750 nm, 30° × 30°, 768 × 768
pixels) using a Spectralis and a modified HRA2 device
(both Heidelberg Engineering).

QAF Image Acquisition

Details of the QAF technique, modified device´s
specifications, as well as QAF image acquisition
requirements, have been reported previously.24,31
Briefly, the modified HRA2 device possesses an inter-
nal reference (main fluorophore: solid Texas Red Dye)
which is simultaneously excited and recorded during
the QAF acquisition process. All captured signal inten-
sities can then be normalized to the signal of this
internal reference and differences in laser and camera
settings (e.g., laser power or detector sensitivity) are
eliminated between individual examinations.

Before QAF imaging, photoreceptors were
bleached24 using the short wavelength light for at
least 20 seconds to adequately reduce the absorption
of photopigment and to enable reliable QAF signal
acquisition. These preparations were immediately
followed by the registration of 12 single QAF frames.
If necessary, sensitivity of the HRA camera was
regulated manually to avoid pixel oversaturation. After
checking the quality of each QAF frame, low quality
frames (e.g., insufficient illumination, lacking focus on
macula, unstable fixation, eye lid interference) were
deleted and at least nine image frames were averaged
into one final mean QAF image using the manufac-
turer’s software (HEYEX; Heidelberg Engineering,
Heidelberg, Germany). In addition, a second identi-
cal QAF imaging session with new adjustments of
the camera was conducted to ensure repeatability, as
previously suggested.31 We assumed good repeatability
if QAF values were within a 15% range. This procedure
was then repeated for the fellow eye. Out of these four
imaging sessions (two from each eye), the QAF image
with the most even illumination across the posterior
pole and clearest focus on the central macula was
chosen for further analysis. If both eyes had equal
quality images, the left eye was chosen.

All QAF images underwent postacquisition adjust-
ments considering reference calibration factor of the
device (as delivered by the manufacturer) and the

respective age-related optical media of the subject.32
Finally, the gray value QAF image (scale 0–1200 QAF
units), was clipped at 511 because there were few values
higher than 511 QAF units. It was then down-scaled
to 0–255 for storage as an 8-bit binary image, and
then false colored using a color Look Up Table with
256 entries. All QAF images were obtained with
the same device and by the same trained operator
(CR). Regular device calibration by the manufacturer
proofed consistent signal measurements.

SD-OCT Based Multimodal Image Stacks

All images were exported from the image devices
and underwent further processing using customwritten
FIJI (www.fiji.sc33) plug-ins, as previously reported
(Kleefeldt et al., manuscript in revision, 2019). In
brief, each imaging modality was registered against
the enface IR image, which was simultaneously
captured during the SD-OCT macula scanning. An
SD-OCT based multimodal image stack was assem-
bled (Supplementary Fig. S1). For registration, two
identical landmarks (e.g., vascular bifurcation) were
manually marked in the enface IR image followed
by a transformation (limited to translation, rotation,
and uniform scaling of the image). To create a
specific two-dimensional coordinate system, essential
for the QAF analysis, the exact position of the foveola
was determined in the macula SD-OCT scan with
the foveal dip and the rise of the external limiting
membrane. The foveal position could then easily be
transferred to the corresponding infrared image (simul-
taneously acquired during SD-OCT imaging) and
subsequently to all other aforementioned images from
the multimodal image stack (Supplementary Fig. S1).
For better illustration, all eyes were plotted as left
eyes.

QAF Analysis

The eight segments of the middle ring of three
concentric rings (QAF8) have been widely accepted for
QAF intensity analysis.26,31,34 In a preliminary analy-
sis (data not shown), these QAF8 ring segments did
not cover the parafoveal35,36 atrophic area in the BEM
patients (Supplementary Fig. S2). Bisecting each ring
segment of the original QAF grid and extending it
toward the fovea results in a total of 97 segments
(including the foveal area),37 plus a parafoveal ring
(Supplementary Fig. S2). The QAF97 grid uses the
fovea (as determined in SD-OCT scan) and the edge of
the optic disc (manually marked in the IR images) to
define the maximum grid diameter. Therefore ring and
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segment dimensions for the QAF97 grid might slightly
differ between eyes.

Using custom-written FIJI plugins, the mean,
maximum, and minimum QAF values (± standard
deviation [STD]), and the number of pixels of the
analyzed area for each segment (irrespective of the
grid used) were recorded and stored as a tab-delimited
text file. The mean value of the 96 extrafoveal
segments, the fovea, and the parafovea were used for
further statistical analysis in this study.

SD-OCT Based Retinal Thickness Analysis
and Correlation with Autofluorescence

Based on the macula SD-OCT scans, retinal thick-
nesses (whole retina: inner limitingmembrane [ILM] to
Bruch membrane [BrM]); inner retina: ILM to exter-
nal limiting membrane (ELM); outer retina: ELM
to BrM) were computer-assisted measured at eleven
predefined locations (fovea as the center; 0.5 mm steps
nasally and temporally) within the horizontal central
6mmSD-OCT scan using customwritten FIJI plugins.
These retinal thicknesses were then correlated with
QAF values from the corresponding areas at the identi-
cal eleven locations within the QAF image (fovea as the
center; 0.5 mm steps nasally and temporally; at each
sample location, QAF values from pixels in a 5× 5 grid
were averaged).

Statistical Analysis

Data collection, organization, and analysis was
performed using SPSS statistic software package (IBM
SPSS 25.0; IBM Corporation, Armonk, NY, USA).
Categorical variables are presented as numbers and
percentages, continuous variables are expressed as
means ± STD. P < 0.05 was considered statisti-
cally significant. Intraclass correlation coefficients were
computed to determine the image reading agree-
ment of retinal thickness measurements. Normally
distributed continuous variables were tested using
quantile-quantile plots, Kolmogorov-Smirnov, and
Shapiro-Wilk tests. The Mann-Whitney U-test or
t-test for independent samples was applied for mean
values of all CQ/HCQ patients and controls. An analy-
sis of variation (ANOVA) with Tukey post-hoc analy-
sis was performed for the mean values of the two
CQ/HCQ subgroups (patients with/without BEM).
More detailed information on statistical tests used can
be found in the supplement. The association between
age and mean QAF97, as well as cumulative dose
and QAF97 was calculated using Spearman’s rank

correlation coefficient (rs) or Pearson product-moment
correlation (r) coefficient.

Results

Initially, 44 CQ/HCQ patients underwent multi-
modal imaging. Six patients had to be excluded because
of poor image quality. From the remaining 38 patients,
an additional nine were excluded because of age greater
than 60 years and possible impact of lens AF on
total QAF, resulting in 29 patients for final analy-
sis. Demographic data, underlying systemic condi-
tions, and duration of CQ/HCQ treatment are shown
in Tables 1 and 2. These patients had no relevant
concomitant renal systemic nor previous macular
diseases.

Twenty-seven patients were female (93.1%). Mean
age of all 29 patients was 43.5 ± 12.2 years (median
45.0 years, range 22–59 years), meanCQ/HCQcumula-
tive dose was 724 g ± 610 g (median 608.8 g,
range 18.6–2171.0 g) with a mean intake duration of
7.5 ± 6.5 years (median 6.9 years, range 0.3–28 years),
see Table 2. Four patients (13.8%; mean age 51.8± 11.2
years, median 57.0 years, range 35–58 years) showed
CQ/HCQ induced maculopathy with abnormalities in
all screening modalities (visual fields, mfERG, SD-
OCT, and FAF). Best corrected visual acuity in the
remaining 25 patients (86.2%, mean age 42.2 ± 12.0
years) was ≥ 20/25 (with only one exception due to
amblyopia, best corrected visual acuity 20/40, Table 1).

Patients without CQ/HCQ maculopathy showed
no pathologies in 12° perimetry or mfERG, whereas
patients with CQ/HCQ maculopathy had scotomas
within the 12° visual field and abnormal reduced
mfERG amplitudes parafoveally. Color vision tests
showed no significant alterations in CQ/HCQ patients.

Twenty-five healthy subjects from our previous
study of QAF in healthy subjects served as controls
(23 female [92.0%]). Mean age of all controls was
42.0 ± 11.7 years (median 44.0 years, range 23–60
years). A sex- and age-matched subgroup of 10 (mean
age 51.8 ± 5.0 years, median 53.0 years, range 45–58
years) out of this healthy cohort served as controls for
the CQ/HCQ patients with BEM. Best corrected visual
acuity in all controls was≥ 20/25. All subjects had clear
media.

Quantitative Fundus Autofluorescence

In general, in CQ/HCQ patients, QAF values were
significantly higher as compared to the age-matched
controls (Fig. 1).
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Table 1. Demographic Data of CQ/HCQ Patients

Age [years] Sex
Indication for
CQ/HCQ Use HCQ CQ

Duration of
Intake [years]

Cumulative
Dose [g]*

Eye
Included BCVA BEM

22 F Sjögren’s
syndrome

+ − 6.5 402 OD 20/13 −

24 F Collagenosis + − 0.3 24 OS 20/13 −
24 F Collagenosis + − 5.6 693 OS 20/20 −
27 F RA + − 2.5 168 OD 20/16 −
31 F SLE + − 0.3 19 OS 20/20 −
32 F RA + − 1.3 176 OD 20/16 −
33 F RA + − 5.5 401 OS 20/13 −
34 F SLE + − 9.5 754 OS 20/13 −
34 F SLE + − 8.3 608 OS 20/16 −
35 F SLE − + 9.0 867 OD 20/100 +
35 F SLE + − 9.0 912 OS 20/16 −
40 M SLE + − 4.1 365 OS 20/16 −
40 F SLE + − 6.9 511 OS 20/16 −
41 F SLE + − 9.6 1045 OS 20/20 −
45 F Cutaneous

lupus
+ − 2.1 219 OD 20/16 −

45 F RA + − 0.3 36 OD 20/20 −
50 F RA − + 22.0 2007 OS 20/20 −
52 F SLE + − 3.8 511 OS 20/13 −
53 M RA + − 3.8 566 OD 20/13 −
53 F Cutaneous

lupus
+ − 2.6 238 OS 20/16 −

54 F Lichen ruber
planus

+ − 5.5 657 OS 20/16 −

54 F CREST
syndrome

+ + 8.4 635 OD 20/20 −

56 F SLE + + 10.0 1697 OS 20/200 +
57 F Cutaneous

lupus
+ − 13.0 1602 OS 20/16 −

57 F Sjögren‘s
syndrome

+ − 0.7 45 OD 20/16 −

58 F RA − + 19.0 1733 OS 20/20 +
58 F Collagenosis + + 10.5 2171 OS 20/16 −
58 F RA − + 7.9 730 OD 20/20 +
59 F SLE + + 28.0 1244 OS 20/20 −

M, male; F, female; RA, rheumatoid arthritis; SLE, systemic lupus erythematosus; CREST, calcinosis, Raynaud’s phenomenon,
esophageal dysmotility, sclerodactyly, and telangiectasia; BCVA, best corrected visual acuity (Early Treatment Diabetic
Retinopathy Study charts in 4 meters distance); OD, os dexter; OS, os sinister.

*Cumulative dose of CQ and HCQ in sum.

Mean QAF97 intensity was 285.2 ± 72.0 [QAF
a.u.] in all CQ/HCQ patients (P = 0.015), 278.1 ±
72.6 [QAF arbitrary units (a.u.)] in CQ/HCQ patients
without BEM (P= 0.045), and 329.5± 56.5 [QAF a.u.]

in patients with BEM (P = 0.228), respectively. In all
healthy controls, mean QAF97 was 235.4 ± 73.8 [QAF
a.u.], while in the matched group for CQ/HCQ patients
with BEM mean QAF97 was 283.0 ± 64.5 [QAF a.u.].
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Table 2. Characteristics of CQ/HCQ Patients and Healthy Controls

Demographic Characteristics and Mean QAF97 Values in CQ/HCQ
Patients and Healthy Controls

Parameter CQ/HCQ Controls
Significance
Level [t-Test]

Significance Level
[ANOVA with Tukey

Post hoc Test]

N 29 25
Females, n (%) 27 (93.1) 23 (92.0)
N 29 25
Without BEM, n (%) 25 (86.2) 23 (92.0)
N 4 10
With BEM, n (%) 4 (13.8) 10 (40.0)

Mean age, years
All 43.5 ± 12.2 42.0 ± 11.7 P = 0.642
Range 22–59 23–60
Without BEM 42.2 ± 12.0 42.0 ± 11.7 P = 0.998
Range 22–59 23–60
With BEM 51.8 ± 11.2 51.8 ± 5.0 P = 0.954
Range 35–58 45–58

Mean QAF97 [QAF a.u.]
All 285.2 ± 72.0 235.4 ± 73.8 P = 0.015
Range 150.0–478.6 92.1–368.1
Without BEM 278.1 ± 72.6 235.4 ± 73.8 P = 0.045 P = 0.143
Range 150.0–478.6 92.1–368.1
With BEM 329.5 ± 56.5 283.0 ± 64.5 P = 0.228 P = 0.277
Range 260.4–390.9 158.6–358.1

Mean intake duration, years
All 7.5 ± 6.5
Median 6.9
Range 0.3–28
Without BEM 6.9 ± 6.6
Range 0.3–28
With BEM 11.2 ± 5.1
Range 8–19

Mean cumulative dose, g
All 724.2 ± 610.4
Median 608.0
Range 18.6–2171.0
Without BEM 639.0 ± 586.9
Range 18.6–2171.0
With BEM 1256.8 ± 532.3
Range 730.0–1733.0

Where applicable, values are presented as means ± standard deviation.

In all subjects (patients and controls), mean
QAF intensities significantly increased with age
(all CQ/HCQ patients: r = 0.6, P < 0.001; patients
without BEM: r = 0.6, P = 0.001; patients with BEM:

r = 0.8, P = 0.132; healthy controls: r = 0.6, P = 0.001;
Fig. 1) until age 60. Despite the generally increased
FAF in CQ/HCQ patients, FAF distribution across the
posterior pole is similar as in functional and structural
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Figure 1. Quantitative fundus autofluorescence in CQ/HCQ
patients. In patients with CQ/HCQ intake (blue filled and transparent
triangles), QAF values are significantly higher as compared with
age-matched controls (black dots). Patients with CQ/HCQ related
maculopathy (blue transparent triangles) were older and had higher
QAF values as compared with patients without maculopathy (blue
filled triangles). The overall trend of increasing QAF with aging is
visible in all study subjects (patients and controls). The QAF at
the fovea (segment “f” in QAF97 [Supplementary Figure S2]) is
low (due to light blocking macular pigment and low number of
lipofuscin granules compared to parafovea) but at same levels for
CQ/HCQ patients and controls. The QAF at the parafovea (segment
“pf” in QAF97 [Supplementary Figure S2]) follows the trend of
increased QAF in CQ/HCQ patients, even in patients with BEM
(blue transparent triangles). Shown are individual QAF values from
all CQ/HCQ patients and healthy controls (black rhombi), as well
as mean (lines) and 95% confidence intervals (dashed lines); blue:
CQ/HCQ patients, black: healthy controls.

healthy controls, showing increased AF intensities
at the parafovea and a maximum temporal-superior
(Figs. 2A, 2B).

If the whole group and the different phenotypes
(BEM present: yes/no) were taken into account,
an ANOVA test revealed significant differences
between CQ/HCQ patients with/without BEM and
controls (P = 0.015). Tukey’s post-hoc analysis
showed neither a significant difference for QAF97
between controls and CQ/HCQ patients with BEM
(P = 0.143), although there was no significant differ-
ence between controls and CQ/HCQ patients without
BEM (P = 0.277).

Interestingly, in patients with bull´s eye maculopa-
thy, QAF remains high even years (5-12 years) after
drug cessation (Figs. 2C–2E). The highest QAF values
can be found at the superior-temporal region in
patients without maculopathy (Fig. 3). In patients with
BEM, there is slight rotation with the highest QAF
values preferable at the temporal macula.

QAF and Cumulative Dose/Duration of Intake

There was no significant difference (P = 0.136) in
QAF97 intensities between patients with cumulative
dose<1000 g and patients with cumulative dose>1000
g. In general, higher cumulative dose did not lead to
higher QAF (Fig. 4). Also, there was no significant
difference betweenQAF intensities for CQ/HCQ intake
more or less than five years (P = 0.540). However, it
is noticeable that even in patients with short CQ/HCQ
treatment duration of a few months (in our study
around four months) increased QAF intensities are
detectable (Fig. 4).

Correlation of Retinal Thicknesses and
Autofluorescence

Patients withBEMshowed significant thinner retina
at all eleven measured points (whole retina, inner
retina, outer retina) using the custom written FIJI
plugin, compared to patients without BEMand healthy
controls (Fig. 5, Supplementary Table S1). Three BEM
patients presented preserved central fovea (“flying
saucer” sign38) but parafoveal loss of outer retinal
layers, whereas two subjects with advanced BEM also
had central retinal atrophy (Figs. 2C–2E, Supplemen-
tary Fig. S2).

Patients without BEM showed significant thicker
retina at the fovea as compared to controls using
the custom FIJI plugin (measurement points 0 [whole
retina, WR - inner retina, IR] and −0.5, +0.5 mm
(IR) (Fig. 5, Supplementary Table S1). In patients
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Figure 2. High QAF levels in CQ/HCQ and structural/functional alterations. In a functional and structural healthy control (A), QAF shows
normal intensities across the posterior pole with highest values at the temporal-superior region. CQ/HCQ (B–E) patients have significantly
increased QAF intensities throughout the posterior pole. Interestingly, the increased QAF is not necessarily correlated with structural or
functional alterations (B). In contrast, patients with BEM have the same high levels of QAF but with structural (SD-OCT) and corresponding
functional (autofluorescence (AF), perimetry) alterations (C–E). Of note, in patients with BEM, QAF intensity remains high even years after
cessationof themedication: 5 years (C), 12 years (D), 5 years (E) after drug cessation. The scotomas in the visual fields are reported asdeviation
[dB] from the normal (0 dB).

with or without BEM, focal measurements at the 11
points revealed no significant correlations (Supplemen-
tary Table S2).

Discussion

This study evaluated the usefulness of QAF in the
screening process of patients using systemic CQ/HCQ
medication. Our results demonstrate increased QAF
values in patients with or without BEM, as compared
to age- and sex-matched controls. The increased QAF
values are only minimally correlated with retinal thick-
ness. QAF can be used as a biomarker for CQ/HCQ
intake; however, our presented data does not proof
QAF as a screening tool for CQ/HCQ maculopathy
at this time. Furthermore, QAF analysis in CQ/HCQ
patients requires adjustable analysis tools because

CQ/HCQ-related lesions are beyond the commonQAF
analysis grids.

CQ/HCQ related maculopathy is a well-known
complication in systemic CQ/HCQ therapy, which
could affect up to 20% of all patients after 20 years
of intake. There is a continuing trend of increasing
prescriptions and also re-evaluating CQ/HCQ for new
therapeutic indications such as anti-infectious disease
and adjunct antineoplastic therapy or application in
diabetes mellitus and heart disease.1,39 Only recently,
the use of chloroquine is intensively discussed as a
treatment option in COVID-19 disease,40 and numer-
ous studies are ongoing or in preparation examining
the protective effect of hydroxychloroquine in corona
virus disease.41 This means that an even larger patient
population might be exposed to CQ/HCQ in the future
and, if intake is long enough, at risk for potential retinal
toxicity and sight-threatening maculopathy, especially
if concomitant pathologic conditions are present.16
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Figure 3. Segments with highest QAF values. Plotted are the five segments with the highest QAF values. Patients withoutmaculopathy (A)
show highest segments in the temporal/temporal-superior region. In patients with maculopathy (B), there is a slight rotation of the highest
segments towards the temporal region.

Figure 4. QAF and cumulative dose. Increased QAF intensities
seem not to be related to cumulative doses. The graph shows the
relation between QAF97 of CQ/HCQ patients versus QAF97 of age-
matched controls. A QAF ratio of 1.0 means that QAF97 from a
CQ/HCQ patient is identical to the mean QAF97 from at least three
age (± 2 years) and sex matched controls. Higher cumulative dose
does not lead to further increasing QAF intensities. The plots also
show the mean (blue line) and the 95% confidence interval (blue
dashed lines), CQ/HCQpatientswithout (bluefilled triangles) andwith
(blue transparent triangles) BEM.

The importance of continuing ophthalmic examina-
tions and maculopathy screening has been discussed
extensively and is well accepted nowadays.42,43 In real
life, however, not all CQ/HCQ patients have access to
or are even aware of the necessary of retinal screening.

In the revised 2016 version of recommendations
on screening for chloroquine and hydroxychloroquine
retinopathy the AAO recommends the use of several

tests in the screening of CQ/HCQ patients, includ-
ing structural and functional tests.16 Although there
is still debate about which screening tool is the best
to detect CQ/HCQ related maculopathy,44 FAF has
been considered being sensitive enough to detect those
changes.16,18,19

Within the last years, FAF analysis methods have
markedly improved, and FAF imaging is far beyond
sole qualitative analysis. Delori and coworkers24 intro-
duced a modified FAF camera in 2011, which has
an internal well-defined fluorescent probe to quantify
FAF signal. This probe emits light that is simulta-
neously captured during regular fundus autofluores-
cence imaging and serves as the basis for quantifica-
tion of FAF intensities. The use26,27,34 and repeatabil-
ity of QAF24,31,45 has successfully been demonstrated
in several hereditary and degenerative retinal disease
studies. The significantly increased QAF signals in
CQ/HCQ patients leaves room for debate.

Our proposed hypothesis is that the drug itself or
its metabolic by-products are autofluorescent46 and
stored within retinal cells or adjacent tissue, supported
in several ways by findings in animalmodels. First, early
studies found that chloroquine deposition is related to
pigmented tissue (iris, RPE, choroid), although absent
in nonpigmented tissue and albino animals.47–49 This
finding has been confirmed in rhesus monkeys.50 The
retinal drug deposition (probably at the RPE level,
see above) is supported by the finding of generally
increased QAF intensities in CQ/HCQ patients, still
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Figure 5. QAF and retina structure. Mean QAF intensities (5 × 5
pixels) and retinal thicknesses (focal measurements in the corre-
sponding foveal SD-OCT scan) were measured and correlated at 11
points (−2.5 mm nasally to +2.5 mm temporally; 0.5 mm distance;
centered on the fovea) across a horizontal line. For CQ/HCQ patients
without bull´s eye maculopathy, the increased QAF at the posterior
pole is not related to measurable layer thickness changes (whole
retina, inner and outer retina) outside the foveola, as determined in
SD-OCT and compared to healthy controls (orange line). However,

maintaining the typical FAF pattern (high parafoveal
AF and less AF at the fovea). Second, the long-term
effect of CQ/HCQ traceability: in animals, the drug
levels in the retina were high even years after cessa-
tion, while absent in other tissues of the body.47,51
This result is in line with increased QAF in our
patients with high levels of QAF even more than five
years and up to at least 12 years after termination
of CQ/HCQ use (see Figs. 2C–2E). Furthermore, the
early onset of increased QAF (in our study about
six months after treatment start) is also supported by
animal models showing high retinal chloroquine levels
immediately after drug administration and drug trace-
ability even weeks after a single injection.47 Bernstein
et al.47 summarized these findings in animals as
“extensive [retinal] tissue accumulation and prolonged
retention”—a model probably transferrable to the
human retina and now trackable with QAF. QAF
increase and persistent high QAF levels not related to
the duration of intake and cumulative dose would also
support these findings.

Other explanations for increasedQAF levels include
changes in lipofuscin, an age-related rather than toxic
granule,52 within the retinal pigment epithelium.53
Lipofuscin granules comprise a variety of mostly
unknown fluorophores that possess spectral emission
features54 and accumulate with age in healthy RPE
cells,55 clinically confirmed in several QAF studies.24,31
This age effect of increasing QAF is also detectable
in our study cohort, both in patients and controls.
Also, the AF distribution pattern across the posterior
pole (highest autofluorescence at the parafovea24,31) in
CQ/HCQ patients is similar to the healthy controls.
Increased fundus QAF levels have been observed in
some hereditary retinal diseases,26,27 but none of our
patients had any history or clinical signs of hereditary
retinopathy.

The increased QAF levels in CQ/HCQ patients
could also reflect increased metabolic activity in the
photoreceptor/RPE system, enforced by the drug
or its metabolites. RPE cells are in close interac-
tion with both cones and rods (shedding and diges-

←
in this patient group (CQ/HCQ patients with no signs of bull´s
eye maculopathy), the fovea was thicker as compared to controls.
Correlation of QAF and retinal thicknesses revealed no significant
results (Supplementary Table S2). In patients with BEM (red lines),
retinal thicknesses (whole retina, inner/outer retina) are significantly
reduced compared to controls and CQ/HCQ patients without bull´s
eye maculopathy. Whole retina (internal limiting membrane [ILM]
to retinal pigment epithelium [RPE]); inner retina (ILM-ELM); outer
retina (ELM-RPE). Healthy controls (mean: orange line; 95% confi-
dence interval: dotted orange line), CQ/HCQ patients (individual
patient: gray line), BEM patients (red line).
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tion of photoreceptor outer segments, accumula-
tion of nondegradable lipofuscin).56,57 Whereas the
normal FAF distribution follows the rods rather the
cones,58,59 although cones also contribute to the total
FAF signal, the overall increased QAF levels at the
whole posterior pole in CQ/HCQ patients suggests
that both the rod and cone system is affected. The
continued use of drugs such as CQ/HCQ might have
toxic effects on photoreceptors and lead to a shortening
of photoreceptor outer segments resulting in increased
autofluorescence from the RPE60 as speculated for
flood plain hyperautofluorescence in neovascular age-
related macular degeneration.61 However, our struc-
tural SD-OCT did not reveal any significant thinning
of the outer retina (except: patients with existing BEM
nor show any correlation between autofluorescence
increase and retinal thickness in all eyes without BEM.

The rationale behind the fact that photoreceptors
and RPE at the parafovea are clinically and histolog-
ically most affected by the toxic effects of CQ/HCQ
and whether RPE or photoreceptors are the primary
site of degeneration remains unclear. The multimodal
detectable62–65 CQ/HCQ maculopathy pattern that
normally starts at the parafovea might be somehow
related to the photoreceptor distribution with highest
rod density 3 to 5 mm outside the fovea.66

Of note, the increased QAF intensities in our
patients without BEM was not accompanied by
obvious pathologies in any of the AAO recom-
mended functional and structural screening tests.
Neither common 488 nm FAF, visual fields, color
vision, electrophysiology, or SD-OCT scans revealed
any abnormalities. Furthermore, there was no obvious
correlation between increased QAF intensities and
retinal thicknesses in our patient cohort (exception:
patients with BEM), as determined in QAF measure-
ments and parallel SD-OCT scans.

SD-OCT is considered to be an important screen-
ing and classification tool in the management of
CQ/HCQ inducedmaculopathy16,17 and several groups
showed thinning of outer nuclear layer, loss of inner
segment/outer segment junctions, as well as loss of
RPE.23,38,67,68 These changes can progress even years
after cessation of the medication.21,64 In our non-
BEM patients, there was no obvious general reduc-
tion in retinal layer thickness measurable (selective
measurements at eleven points across a horizontal line
at the posterior pole), in line with other studies.68
In addition, changes in SD-OCT reflectivity at the
parafoveal ellipsoid zone and loss of a continuous
interdigitation zone69 and increased reflectivity in the
outer nuclear layer63 might be early signs of maculopa-
thy and precede findings in any of the other screen-
ing modalities. Loss of reflectivity at the photoreceptor

level could lead to decreased light-blocking phenom-
ena of photoreceptor pigment and consequently to an
increase of the FAF signal. However, because the afore-
mentioned described SD-OCT changes are restricted
to the parafovea, this SD-OCT finding doesn´t explain
ubiquitous increased QAF at the posterior pole.

Emerging FAF imaging techniques like fluores-
cence lifetime imaging ophthalmoscopy (FLIO) might
definitely add to QAF in screening for CQ/HCQ
induced maculopathy. Recently, several groups
reported prolonged lifetimes at the parafoveal region
in patients with HCQ retinal toxicity.46,70 However,
whether FLIO could be a screening tool for early
detection of CQ/HCQ induced maculopathy is still
controversially discussed.46,70

So far, inQAF studies, QAF8 (eight segments froma
projected analysis grid, centered on the fovea, as intro-
duced by Greenberg et al.31) was used for analysis.
As shown in our study, especially in the maculopathy
patients, QAF8 analysis does not capture the affected
areas and more flexible analysis patterns (narrowing
of the analysis field, flexible dimensions, free hand
tools) are warranted to specifically analyze the respec-
tive areas.37,71

Limitations of this study include an imbalance
according to gender, which is due to prevalence
and incidence of the rheumatologic disorders and
CQ/HCQ drug indications. Furthermore, cumula-
tive dose and intake duration are mostly based on
patient recall and were only partially available from
documented patient charts, which might have led to
unprecise cumulative doses in patients with long-
lasting intake. Also, number of patients with drug
induced maculopathy are not equally distributed due
to limited recruitment possibilities. Documentation
regarding macula status before the start of CQ/HCQ
treatment was not available for all patients. However,
our documentation (history, available images) for the
five CQ/HCQ maculopathy patients revealed no signs
of maculopathy based on causes other than CQ/HCQ
(i.e., no history or signs of hereditary retinal disease,
no signs of age-relatedmacular degeneration). Because
of the technical limitations of the device only the QAF
features of the posterior pole have been examined and
it is not clear whether QAF in the periphery or at
the ora serrata would show similar results. Finally,
our healthy control group did not have any signs of
systemic rheumatologic disorders, which could per se
(without any CQ/HCQ treatment) lead to increased
QAF levels. In a few patients whomwe examined before
CQ/HCQ treatment start, QAF levels were comparable
to the healthy controls (data not shown).

QAF is still in the experimental stage and depends
on good imaging conditions, with clear optic media
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being the most important one. Therefore QAF
values from phakic patients over 60 years (although
biomicroscopically clear lens) should be critically
reviewed. However, including subjects over age 60
years led to significant QAF differences between the
patients without maculopathy and controls, probably
because of a physiological QAF decline in normal
aging whereas QAF in CQ/HCQ patients remained
high (data not shown). Furthermore, well-trained
technical assistance is required to guarantee relia-
bility and repeatability of QAF imaging. Previous
studies in our cohorts showed mean variability of
about 8% in normal subjects37 and <12% in patients
with maculopathy, comparable to results from other
groups.31

In conclusion, this study is a prospective preclini-
cal report on increased quantitative short wavelength
FAF during CQ/HCQ treatment, compared to QAF of
healthy controls. Although SD-OCT might be useful
in detection of early maculopathy, QAF proves its
clinical benefit in CQ/HCQ screening as the first
tool that might indicate CQ/HCQ intake in general.
Whether increased QAF in CQ/HCQ patients impera-
tively results in higher risk for the development of outer
retinal atrophy or BEM needs further evaluation in
larger cohorts and long-term follow-up studies, which
are currently recruiting.
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