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Purroske. Retinal and choroidal abnormalities in neurofibromatosis type 1 (NF1) remain
poorly studied. It has been reported, however, that the function of the retinal pigment
epithelium (RPE) in NF1 was abnormal, with a supra-normal Arden ratio of the electro-
oculogram (EOG). This study aims to evaluate the function of the RPE, using EOG, first in
patients with NF1 compared to controls and second in patients with NF1 with choroidal
abnormalities compared to patients with NF1 without choroidal abnormalities.

Mernobs. This prospective case-control study included 20 patients with NF1 (10 patients
with choroidal abnormalities and 10 patients without) and 10 healthy patients, matched
for age. A complete ophthalmologic assessment with multimodal imaging, an EOG, and a
full-field electroretinogram were performed for each included patient. The main outcome
measured was the EOG light peak (LP)/dark trough (DT) ratio.

Resurrs. The LP/DT ratio was 3.02 = 0.52 in patients with NF1 and 2.63 & 0.31 in controls
(P = 0.02). DT values were significantly lower in patients with NF1 than in controls (240
vs. 325 nV, P = 0.02), while light peak values were not significantly different (P = 0.206).
No difference was found for peak latencies. No significant correlation between the surface
and number of choroidal abnormalities and EOG parameters was demonstrated.

Concrusions. This study confirms the dysfunction of the RPE in patients with NF1, involv-
ing a lower DT and a corresponding higher LP/DT ratio. We hypothesize that this pattern
may be due to a dysregulation of the melanocytogenesis, inducing a disruption in Ca2*
ion flux and an abnormal polarization of the RPE.

Keywords: genetic diseases, electrophysiology, retinal pigment epithelium

eurofibromatosis type 1 (NF1), also known as von Reck-
linghausen disease, is one of the most common autoso-
mal dominant genetic diseases, with a mean estimated preva-
lence around 1:3000 in the world.""> Common manifestations
of this disease involve skin, skeleton, central and peripheral
nervous system, and eyes; they are notably represented by
benign and malignant tumors.! They result from dominant
loss-of-function mutations of NF1, a tumor suppressor gene.?
The diagnosis relies on mostly clinical criteria, published in
1988 and revised in 2021.%°
Two of these criteria—two or more iris Lisch nodules and
optic pathway glioma (OPG)—are specifically detected by
ophthalmologists, the latter having potential impact on the
patients’ visual prognosis and a third of children with OPG
showing visual deterioration.® In addition, a new ophthal-
mologic criterion that can replace the presence of Lisch
nodules has been added in the 2021 revision: the pres-
ence of two or more specific choroidal abnormalities. These
abnormal images were first described by Yasunari et al.” in
2000 on infrared pictures of the fundus. The prevalence of
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choroidal abnormalities in NF1 was estimated to be 80% in
adults and 60% to 70% in the pediatric population, with a
sensitivity of 70% to 80% and a high specificity reaching
95%.8-12 Choroidal abnormalities are easily seen on near-
infrared (NIR) imaging and appear as bright patchy areas.
On enhanced depth imaging—optic coherence tomography
(EDI-OCT), these lesions seem to be localized in the deep
layers of the choroid just below the choriocapillaris.!®4
However, the nature of these abnormalities still remains
unknown. The reading of histologic reports published
before the era of infrared imaging suggests that they could
correspond to so-called ovoid bodies mainly composed of
Schwann cells, ganglion cells, and/or melanocytes.'>'® As
melanocytes increase the absorption of infrared light, this
composition would be consistent with the hyperreflectance
seen on infrared imaging.

Lubifiski et al. first reported in 2001'7 and then in 2004'®
a dysfunction of the retinal pigment epithelium (RPE) in
patients with NF1, with “supra-normal” electro-oculograms
(EOGs). However, they stated that these changes were not
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correlated with any detectable changes in the fundus of the
patients. Since then, choroidal abnormalities in NF1 have
been reported and studied. We hypothesized that the patho-
logic composition of the RPE and choroid in NF1, reflected
morphologically by these choroidal abnormalities, could be
the cause of the electric activity changes of the RPE in NF1.

The primary goal of this study was to quantify the func-
tion of RPE, using EOGs, in patients with NF1 and in
controls. The secondary goal was to study whether the pres-
ence of choroidal abnormalities would correlate with this
dysfunction.

MATERIALS AND METHODS
Study Design

This case-control study (NCT04153344) included prospec-
tively 20 patients with NF1 and 10 healthy patients in our
tertiary eye care center from April 2020 to September 2020.
Files were collected in our institution using BaMaRa, a rare
disease database.

Population

The included patients had an NF1 diagnosis according to
the National Institutes of Health criteria* and were 7 years
of age and older. The choice of including a young popula-
tion of patients including children resulted from the study
design with two subgroups of patients with NF1, considering
that choroidal abnormalities appear over time and are largely
present in NF1 adult populations.’ The group of patients
with NF1 was subdivided into two subgroups, according to
the presence of infrared hyperreflective choroidal abnor-
malities: 10 patients with choroidal abnormalities and 10
patients without choroidal abnormalities. Controls were 10
healthy patients, free from retinal or choroidal disorders
and matched for age with patients from the NF1 group.
All patients with other retinal diseases who had signifi-
cant impairment of visual function or any disorder that
restrained performing and analyzing an EOG or a full-field
electroretinogram (ffERG) (significant oculomotor disorder,
hyperactivity, poor compliance) were excluded.

Clinical Examination

Each patient underwent a complete ophthalmic examination
by two ophthalmologists (RT and MPR) in order to assess
their refraction, including keratometry and axial length, their
best-corrected visual acuity in logMAR, and the presence,
nature, and/or number of any orbital abnormalities, Lisch
nodules, and optic pathway gliomas.

Electrophysiology

After pupil dilation by 1% tropicamide drops, EOG and
ffERG were performed according to the International Society
for Clinical Electrophysiology of Vision (ISCEV) recommen-
dations.?*:2! Pupil diameters were measured for each patient
after dilation.

For EOG, a stimulus intensity equal to 100 candelas per
square meter (cd-m~2) was used. First, the dark-trough (DT)
amplitude (uV) and the DT latency (min), then the light-peak
(LP) amplitude (uV) and the LP latency (min), were collected,
so as to finally calculate the Arden index, also called the
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LP/DT ratio. This ratio, in patients and controls, consisted
the primary outcome.

For each patient, EOG was always recorded first, followed
by the recording of ffERG, in order to allow for interpreta-
tion of the EOG. Full-field ERGs were performed according
to the ISCEV guidelines, after 20 minutes of dark adaptation.
The dark-adapted (DA) responses to flash strengths of 0.01,
3.0, and 10.0 candela-seconds per meter squared (cd-s-m™2)
were recorded: DA 0.01, DA 3.0, DA 10.0, and DA 3.0 oscil-
latory potentials. Then, a light adaptation of 10 minutes in
a background with luminance of 30 cd-m™ allowed us to
record the light-adapted (LA) response to flash strengths of
3.0 cd-s-m™2 (LA 3.0). Finally, the LA flicker of 30 Hz was
assessed with a 30-Hz flash stimulus at the luminance of
3.0 cd-s-m™. Electrophysiologic exams were performed on
the METROVISION MonPackOne (Metrovision, Perenchies,
France) using Dawson, Trick, and Litzkow (DTL) electrodes.
For each stimulation, amplitude and latency of a- and b-
waves were collected. The entire study design is detailed
in Supplemental Content 1.

Retinal Imaging

In order to detect and quantify the choroidal abnormalities,
each patient performed a 55-degree field near-infrared imag-
ing, focused on the posterior pole, using a confocal scan-
ning laser (HRAII or Spectralis HRA_OCT; Heidelberg Engi-
neering, Heidelberg, Germany). For each patient and each
eye, the number of patchy lesions was counted; each lesion
was delimited, using manual segmentation provided by the
area tool assistant included in the imaging viewer (Heyex
Software; Heidelberg Engineering); and the total area of all
choroidal abnormalities, observable in the 55-degree field,
was measured.

Fundus pictures were made using the CR-2 PLUS AF,
Digital Retinal Camera (Canon Medical Systems Europe,
Zoetmeer, Netherlands). Subfoveal choroidal thickness was
measured just behind the fovea with one horizontal high-
definition line centered at the fovea using the EDI-OCT
module of the Spectralis OCT (Spectralis HRA_OCT; Heidel-
berg Engineering).

Data Analysis

The data analyses were performed with RStudio software
(version 1.2.5033; RStudio, Inc., Boston, USA). Quantitative
continuous variable results are presented as mean with stan-
dard deviation or median with range according to the distri-
bution, and qualitative variables are presented by frequency
(%). The x? or Fisher exact tests were performed for qualita-
tive data. Quantitative variables were tested using a Mann—
Whitney or a Student’s #-test according to their distribution
with a significance level of P < 0.05. The normal distribu-
tion of variables was tested using a Shapiro test. For data
with values from both eyes, a mixed linear regression model
was used in order to take into account data from both eyes
and intraindividual correlations. Analyses were adjusted by
age and gender. For all analyses, significant results were
obtained with P < 0.05.

Ethical Statement

This study (NCT04153344) was approved by the institu-
tional review board CPP ile de France XI and conducted in
accordance to the Declaration of Helsinki. Each participant
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provided written informed consent before inclusion in this
study.

RESULTS

Twenty patients with NF1 and 10 age-matched controls were
included. Demographic data and clinical characteristics of
patients and controls are presented in Table 1.

Visual acuity was normal (20/20) in each patient. Each
group was comparable to the others for axial length, age
distribution, and gender repartition. All patients exhibited a
large pupil dilation with measured pupil diameters higher
than 6.8 mm before electrophysiologic assessment.

The ERG responses were normal in each eye of each
included patient, allowing for a proper interpretation of EOG
responses. The mean LP/DT ratio was 3.02 &£ 0.52 in patients
and 2.63 =+ 0.32 in controls (P = 0.02). Supra-normal EOG
with a LP/DT ratio above the upper limit of normal (LP/DT
mean + 2 SD - >3.08) was found in 50% (10/20) of all
patients with NF1 (see example in Fig. 1). No difference
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for DT and LP latencies was found. DT amplitude values
were significantly lower in patients with NF1 than in controls
(P = 0.02), but no statistical difference was found for LP
amplitudes (P = 0.26) (Table 2 and Fig. 2).

In the subgroup of patients with NF1 with choroidal
abnormalities, DT (239 &+ 58 pV) and LP (718 &+ 178 pv) mean
values were lower than in the subgroup of patients with NF1
without choroidal abnormalities, but this difference was not
significant (P = 0.9 and 0.8, respectively). No correlation was
found between surface and number of choroidal abnormal-
ities and values of EOG (using mixed-model regression and
Pearson linear regression).

In the subgroup with choroidal abnormalities, the median
number of abnormalities was 10 (2-21) for a median area of
10.6 (0.66-57.64) mm? per eye (see example in Fig. 3). The
subfoveal choroidal thickness, measured with the EDI-OCT
line, was 355.5 + 57 um, compared to 360.7 + 64.3 pm in
control patients (P = 0.46) (see example in Fig. 4). No signif-
icant difference was found compared to the group without
choroidal abnormalities or to the control group (Table 1).

TasLe 1. Patients’ Characteristics and Clinical and Ophthalmic Outcomes

oeil droit meaning right eye; OG, oeil gauche meaning left eye.
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NF1 Group
Characteristic Total With CAs Without CAs  Control Group P Value
Demographic data
Patients, n 20 10 10 10 NA
Eyes, n 40 20 20 20 NA
Age, median [range], y 10 [8, 19] 10 [8, 19] 9 (8, 12] 11.9 [8, 16.4] 0.6
Male/female, n 7/20 5/5 2/8 6/4 1
Clinical and ophthalmic outcome
Visual acuity, logMAR 0.0 0.0 0.0 0.0 1
Axial length, mean + SD, mm 22.52 + 1.16 22.50 £+ 0.89 22.56 + 1.55 22.90 £ 1.02 0.57
Lisch nodules, % (72) 65 (26/40) 70 (14/20) 60 (12/20) NA NA
Glioma, % (1) 35 (7/20) 30 (3/10) 40 (4/10) NA NA
Number of CAs/eye, median [range] NA 10 [2, 21] NA NA NA
Surface of CAs/eye, median [range], mm? NA 10.42 [0.66, 57.64] NA NA NA
Mean subfoveal choroidal thickness, mean + SD, pm 340.7 £ 78 355.5 &£ 57 324.6 + 93 360.7 + 64.3 0.46
BCVA, best-corrected visual acuity; CA, choroidal abnormality; NA, not applicable.
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O Fieure 1. Typical supra-normal EOG results obtained in a child with NF1 (A) and a control (B). In the child with NF1, the dark trough
T  occurred at 9 minutes with values of 163 uV for the right eye and 144 pV for the left eye, and the light peak occurred at 23 to 24 minutes
O©  with values of 611 pV for the right eye and 654 pV for the left eye with an LP/DT ratio of 3.74 and 4.54, respectively. In the healthy child,
E the dark trough occurred at 12 minutes with values of 260 pV for the right eye and 328 pV for the left eye, and the light peak occurred at

23 to 24 minutes with values of 746 pV for the right eye and 856 pV for the left eye with an LP/DT ratio of 2.87 and 2.61, respectively. OD,
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TasLe 2. Electro-Oculogram Results
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P (NF1 P (NF1 with P (NF1 with

Characteristic Number Mean + SD vs. Control) CAs vs. without CAs) CAs vs. Control)
Dark trough, pv

NF1 20 240 + 76 0.02" 0.9 <0.01

NF1 with CAs 10 239 + 58

NF1 without CAs 10 241 + 94

Control 10 325 + 87
Light peak, pv

NF1 20 747 + 236 0.26 0.8 0.16

NF1 with CAs 10 718 + 178

NF1 without CAs 10 776 + 288

Control 10 850 + 260
LP/DT ratio

NF1 20 3.02 £ 0.52 0.02° 0.72 0.01

NF1 with CAs 10 3.03 + 0.54

NF1 without CAs 10 3.01 £ 0.58

Control 10 2.63 + 0.31

* Statistically significant (with mixed linear regression model).

Dark Trough Light Peak LP:DT Ratio
800 2000 5
p=0.02 p=026 o =002

600 . 1500
::'*l Il Control E Il Control % 3 Il Control
g 400 DNF1 § ooo- ONF1 & O NF1
= z a2+
; 5 :

200 500

. 1
0 T T 0 T T 0 T T
Control NF1 Control NF1 Control NF1
Groups Groups Groups

Ficure 2. Boxplot of electro-oculogram values obtained between patients with NF1 and controls. Each value, including LP, DT, and LP/DT
ratio, is represented. The first quartile is the bottom of the box and the third quartile the top of the box. The center line represents the median
value; whiskers include the 5th to 95th percentiles of data; outliers are represented as black dots. P values are indicated above.

DISCUSSION

Only one group has published data related to the function
of RPE in patients with NF1.17:1® They found a significant
supra-normal EOG with a higher LP/DT ratio in patients with
NF1 versus controls: 3.42 + 0.62 vs. 2.45 + 0.37 (P < 0.01).
These results had not been replicated so far. In the present
study, the LP/DT ratio was 3.02 &+ 0.52 in patients with NF1
versus 2.63 + 0.31 in age-matched controls (P = 0.02). As
in the present study, Lubinski et al.'”-!® had found a signif-
icantly lower DT amplitude in patients with NF1 compared
to healthy controls: 305.0 + 81.2 uV versus 408.1 £ 112.9
1V, respectively (P < 0.01), but no statistical difference for
the LP amplitude between patients with NF1 and controls.
The increase of the LP/DT ratio mainly resulted from the
decrease of the DT amplitude. Our study confirms these
previously published data, but the reasons explaining these
results remain uncertain.

The RPE is a unique unicellular layer, essential to the
function of the choroid/neuroretina complex. In interacting
with the outer segments of the photoreceptors via the apical
membrane and with Bruch’s membrane via the basolateral
membrane, the RPE is involved in light absorption; in water,
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ion, and nutrient transport; in the visual cycle; in the phago-
cytosis of shed outer segments of photoreceptors; and in the
production of growth factors; finally, the RPE is part of the
blood/retina barrier.??

The RPE apical membrane is positively polarized, while
the basolateral membrane is negatively polarized, resulting
in a differential potential called the transepithelial potential.
The EOG allows one to measure this potential spontaneously
generated during dark adaptation (the DT value, also called
the resting potential); then the voltage difference increases
with light stimulation (the LP value); this results from a
depolarization of the RPE basolateral membrane, involving
ionic gradients.> A high intracellular concentration of CI
provides the positive transepithelial potential. A dysregula-
tion of the intracellular Ca2* in the RPE would induce alter-
ation of the differential potential via Ca2*-dependent CI~
channels regulating CI~ intracellular concentration.?? Such
an alteration would explain the EOG values found in this
study: a low DT with a preserved, normal (i.e., relatively
high) LP. Yet, it is acknowledged that Ca2% is contained in
melanin pigment. Besides their light protection role, melanin
pigments bind many chemical elements, such as Ca2*.%
Melanosomes are therefore important in organellar Ca2*
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Ficure 3. Near-infrared imaging fundus in a 12-year-old boy with NF1: (A) right eye and (B) left eye. Typical patchy bright lesions were
observed in both eyes, representing typical choroidal abnormalities (white arrow). Area of these abnormalities was 12.18 mm? on the right
eye and 11.36 mm? on the left eye. Normal near-infrared imaging fundus in a healthy 11-year-old girl is presented for comparison: (C) right

eye and (D) left eye.

storage and are key in the RPE intracellular concentration
of Ca2*.25-%7

The skin and choroid melanocytes of patients with NF1
contain more melanocytes, more melanin pigment, and a
high density of enlarged melanin granules called macrome-
lanosomes.?®=3° These are likely not true melanosomes
(which are secretory lysosomes) but actual autolysosomes,
in which formation results from the dysregulation in
melanocytogenesis. It has recently been shown that the NF1
gene could interact with dynein heavy chain 1 (DHC1) and
induce mislocalization of melanosomes to the distal tips of
melanocytes in the choroid.? It is likely that the RPE in NF1
is involved in the very same way as the underlying choroid.

Other pathologic conditions characterized by abnormal
EOG values may cast light on what is observed in patients
with NF1. In Best disease, EOG responses exhibit an absence
of genesis of the light peak. Recent studies have suggested
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that the RPE dysfunction in Best disease results from a
disruption in Ca2"-dependent CI- channels through intra-
cellular Ca2* signaling.?! Interestingly, two studies also
recorded EOG in patients with ocular albinism (OA) and
oculo-cutaneous albinism (OCA) and found a normal or
supra-normal LP/DT ratio with significantly low DT ampli-
tudes,?>?3 strikingly similar to the pattern found in patients
with NF1, whereas albinism could appear as the clinical
opposite of NF1. The authors proposed that these results
could be explained by the abnormal melanosomal biogen-
esis and light-induced retinal damage3** A dysregula-
tion of melanocytogenesis is observed in OA*%° where
the ocular hypopigmentation results from a disruption in
melanosome organellogenesis rather than from an abnor-
mal melanin synthesis, as is the case in OCA.*” Remark-
ably, macromelanosomes are also observed in patients
with OA.3¢:3%
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N 356 um

1

Ficure 4. Comparative spectral-domain optical coherence tomography scans with EDI in children with NF1 and choroidal abnormalities
(A), without choroidal abnormalities (B), and without NF1 (C). The subfoveal choroidal thickness was assessed in each patient in a single
point located behind the fovea (black arrow). These scans compared choroidal thickness of a choroidal abnormality (red arrow, A) and
correspondent area in a patient with NF1 but without a choroidal abnormality (red arrow, B) and control (red arrow, C). The opposite
choroidal thickness, 2000 um from the fovea temporally, was measured (white arrow). No statistical difference of choroidal thickness was

observed between groups.

We hypothesize that the disruption in melanocytoge-
nesis observed in patients with NF1 results in an RPE
dysfunction characterized by low DT amplitudes and supra-
normal EOG. Disruption in melanocytogenesis and abnor-
mal macromelanosomes are present in both patients with
NF1 and patients with OA, who both exhibit a similar EOG
pattern, which likely results from a comparable disruption
in Ca2" ion flux. As little is known about RPE structure and
function in NF1, it is not possible so far to rule out alterna-
tive mechanisms leading to an abnormal polarization of the
RPE in NF1.

One of the main limitations of this study relates to
the variability of values obtained during electrophysiologic
assessment. In order to limit this variability, ISCEV guidelines
were strictly followed.?*?! We excluded all patients with
clinical parameters that could have artifacted the obtained
responses. All examinations were performed in the same
room, by the same practitioner (RT), using the same devices
and following the same procedure. It is known that the
LP/DT ratio tends to decrease with age. Thavikulwat et
al* found a decrease of 0.13 by decades. In this study,
both groups were matched by age without a difference in
the distribution. Moreover, in light of the patients’ ages,
comprised within only one decade, this bias can reasonably
be excluded.
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No difference was observed in choroidal thickness
between both groups, with and without CA. One reason
could be the method used to assess choroidal thickness,
measured using EDI-OCT, in a single point behind the fovea.
In patients with CA, however, the relation between choroidal
thickness behind the fovea and across the retina might differ
from normal. A large future study comparing mean choroidal
thickness across the retina in patients with CA and controls
would be interesting.

No significant correlation was found between the LP/DT
ratio and the surface of choroidal abnormalities. Obviously,
the mean surface of pictured choroidal abnormalities—10.42
mm? per eye in the NF1 group with CA—is negligible
compared to the total surface of the retina—about 1300
mm?.% Electro-oculography investigates the function of the
whole RPE. Choroidal abnormality areas, however, were
measured on 55° field imaging and not ultra-wide field imag-
ing. Future studies should ideally use the latter in order not
to overlook choroidal abnormalities beyond the central 55°.

In the subgroup with choroidal abnormalities, the values
of DT and LP were lower than in the subgroup without
choroidal abnormalities, although this did not reach signif-
icance; future studies could study a larger retinal area in a
greater number of patients in order to increase the power
of the study. We do not hypothesize any direct effect of
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choroidal abnormalities on EOG, but rather that in NF1,
choroidal abnormalities would be the anatomic marker of
an underlying functional abnormality, which itself would be
responsible for the supra-normal Arden ratio.

Another reason for which a correlation between the
choroidal abnormalities and the RPE function may have
been overlooked results from the study design itself: as
choroidal abnormalities appear over time, included patients
were young, and as EOG responses evolve with age, it was
crucial to age-match the groups of participants. However, it
may be that the RPE dysfunction also increases with age and
that such a correlation requires older populations, and/or a
longitudinal study, to be performed.

Additionally, the role of the protein HTRA1, recently
involved in the pathogenesis of AMDs and other diseases
of the RPE,*! and the interactions between choroidal vessels
deserve certainly further investigations.

This study confirms that patients with NF1 exhibit a
supra-normal Arden ratio on EOG, which results from low
DT amplitudes. We hypothesize that these responses are
explained by a dysregulation of melanocytogenesis, induc-
ing abnormal polarization on both sides of RPE (apical and
basal membranes).
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