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Purrose. To investigate the relationship between retinal structure and macular function
in eyes screened for hydroxychloroquine (HCQ) toxicity.

MeTtHoDs. Participants referred for hydroxychloroquine retinopathy screening with spec-
tral domain optical coherence tomography (SD-OCT) and multifocal electroretinogram
(mfERG) testing were included in the analysis. Amplitude and implicit time of mfERG N1
and P1 responses were included in the analysis. Ring ratios were computed for amplitude
values as the ratio of rings 1-3:5 (R1-3:R5). A control group of healthy participants was
included for comparison of SD-OCT metrics.

Resurrs.  Sixty-three eyes screened for HCQ retinopathy and 30 control eyes were
analyzed. The outer nuclear layer (ONL) was significantly thinner in HCQ patients in
the foveal (P = 0.008), parafoveal (P < 0.0001), and perifoveal (P < 0.0001) regions. The
HCQ cohort was further divided into two subgroups according to the presence of struc-
tural clinically detectable retinopathy (i.e., structural damage as detected by multimodal
imaging). HCQ eyes without retinopathy had a thinner ONL thickness in the foveal (P
= 0.032), parafoveal (P < 0.0001), and perifoveal (P < 0.0001) regions and a thinner
inner nuclear layer (INL) in the parafoveal region (P = 0.045 versus controls). Structural
changes in HCQ patients without retinopathy were significantly associated with macular
function as R2:R5 ring ratio of mfERG P1 amplitude was associated with INL (P = 0.002)
and ONL (P = 0.044) thicknesses, and R3:R5 ring ratio of P1 amplitude was associated
with ONL thickness (P = 0.004).

Concrusions. Our results suggest that structural alterations secondary to HCQ toxicity
may occur in the absence of clinically detectable retinopathy, and this may reflect in an
impaired macular function.
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ydroxychloroquine (HCQ)

is a disease-modifying
antirheumatic drug frequently prescribed to treat
rheumatic and dermatologic diseases.! Although HCQ is

retinal and RPE layers, this imaging modality may display
an early loss of these structures secondary to HCQ toxic-
ity. Based on OCT findings, previous studies®!! proposed

known to be a safe and efficacious drug, its long-term use
may result in retinal toxicity, which remains a widely recog-
nized side effect.’ In detail, HCQ retinopathy is character-
ized by an irreversible photoreceptor and retinal pigment
epithelium (RPE) loss with associated retinal dysfunction.3-¢
Automated visual field (VF) and structural optical coherence
tomography (OCT) represent the primary screening tests for
HCQ retinopathy.” Additional tests include multifocal elec-
troretinogram (mfERG) and fundus autofluorescence.’

The diagnosis and characterization of HCQ retinopathy
is a relevant clinical application of structural OCT. Assum-
ing that OCT provides anatomic information regarding the
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staging HCQ retinopathy based on the presence and exten-
sion of photoreceptor and RPE loss. More recently, Garrity et
al.'? demonstrated that an attenuation of the ellipsoid zone
(EZ), rather than a recognizable loss, may precede visual
field defects in patients undergoing HCQ therapy, the latter
feature suggesting that this may represent the earliest find-
ing of retinal toxicity on OCT images.

The multifocal electroretinogram is an objective tech-
nique used to quantify retinal electrical responses reflecting
postreceptoral retinal function. Previous evidence suggests
that the mfERG test may be employed as part of base-
line and/or screening testing in patients under treatment
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with HCQ.” More important, the mfERG test proved to be
capable of detecting early subtle electrophysiologic changes
secondary to retinal cells’ stress in patients undergoing HCQ
therapy, which may be also antecedent to a visible photore-
ceptor loss detectable on OCT.!?!4 As a consequence, mfERG
may be the most sensitive modality to identify early signs
of HCQ-associated retinal toxicity, even in the absence of
structural clinically detectable retinopathy.'>!4 In addition,
mfERG is a valuable tool to identify correlations between
anatomic changes and retinal function as it furnishes topo-
graphical information on the retinal response across the
posterior pole.'>

What is lacking is information concerning the relation-
ship between the morphologic characteristics detected with
structural OCT and retinal function tested with mfERG in
participants under treatment with HCQ. Therefore, in this
study, we performed a qualitative and quantitative analysis
on OCT images from patients screened for HCQ retinopa-
thy to characterize morphologic characteristics correlat-
ing with retinal function in these patients. Importantly, a
main purpose was to assess associations between morpho-
logic and functional changes in eyes without evidence of
detectable retinopathy.

METHODS

The San Raffaele Ethics Committee was notified about
this retrospective cohort study. The study adhered to the
1964 Declaration of Helsinki and its later amendments. An
informed consent waiver was granted to allow retrospective
analysis of the previously collected data. In this study, partic-
ipants 18 years and older who were being treated with HCQ
were identified from the medical records of an ophthalmol-
ogy practice at the San Raffaele Scientific Institute.

To be included in this analysis, patients had to have
been imaged during a screening visit for HCQ toxic-
ity with the spectral domain (SD) Heidelberg Spectralis
HRA+OCT device (Heidelberg Engineering, Heidelberg,
Germany) between January 2017 and January 2021. Each
set of SD-OCT scans consisted of 19 B-scans, each of which
comprised 24 averaged scans, covering an approximately 5.5
X 4.5-mm area centered on the fovea. A minimum signal
strength of 25 was required to the SD-OCT images to be
included, as recommended by the manufacturer.'® Further-
more, patients were required to have a mfERG test (Reti-
max CSO, Florence, Italy) obtained on the same day. Finally,
all patients underwent a complete ophthalmologic exami-
nation, which included the measurement of best-corrected
visual acuity (BCVA) and dilated fundus examination. The
BCVA for each eye was converted to the logMAR, as previ-
ously described.!” Medical history, including details of HCQ
dosing, was collected for each patient. Exclusion criteria
included (1) presence of any retinal pathology and/or optic
nerve disease other than HCQ retinopathy, (2) use of other
drugs that are known to be potentially causative of reti-
nal toxicity (e.g., tamoxifen), and (3) refractive error higher
than 3 diopters. The analyzed study cohort was divided
into two subgroups according to the presence of clinically
detectable retinopathy, yielding a group of eyes without
retinopathy and a group of eyes with clinically recognizable
HCQ retinopathy. HCQ retinopathy was detected based on
fundus examination, fundus autofluorescence, and structural
SD-OCT, as previously reported.8-1!

Since age may affect retinal features measured using
structural SD-OCT,'®1? a control group matched for age was
also included in the current analysis. All controls had a
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refractive error of less than 3 diopters and no evidence of
retinal disease as evaluated by dilated fundus examination
and structural SD-OCT.

OCT Grading

Structural SD-OCT images at the study visit were first
reviewed for eligibility by two independent and experi-
enced readers (EB and RS). Successively, the Spectralis built-
in software was employed to generate nerve fiber layer
(NFL), ganglion cell layer (GCL), inner plexiform layer (IPL),
inner nuclear layer (INL), outer plexiform layer (OPL), and
outer nuclear layer (ONL) thicknesses, respectively, as previ-
ously described.?® These retinal thicknesses were tested
within the circle of the Early Treatment Diabetic Retinopathy
Study (ETDRS) grid centered over the fovea. Measurements
were automatically averaged across each of the following
subfields: the central fovea subfield within the inner 1-
mm-diameter circle, the inner circle subfield between the
inner and middle 3-mm-diameter circles, and the outer
circle subfield between the middle and outer 6-mm-diameter
circles. Before computing the thickness values, the graders
evaluated all B-scans and manually corrected any segmenta-
tion or decentration errors. Cases with segmentation errors
that were not reliably correctable were excluded from the
analysis.

mfERG

Multifocal ERG (Retimax CSO, Florence, Italy) was recorded
for each patient, according to the International Society for
Clinical Electrophysiology of Vision (ISCEV) protocol.?!:?2
First, pupils were dilated to at least 7 mm with 1% tropi-
camide. Assuming that retinal adaptation may affect mfERG
values, participants were exposed to the same preexposure
light, and the examination room’s illumination was moderate
and the same for all participants. With a 45-in. OLED moni-
tor, an array of 61 hexagons was projected, driven at a frame
of 75 Hz, covering the central 40-degree area surrounding
the fovea. The black and white hexagons had a luminance
of 400 and 1 cd/m?, respectively. DTL Plus electrodes (Diag-
nosys LLC, Lowell, MA, USA) were applied on the conjunctiva
at the inferior limbus. The ground electrode was attached to
the forehead. Before starting the examination, patients were
invited to fix a red target on the center of the pattern and
required to distinctly perceive this fixation target. Also, the
eye’s position was observed using a video system. The exam-
ination was done monocularly, with a registration time of at
least 4 minutes per eye, and repeated in case of eccentric
fixation, unstable fixation, or presence of movement arti-
facts. Signals were processed through a 5- to 100-Hz band-
pass filter and amplified through a 30,000 gain. The ampli-
tudes and implicit times of N1 (first negative component)
and P1 (first positive component) of the first-order kernel
were measured for five regional ring groups (ring 1, R1; ring
2, R2; ring 3, R3; ring 4, R4; and ring 5, R5). N1’s ampli-
tude was measured from the baseline to the first negative
peak. The amplitude of P1 was measured from the first nega-
tive peak to the first positive peak. The implicit times were
defined as the time period from the stimulus onset to the
peak of N1 and P1 responses. The responses from the central
three rings (R1, R2, and R3) were included in the analysis
as these rings approximately cover the foveal, parafoveal,
and perifoveal regions of the ETDRS grid, respectively.?>4
The latter choice was made in order to perform correlation
analyses between topographically correspondent regions
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(R1 and foveal region on SD-OCT, R2 and parafoveal region
on SD-OCT, R3 and perifoveal region on SD-OCT). Ring
ratios were computed for amplitude values as the ratio of
rings 1-3:5.%

For each ring, we also collected the response amplitude
density (RAD) between the first negative peak N1 and the
first positive peak P1 (N1-P1 RAD, expressed in nV/degree?),
as previously reported.?’ The built-in software compares the
RAD values against a normal age-matched database to assess
whether the participants’ RAD values are normal or reduced.

Statistical Analysis

The Statistical Package for Social Sciences (version 23.0;
SPSS Inc., Chicago, IL, USA) was employed to perform statis-
tical calculations. Departures from normality distribution
were tested with a Shapiro-Wilk’s test. Categorial variables
were compared by performing a Fisher’s exact test. All quan-
titative variables were presented as mean and standard devi-
ation (SD) in the results.

Continuous variables were compared by conducting a
Student’s t-test for independent variables or an independent-
samples Mann-Whitney U test or a one-way ANOVA with
Tukey’s post hoc test. The false discovery rate correction
(FDR) was used to control the family-wise type I error rate,
and an FDR-adjusted P value <0.05 was determined to be
statistically significant.

In regression analyses, only one eye (the right eye in
patients with either eye initially included in the analysis) for
each HCQ patient was included. A multivariate regression
analysis between SD-OCT metrics (dependent variables) and
clinical characteristics was performed. Univariate regression
analyses of potential associations between structural SD-
OCT and functional parameters were performed. Of note,
this analysis was performed by investigating the presence of
correlations between variables assessing the same macular
region (i.e., mfERG ring 1 and SD-OCT foveal region, mfERG
ring 2 and SD-OCT parafoveal region, and mfERG ring 3 and
SD-OCT perifoveal region, respectively).

RESULTS
Characteristics of Patients Included in the
Analysis

Of the 67 participants included in this analysis, 37 patients
(63 eyes) were being treated with HCQ, and 30 were healthy
controls. All patients and controls were Caucasians. Two
of 37 patients had a diagnosis of type 2 diabetes with-

TasLe 1. Characteristics of HCQ Patients and Controls
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out evidence of diabetic retinopathy. Considering the HCQ
group, 11 individual eyes were excluded for unilateral unre-
liable tests (8 eyes) or concomitant pathologic disorders
(3 eyes). Nine (24.3%) patients were taking hydroxychloro-
quine for rheumatoid arthritis, five (13.5%) were being
treated for systemic lupus erythematosus, and the remain-
ing patients were being treated for Sjogren syndrome, mixed
connective tissue disease, or other connective tissue disor-
ders. The overall demographic and clinical characteristics of
the two groups are shown in Table 1.

Anatomic Metrics

The IPL thickness in the perifoveal region was 28.6 & 3.7 pm
and 30.3 £ 3.3 pm in HCQ patients and controls, respectively
(P = 0.033) (Table 2, Supplementary Fig. S1).

The ONL thickness significantly differed between HCQ
patients and healthy controls in the foveal (85.9 £ 13.8 pm
and 94.2 + 13.8 um, P = 0.008), parafoveal (61.7 + 10.5
pm and 72.0 £ 9.2 pm, P < 0.0001), and perifoveal (52.3 £
7.3 pm and 58.2 £ 7.4 pm, P < 0.0001) regions (Table 2,
Supplementary Fig. S1). No other significant changes were
detectable between the two groups (Table 2, Supplementary
Fig. S1).

The HCQ cohort was further divided into two subgroups
according to the presence of structural clinically detectable
retinopathy. Forty-six eyes showed absence of HCQ
retinopathy, while 17 eyes were characterized by evidence of
retinopathy. Clinical severity of HCQ retinopathy based on
structural SD-OCT®? was early disease in 14 eyes, moderate
in 2 eyes, and advanced in 1 eye, respectively. In this addi-
tional analysis, HCQ eyes without retinopathy were char-
acterized by a lower ONL thickness in the foveal (86.0 +
14.4 ym and 94.2 £ 13.8 um, P = 0.032), parafoveal (62.7
4 10.1 pm and 72.0 £ 9.2 pm, P < 0.0001), and perifoveal
(53.3 £ 7.3 pm and 58.2 + 7.4 pm, P < 0.0001) regions,
as compared with healthy controls (Table 3). Furthermore,
the INL thickness in the parafoveal region was 37.1 &+ 3.3
pm and 39.5 £ 3.6 pm in HCQ patients without retinopathy
and controls, respectively (P = 0.045) (Table 3). Although
no significant differences were detected in ONL thickness
between patients with and without retinopathy, a scatterplot
of ONL values in each disease severity showed a progressive
ONL thinning throughout the disease stages (standardized
B coefficient = —0.184 and P = 0.148 in the foveal region,
standardized B coefficient = —0.239 and P = 0.059 in the
parafoveal region, and standardized 38 coefficient = —0.385
and P = 0.002 in the perifoveal region) (Supplementary
Fig. S2).

Characteristic HCQ HCQ Without Retinopathy HCQ With Retinopathy Controls P Value
Eyes enrolled (patients), 7 (%) 63 37) 46 (27) 17 (10) 30 (30) —
Age, mean (SD), y 55.8 (14.0) 55.0 (12.9) 57.9 (16.7) 55.8 (17.6) 0.998"
Gender, n (%)
Male 10 (27.0%) 7 (25.9%) 3 (30.0%) 13 (43.3%)  0.2007
Female 27 (73.0%) 20 (74.1%) 7 (70.0%) 17 (56.7%)
BCVA, mean (SD), logMAR 0.04 (0.06) 0.02 (0.04) 0.05 (0.07) 0.00 (0.00) <0.0001"
Duration of HCQ therapy, mean (SD), y 8.4 (5.4) 7.6 (5.4) 10.5 (5.3) —_ 0.094*F
Cumulative HCQ dose, mean (SD), mg  782.8 (530.1) 704.3 (522.4) 973.4 (538.2) — 0.115%

* i-test (HCQ vs. controls).
T Fisher’s exact test (HCQ vs. controls).
¥ 1-test (HCQ without retinopathy vs. HCQ with retinopathy).
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TasLe 2. Tested Optical Coherence Tomography Variables in HCQ Patients and Controls

Groups, Mean (SD)

OCT Quantitative Values HCQ (2 = 63) Controls (n = 30) P Value
Foveal NFL thickness, pm 12.8 (2.6) 12.4 (2.1) 0.439
Foveal GCL thickness, pm 16.5 (7.0) 14.8 (4.1) 0.156
Foveal IPL thickness, pm 21.6 (5.8 20.7 (3.8) 0.384
Foveal INL thickness, pm 20.3 (6.1) 20.3 (5.4) 0.958
Foveal OPL thickness, pm 27.7 (6.49) 27.6 (6.2) 0.934
Foveal ONL thickness, pm 85.9 (13.8) 94.2 (13.5) 0.008"
Parafoveal NFL thickness, pm 228 2.9 21.8 (2.5) 0.089
Parafoveal GCL thickness, pm 48.5 (7.4) 49.6 (7.3) 0.503
Parafoveal IPL thickness, pm 40.6 (5.0) 41.6 (4.5) 0.382
Parafoveal INL thickness, pm 38.6 (4.2) 39.5 (3.6) 0.298
Parafoveal OPL thickness, pym 33.9 (4.1 32.8 (4.3) 0.235
Parafoveal ONL thickness, pm 61.7 (10.5) 72.0 (9.2) <0.0001"
Perifoveal NFL thickness, pm 36.2 (6.1) 35.3 (6.4) 0.540
Perifoveal GCL thickness, pm 34.8 (5.1) 36.0 (4.9) 0.248
Perifoveal IPL thickness, um 28.6 (3.7) 30.3 (3.3) 0.033"
Perifoveal INL thickness, pm 32.2 (3.7) 33.1 (2.6) 0.169
Perifoveal OPL thickness, pm 27.9 2.1 27.6 (2.3) 0.437
Perifoveal ONL thickness, pm 52.3 (7.3) 58.2 (7.4) <0.0001"

Values were compared by independent-samples #-test.
* Significative P value.

TaBLE 3. Tested Optical Coherence Tomography Variables in the Two HCQ Subgroups and in Controls

P Value
HCQ Without  HCQ With HCQ Without
Retinopathy Retinopathy Controls HCQ Without HCQ With Retinopathy vs.
(n = 406), (n=17), (n = 30), Retinopathy vs. Retinopathy vs. HCQ With
OCT Quantitative Values Mean (SD) Mean (SD) Mean (SD) Controls Controls Retinopathy
Foveal NFL thickness, pm 13.0 (2.8) 12.2 (2.1) 12.4 (2.1) 0.555 0.974 0.521
Foveal GCL thickness, pm 16.8 (7.6) 15.7 (4.9) 14.8 (4.1) 0.380 0.889 0.815
Foveal IPL thickness, pm 21.8 (6.2) 21.1 (4.6) 20.7 (3.8) 0.654 0.978 0.866
Foveal INL thickness, pm 19.4 (5.7) 22.9 (6.2) 20.3 (5.4) 0.784 0.280 0.078
Foveal OPL thickness, pm 27.5 (6.4) 28.1 (6.6) 27.6 (6.2) 1.0 0.965 0.957
Foveal ONL thickness, um 86.0 (14.4) 85.8 (12.6) 94.2 (13.5) 0.032° 0.045" 0.999
Parafoveal NFL thickness, pm 22.8 (2.7) 22.5 (3.60) 21.8 (2.5) 0.233 0.632 0.916
Parafoveal GCL thickness, pm 48.9 (6.5) 47.3 (9.49) 49.6 (7.3) 0.923 0.572 0.725
Parafoveal IPL thickness, pm 40.9 (4.6) 39.8 (6.0) 41.6 (4.5) 0.852 0.473 0.700
Parafoveal INL thickness, pm 37.1 (3.3) 41.1 (5.4) 39.5 (3.6) 0.045 0.352 0.006"
Parafoveal OPL thickness, pm 33.8 (3.8) 34.2 (4.9) 32.8 (4.3) 0.568 0.477 0.914
Parafoveal ONL thickness, pm 62.7 (10.1) 58.9 (11.1) 72.0 (9.2) 0.0001" 0.0001" 0.373
Perifoveal NFL thickness, pm 36.2 (5.7) 36.0 (7.4) 35.3 (6.4) 0.806 0.928 0.992
Perifoveal GCL thickness, pm 35.3 (5.1) 33.3 (4.9) 36.0 (4.9) 0.805 0.172 0.337
Perifoveal IPL thickness, pm 28.9 (3.9) 27.5 (3.0) 30.3 (3.3) 0.229 0.042" 0.569
Perifoveal INL thickness, pm 32.0 3.7) 32.7 (3.6) 33.1 (2.6 0.348 0.910 0.759
Perifoveal OPL thickness, pm 27.7 (2.0) 28.7 (2.3) 27.6 (2.3) 0.961 0.236 0.282
Perifoveal ONL thickness, pm 53.3 (7.3) 49.6 (6.7) 58.2 (7.4) 0.011" 0.0001" 0.168

Values were compared by one-way ANOVA, followed by Tukey’s post hoc test.

* Significative P value.

In multiple regression analysis, the perifoveal OPL and
ONL thicknesses were negatively associated with duration
of HCQ therapy (P = 0.041 and P = 0.045, respectively)
(Supplementary Table S1). The perifoveal OPL thickness was
associated with age (P = 0.044, Supplementary Table S1).

Regression Analysis Between Anatomic and
mfERG Metrics

mfERG N1 amplitudes were —0.55 £ 0.30 pV, —0.39 + 0.22
uv, —0.32 £ 0.22 pV, —0.28 £ 0.22 pV, and —0.22 £ 0.25
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pV in the R1 to RS rings, respectively. mfERG P1 amplitudes
were 0.91 + 0.38 pV, 0.63 + 0.36 pV, 0.59 + 0.32 pV, 0.52 +
0.33 pV, and 0.54 £ 0.37 pV in the R1 to R5 rings, respectively
(Fig. 1).

mfERG N1 implicit times were 20.4 £ 8.0 ms, 19.8 + 7.5
ms, 18.2 + 7.5 ms, 17.8 & 7.8 ms, and 17.2 £+ 6.5 ms in the
R1 to R5 rings, respectively. mfERG P1 implicit times were
38.8 + 5.5 ms, 37.6 + 4.6 ms, 36.4 + 4.1 ms, 34.6 & 6.8 ms,
and 34.0 & 5.8 ms in the R1 to R5 rings, respectively. Supple-
mentary Table S2 summarizes mfERG results in patients with
and without retinopathy.
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R1

R3 i

R4

RS

Ficure 1. Multimodal imaging and multifocal electroretinogram of two HCQ patients without (A-D) and with retinopathy (E-H).
(A) Multicolor image and (B) blue-light fundus autofluorescence show a normal appearance of the macula. (C) The structural optical
coherence tomography B-scan qualitatively shows a normal structure of the macula. (D) Amplitudes and latencies of N1 (first negative
component) and P1 (first positive component) of the first-order kernel were recorded for five regional ring groups (R1, R2, R3, R4, and
R5). P1 amplitude was 1.07 pV, 0.85 pV, 0.77 nV, 0.54 pVv, and 0.20 pV in R1, R2, R3, R4, and R5, respectively. N1 amplitude was —0.31 pV,
—0.42 nVv, —0.34 pV, —0.16 pV, and —0.10 pV in R1, R2, R3, R4, and R5, respectively. (E) Multicolor image shows areas of RPE alteration
and mottling in the macula. (F) Blue-light fundus autofluorescence illustrates a hypoautofluorescent area near the fovea, corresponding to
atrophy of the retinal pigment epithelium and outer retina, as confirmed by structural OCT (G). (H) Multifocal electroretinogram showed a
significant reduction in response amplitudes. P1 amplitude was 0.39 pV, 0.09 pV, 0.22 pV, 0.07 pV, and 0.24 pV in R1, R2, R3, R4, and R5,
respectively. N1 amplitude was —0.60 pVv, —0.22 pVv, —0.12 pV, —0.17 pV, and —0.12 pV in R1, R2, R3, R4, and R5, respectively.

In the comparison with the normative database, RAD
values were reduced in 10 eyes in ring 1, 13 eyes in ring
2, 14 eyes in ring 3, 14 eyes in ring 4, and 9 eyes in ring 5.

In univariate analysis considering the cohort of HCQ eyes
regardless the presence of retinopathy, mfERG P1 amplitude
in ring 2 was found to have a significant direct relation-
ship with GLC (P = 0.047), IPL (P = 0.017), and ONL (P
= 0.046) thicknesses (Supplementary Table S3). Moreover,
mfERG P1 amplitude in ring 3 was statistically associated
with IPL thickness by univariate regression analysis (P =
0.040) (Supplementary Table S3). mfERG N1 amplitude in
ring 1 was found to have significant inverse relationship with
NFL thickness (P = 0.033) (Supplementary Table S3). Results
of univariate linear regressions in the two HCQ groups (with
and without retinopathy) are summarized in Supplementary
Tables S4 and S5. In patients with retinopathy, significant
associations were found between R1IN1A and NFL thickness
(P < 0.0001), R2P1A and ONL thickness (P = 0.048), R3N1A
and GCL thickness (P = 0.026), R3N1A and IPL thickness
(P = 0.032), R3P1A and GCL thickness (P = 0.045), R3P1A
and IPL thickness (P = 0.027), and R3P1A and OPL thick-

R2:RS5 ring ratio of mfERG P1 amplitude

. . °
° ° o °
°

E T T T
30.00 35.00 40.00 45.00 50.00

Parafoveal INL thickness

ness (P = 0.049) (Supplementary Table S4). In patients with-
out retinopathy, significant associations were found between
R2P1A and INL thickness (P = 0.008) (Supplementary
Table S5).

We also performed univariate analyses with mfERG
amplitude values normalized to ring 5 as this approach
proved to be advantageous in HCQ eyes without retinopa-
thy.2>?-%% In this analysis within patients without clini-
cally detectable retinopathy, the R2:R5 ring ratio of mfERG
P1 amplitude was statistically associated with INL (P =
0.002, Fig. 2) and ONL (P = 0.044) thicknesses (Table 4).
The R3:R5 ring ratio of mfERG P1 amplitude was found to
have a significant direct relationship with ONL thickness (P
= 0.004) (Table 4, Fig. 2).

DiscussIoN

In this cross-sectional study, we report quantitative data of
the macular structure in patients screened for HCQ retinopa-
thy using structural SD-OCT. Overall, we found that reti-
nal layers are significantly affected in HCQ patients. More

R3:RS ring ratio of mfERG P1 amplitude

4 T T T
40.00 50.00 60.00 70.00

Perifoveal ONL thickness

Ficure 2. Scatterplots illustrating univariate regression analysis between the mfERG ring ratios (set as dependent variable) and the structural
information in HCQ patients without detectable retinopathy. (Lef?) Relationship between the R2:R5 ring ratio of mfERG P1 amplitude and
INL thickness (P = 0.002). (Right) Relationship between the R3:R5 ring ratio of mfERG P1 amplitude and ONL thickness (P = 0.004).
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TaBLE 4. Univariate Analysis Between OCT Parameters and mfERG Amplitude Ratios in HCQ Patients Without Retinopathy

NFL Thickness GCL Thickness IPL Thickness INL Thickness OPL Thickness ONL Thickness
Standardized Standardized £ Standardized £ Standardized Standardized Standardized

Characteristic Coefficient P Value Coefficient P Value Coefficient P Value Coefficient P Value Coefficient P Value Coefficient P Value
R1:R5 N1A —0.098 0.534 —0.108 0.492 —0.105 0.502 —0.115 0.463 0.268 0.082 0.149 0.340
RI:R5 P1A 0.234 0.132 0.111 0.480 0.205 0.188 0.043 0.784 0.080 0.608 0.070 0.655
R2:R5 N1A —0.054 0.731 —0.152 0.331 —0.100 0.525 0.088 0.574 0.071 0.653 0.115 0.462
R2:R5 P1A —0.008 0.961 0.145 0.352 0.187 0.230 0.462 0.002" 0.019 0.906 0.312 0.044"
R3:R5 N1A 0.040 0.800 —0.246 0.111 —0.108 0.491 —0.233 0.132 —0.032 0.840 —0.144 0.356
R3:R5 P1A —0.085 0.587 —0.053 0.734 —0.086 0.585 —0.105 0.504 0.132 0.399 0.434 0.004"

R1:R5 NI1A, ratio between first negative component amplitude values in ring 1 and ring 5; R1:R5 P1A, ratio between first positive
component amplitude values in ring 1 and ring 5; R2:R5 N1A, ratio between first negative component amplitude values in ring 2 and ring 5;
R2:R5 P1A, ratio between first positive component amplitude values in ring 2 and ring 5; R3:R5 N1A, ratio between first negative component

amplitude values in ring 3 and ring 5; R1:R5 P1A, ratio between first positive component amplitude values in ring 3 and ring 5.

* Significative P value.

important, we demonstrated that changes in retinal structure
are associated with macular function as assessed with multi-
focal ERG. Therefore, our results suggest that in patients
treated with HCQ, there appears to be some pathologic
dependence between neuroretinal structures and macular
function, even in the absence of apparent structural damage
(i.e., HCQ clinically detectable retinopathy).

Several authors have investigated the neuroretinal indi-
vidual layers’ thicknesses in patients screened for HCQ
retinopathy. Most of these studies demonstrated inner and
outer retinal thinning.?%:3!

Lee et al>° examined the ganglion cell complex (i.e.,
layer combining the IPL and GCL) thickness using struc-
tural OCT in 101 patients who ranged in duration of treat-
ment from 2 to 174 months and illustrated a progressive
ganglion cell complex (GCC) thinning that weakly corre-
lated with cumulative HCQ dose. Moreover, a GCC thinning
was not appreciable in patients without apparent retinopa-
thy, the latter finding suggesting this may not represent an
early sign of HCQ toxicity.> Conversely, the GCC thickness
was significantly reduced in patients with HCQ retinopa-
thy.3° The GCC thickness in patients screened for HCQ toxic-
ity was also investigated by de Sisternes and colleagues.®? In
the latter study, the authors analyzed structural OCT images
from 27 patients screened for HCQ retinal toxicity and with-
out evidence of retinopathy. Patients were divided into two
subgroups, according to treatment duration, yielding a group
of 12 cases who used the drug less than 5 years and 15
cases with a history of HCQ therapy longer than 15 years.
The authors concluded that GCC thickness is not reduced in
eyes without evidence of retinopathy and is not associated
with increased duration HCQ of use.?? Similarly, our results
showed a significant thinning of the inner retinal layers (i.e.,
perifoveal IPL) in patients screened for HCQ retinopathy.
However, thinning of the inner retina was observed only in
patients with evidence of retinopathy. Notably, we did not
find associations between treatment duration and/or HCQ
cumulative dose and inner retinal layers’ thicknesses, as
previously suggested.>? Therefore, HCQ patients seem to be
characterized by sparser cells in the perifoveal inner retina,
the latter feature eventually secondary to a transneuronal
degeneration associated with chronically reduced input to
the inner retina secondary to the photoreceptor damage, as
previously suggested.>

Several authors hypothesized that outer retina thinning
may occur in the presence of HCQ toxicity.?33* Indeed, it
was demonstrated that in eyes with HCQ retinopathy, the
outer retina was significantly narrower in eyes with HCQ
retinopathy versus control eyes3*3% The findings in our
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study of a reduced ONL thickness in the foveal, parafoveal,
and perifoveal regions in the HCQ retinopathy group may
indicate a more uniform involvement of the outer retina
that may not be otherwise be clinically apparent, as previ-
ously suggested.’®> Importantly, this study revealed that peri-
foveal OPL and ONL thicknesses were negatively associ-
ated with duration of HCQ therapy, even after account-
ing for confounding factors such as age and cumulative
dose of HCQ. These results further corroborate previous
histopathologic evidence suggesting that chronic exposure
to chloroquine may eventually result in degeneration of
photoreceptors.?

Although outer retinal changes in patients with HCQ
retinopathy are well recognized, there has been contro-
versy and even opposing conclusions in the literature on
outer retinal modifications occurring in HCQ toxicity with-
out retinopathy.3>333¢ In our study, we further divided our
HCQ cohort into two subgroups according to the presence
of retinopathy. Interestingly, in this additional analysis, the
reduction in ONL thickness was still significant also in the
group without clinically detectable retinopathy. Therefore,
our study seems to support the hypothesis that ONL thin-
ning occurs early in HCQ toxicity. A possible limitation to
this analysis is that segmentation failure may occur when
imaging HCQ patients, resulting in erroneous measurements
of the ONL thickness.>*> However, we manually corrected
segmentation errors and excluded cases with persistent arti-
facts from our analysis. Furthermore, cases without retinopa-
thy are not prone to such artifacts as they have a normal
retinal architecture for definition. Finally, in contrast to previ-
ous studies?!+3? that failed to demonstrate a ONL thinning in
HCQ patients without retinopathy, we have a larger cohort
(46 eyes in our study versus 16 eyes in the study by Pasad-
hika et al') and the presence of an age-matched control
group (i.e., in contrast with the study by de Sisternes et al.?).

We found that the INL thickness is significantly reduced
in HCQ patients without retinopathy. The INL consists of the
cell bodies of different cells, including bipolar cells. This is in
agreement with previous histopathologic evidence showing
that cytoplasmic inclusion bodies and cell loss are promi-
nent in the INL of patients chronically exposed to HCQ.?’
While INL thinning was present in eyes without clinically
detectable retinopathy, this difference was not detected in
eyes with retinopathy. A possible explanation for the lack
of INL thinning in eyes with HCQ retinopathy is mechanical
tension to the INL caused by the prominent loss of photore-
ceptors leading to secondary INL stretching.

We add to the literature by reporting the associations
between retinal individual layers’ thicknesses and macular
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function in HCQ patients. In order to measure macular func-
tion, we employed mfERG, which detects functional electro-
physiologic changes in bipolar cells, photoreceptors, and,
to some extent, inner retinal cells.’® Multifocal ERG has
been historically considered a sensitive technique for the
detection of retinal abnormalities in patients screened for
HCQ toxicity.?>?” Importantly, detectable electrophysiologic
alterations may precede the visible morphologic changes
of tissue destruction detected by structural OCT.>>?’ There-
fore, it has been suggested that mfERG test results might
represent a better indication of HCQ-related cellular toxic-
ity. Considering the whole cohort of HCQ patients, we found
that P1 mfERG amplitude was associated with IPL thickness.
Since the P1 wave is known to be influenced by the inner
retina,®® we may speculate that a reduction in inner reti-
nal cells in HCQ patients may affect the postphotoreceptor
function. We also found a significant association between
P1 amplitude and INL thickness, which was significantly
reduced in our study cohort. This result further advises a
reduction in bipolar cells in these patients. Furthermore, our
results showed that P1 mfERG amplitude was also associated
with ONL thickness. As a consequence, our findings would
appear to advise that the HCQ-related outer retinal thinning
may impair macular function in these patients. Interestingly,
we found that these associations were mainly limited to the
R2 and R3 rings. This is consistent with previous studies
showing that ring 2 and ring 3 P1 amplitudes represent the
strongest indicators of disease.?>:27:28

As explained above, we further split our HCQ cohort
into two subgroups according to the presence of retinopa-
thy. Previous important studies already demonstrated that
HCQ patients without retinopathy are notable for decreased
mfERG metrics.?>?7-% Of note, these studies showed that
normalization to ring 5 of inner rings’ values may increase
the sensitivity of mfERG to detect subtle function abnormal-
ities and reduce reliance on age correction.?>?’-% In detail,
the R2:R5 ring ratio was displayed to be the most sensi-
tive to detect function abnormalities in HCQ patients with-
out retinopathy.?® Therefore, we performed an additional
analysis to characterize associations between retinal thick-
nesses and macular functional expressed as ratios to ring
5 in HCQ patients without clinically detectable retinopa-
thy. One of the most notable observations from our study
was that R2:R5 and R3:R5 P1 amplitude ratios were signifi-
cantly associated with INL and ONL thicknesses. Therefore,
our findings suggest that photoreceptor and postphotore-
ceptor alterations secondary to HCQ toxicity may occur in
the absence of clinically detectable retinopathy, resulting in
an impaired macular function.

Our study has some limitations. First, we did not enroll
healthy participants for macular function comparisons.
However, this study aimed to assess the presence of subtle
anatomic changes in eyes without clinically detectable HCQ
retinopathy and to assess associations between these struc-
tural alterations and macular function, since other stud-
ies have already investigated mfERG changes in patients
screened for HCQ toxicity.?>27-#® In addition, this study was
not large enough to account for confounding factors such
as age, diabetes, or smoking, which are known to affect
electroretinogram values?*~4! Moreover, shifts in fixation
may represent a limitation in assessing associations between
pathologic features and functional changes in the central
macular region. However, the fixation monitoring system
employed during mfERG recordings identified the occur-
rence of any contamination by blinks or eye movements.
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Finally, our analysis did not account for presence of an
attenuation of the EZ that was demonstrated to potentially
precede a photoreceptor defect in patients undergoing HCQ
therapy.!? However, only a small subset of our study cohort
(five eyes from three patients) was characterized by this SD-
OCT feature. Therefore, we did not have sufficient power
to find statistical significance considering these eyes as an
additional subgroup.

In summary, we observed that patients screened for
HCQ toxicity are characterized by a significant thinning of
the inner and outer retina. More important, eyes without
evidence of clinically detectable retinopathy are character-
ized by a significant thinning of the INL and ONL, suggesting
that HCQ toxicity may result in an early retinal cell loss. In
our morphofunctional analysis, retinal thinning appeared to
correlate with macular function by multifocal ERG in HCQ
patients without retinopathy. Therefore, our results suggest
that structural alterations secondary to HCQ toxicity may
occur in the absence of clinically detectable retinopathy, and
this may reflect in an impairment of the macular function.
Future studies with extended longitudinal follow-up of this
cohort may provide additional substantive information. Last,
assuming that mfERG testing is not widely available in a clin-
ical setting, structural OCT measures, if replicated in future
studies, may prove to be useful biomarkers for screening
retinal HCQ toxicity.
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