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Abstract

The aim of the study was to examine neuroretinal function by using the mfERG test in patients with neurofibromatosis type 1 (NF1)
without optic pathway gliomas (OPGs). This study was conducted on 35 patients (35 eyes) with NF1 and 30 healthy subjects (30
eyes) for the control group. Each subject underwent a complete ophthalmological examination including multifocal
electroretinography (mfERG). 1.5-Tesla magnetic resonance imaging (MRI) scan of the brain was performed in NF1 patients to
assess the presence of OPGs. All participants were recruited having a best corrected visual acuity (BCVA) of no less than 20/20 in
each eye. The amplitude and implicit time of the P1 wave (first-order Kernel component) were evaluated on mfERG. Data analysis
was carried out in the two central degrees and in the four quadrants from two to 25 degrees of visual field. Statistically significant
results were obtained for the P1 wave amplitudes in the 4 quadrants in NF1 patients compared to healthy subjects, while the
reduction was not significant in the 2 central degrees. A statistically significant difference was observed among the P1 wave
amplitudes as recorded in the 4 quadrants within the NF1 group, with lower amplitudes in the nasal quadrants. No differences in the
implicit times were recorded in the 4 quadrants and in the 2 central degrees as compared between NF1 patients and controls.

The present study demonstrates impaired neuroretinal function in NF1 patients. Altered intracellular signal transduction due to
abnormal neurofibromin-mediated cyclic adenosine monophosphate (cCAMP) generation, could be involved. Our results suggest a
possible use of mfERG as subclinical retinal damage indicator with a potential utility in clinical practice for the follow-up of NF1
patients.

Key Messages

e Neurofibromatosis type 1 (NF1) is an autosomal dominant disorder with multiple eye involvement. Neuroretinal function in NF1
patients is a relatively unknown topic.

e This is the first study to evaluate neuroretinal function in NF1 patients in the absence of optic pathway gliomas (OPGs).

¢ In NF1 patients with normal or corrected to normal visual acuity and no OPGs, there is a decrease in neuroretinal function as
expressed in a reduced amplitude of the P1-wave between 2 and 25 central retinal degrees on multifocal electroretinography
(mfERG).

 Impaired intracellular signal transduction due to abnormal neurofibromin-mediated cyclic adenosine monophosphate (CAMP)
generation may be involved.

¢ MfERG could be used as a subclinical retinal damage indicator in the follow-up of NF1 patients.

Introduction

Neurofibromatosis type 1 (NF1), also known as Von Recklinghausen disease, is a rare genetic disorder that is transmitted in an
autosomal dominant fashion, with complete penetrance and variable expressivity.

It is caused by a mutation in the NF1 gene located on chromosome 17q11.2 which encodes for neurofibromin, a tumor suppressive
protein involved in RAS signaling pathways 2. The disease is 50% sporadic or inherited, and it occurs with an estimated frequency
of approximately 1:2500-1:3500, without any known gender or ethnic predilections. Individuals with NF1 are prone to the
development of both malignant and benign nervous system tumors, skeletal dysplasia, and skin abnormalities 3. The eye and
ocular adnexa are frequently involved in NF1. Some ocular manifestations of NF1 including optic pathway gliomas (OPGs), iris Lisch
nodules, orbital and eyelid neurofibromas, eyelid café-au-lait spots, are diagnostic of the disease. Additional ocular features have
recently been characterized and are not currently diagnostic for NF1, including choroidal nodules, retinal microvascular
abnormalities, and hyperpigmented spots of the fundus oculi #~7. The presence of electrophysiological changes in NF1 was
previously investigated on visual evoked potentials (VEPs) in patients with related OPGs. Notably, abnormal visual evoked responses
allowed for early detection of optic gliomas in NF1 and earlier intervention prior to significant visual loss 8°. However,
electrophysiological abnormalities were also reported in the absence of optic gliomas in NF1 patients. Specifically, abnormal VEPs
were described in NF1 regardless of the presence of gliomas of the optic pathways or of the brain. These findings were ascribed to a
primary abnormality of visual processing in NF1 '0. Similarly, our group demonstrated subclinical impairment in the conduction of
visual stimuli in patients with NF1 and absence of any condition affecting the optical pathways, as assessed on VEPs and
frequency-doubling technology (FDT) campimetry ''. Unlike the optical pathways, electrophysiological evaluation of the neuroretina
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as an earlier indicator of the damage to the axons forming the optic nerve in NF1 has scarcely been characterized. Experimental
studies on murine models of NF-1 and OPGs showed progressive loss by apoptosis of retinal ganglion cells (RGCs) occurring in early
phases of OPG development 2. In accordance, inner retinal dysfunction was reported in a subgroup of patients with NF1 and OPGs
on electroretinogram (ERG) examination 3. However, neuroretinal function in NF1 in the absence of OPGs is a relatively unknown
topic. In the present study, we assessed neuroretinal function by using the multifocal electroretinography (mfERG). The mfERG is a
technique that allows local ERG responses to be recorded simultaneously from many regions of the retina '4. Specifically, through the
simultaneous stimulation of multiple retinal areas and recording of each response independently, mfERG provides a topographic
measure of retinal electrophysiological activity in the central 25 degrees retina. Therefore, the aim of this study was to examine
retinal function by using the mfERG test in NF1 patients without OPGs and any other disorder of the visual pathways.

Results

The normal distribution of data was assessed using the D’Agostino-Pearson test. Statistical significance was determined by Fisher’s
exact test for qualitative variables. Comparisons between groups were performed by Student t-test and Mann-Whitney test,
respectively for normally and not normally distributed data. Comparisons between more than 2 groups were performed by repeated
measures ANOVA test and Friedman test, respectively for normally and not normally distributed data. A value of p < 0.05 was
considered statistically significant. Statistical analysis was performed using Graph Pad vers. 8.0.2 and IBM® SPSS® Statistics
version 24.0 (IBM Corp., Armonk, NY, USA) on the Windows 10 Home edition platform. v22 (IBM SPSS Statistics, IBM®, IL, USA).

Five eyes in NF1 group and 5 eyes in the HC group were excluded due to excessive signal-to-noise ratio on mfERG. Therefore, the final
samples consisted of 30 patients (18 females, 12 males), mean age 30.8 + 10.47 standard deviation (SD), for a total of 30 eyes
examined; whereas HC group consisted of 25 subjects (14 females, 11 males) mean age 33.76 + 6.1 SD, for a total of 25 eyes
examined. There were no significant differences between groups in terms of age and gender (Table 1). The best corrected visual
acuity (BCVA) was 20/20 in all patients, as per inclusion criteria. Lisch nodules were detected in 25 eyes (83,3%) of NF1 patients and
none of the HC group. Intraocular pressure was within normal limits in the totality of patients. No pathologic alterations were
identifiable at mydriatic indirect fundus biomicroscopy exam in both the NF1 and HC group. At cross-sectional SD-OCT and NIR-OCT
evaluation, 28 eyes out of 30 (93,3%) in the NF1 group showed the presence of choroidal nodules variously distributed to the
posterior pole, whereas no choroidal abnormalities were recognizable in the HC group 2727, At MRI evaluation, no patient had optic
nerve gliomas or other lesions involving the optic pathways. The analysis of the trace arrays showed no differences in the uniformity
of the waveforms between NF1 patients and HC subjects. NF1 patients had significantly lower values of the P1-wave amplitudes in
all of the 4 quadrants when compared to HC (Table 1, Figs. 1 and 2), whereas, there were no differences of the P1-wave amplitude in
the 2 central degrees between the groups. In addition, a statistically significant difference was observed among the P1 wave
amplitudes as recorded in the 4 quadrants within the NF1 group. Specifically, lower amplitudes were recorded in the nasal quadrants
(Table 2, Fig. 3). Similar results were obtained for the HCs as summarized in Table 2. Table 2 shows the comparison analyses among
the P1-wave amplitudes as evaluated in the 4 quadrants in NF1 patients and HC subjects. No statistically significant differences were
observed in the absolute values of implicit time between NF1 patients and HCs (Table 1). Moreover, no differences were observed in
the implicit times as recorded in the 4 quadrants within the NF1 group and among HCs.

Table 1
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Table 1

Baseline characteristics of neurofibromatosis type 1 (NF1) patients and healthy
controls (HCs) and comparisons of the P1 wave amplitudes and implicit times
in the 4 quadrants on multifocal electroretinography (mfERG) between the two
groups. SD: standard deviation; SN: supero-nasal; ST: supero-temporal; IN:
infero-nasal; IT: infero-temporal; 4Q: average of the 4 quadrants.

Age

Gender

Male

Female

P1 Amplitude, nV/deg?

Central
SN

ST

4Q
Implicit Time, millisec

Central
SN

ST

NF1 (mean £ SD) HC (mean+SD) p value
30.8+10.47 33.76+6.1 0.2172
12 11 0.790°
18 14

102.03+49.72 123983177  (pgic
34.71+14.47 43.77£7.67 0.012¢
39.94+16.02 49.02+9.69 0.025¢
34.61+9.51 46.84+10.51  .0001¢
42.4949.79 50.37+1324  gg18°
37.94£10.83 47.50%9.36 0.002°
44.06+7.69 41.76 £ 2.69 0.197¢
39.57+1.51 39.081.71 0.289¢
39.84+1.67 39.15+1.88 0.176¢
39.25+1.68 38.941.82 0.476¢
39.37+1.44 38.98+1.77 0.396°
39.51+1.44 39.03+1.78 0.293¢

a Student’s t-test for independent samples

b Fisher's exact test.

¢ Mann-Whitney U test
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Table 2

Comparisons among the P1-wave amplitudes as evaluated in the 4 quadrants in neurofibromatosis type 1 (NF1) patients
and healthy controls (HC). SD: standard deviation; SN: supero-nasal; ST: supero-temporal; IN: infero-nasal; IT: infero-
temporal.

NF1 (mean+SD) vs (mean+SD)  pyajye2 HC(meantSD)vs(meantSD)  pyalye?

P1 Amplitude, nV/deg?

SNvs ST (34.71+14.47) vs (39.94+16.02)  0.046 (43.77 +7.67) vs (49.02 + 9.69) 0.006
SNvs IN (34.71+14.47) vs (34.62+9.51)  >0.999  (43.77+7.67) vs (46.84+10.51)  >0.999
SNvs IT (34.71+14.47) vs (42.49+9.79)  0.013 (43.77+7.67) vs (50.37+13.24)  0.035
STvs IN (39.94+16.02) vs (34.62£9.51)  0.126 (49.02+9.69) vs (46.84+10.51)  0.335
STvsIT (39.94+16.02) vs (42.49+9.79)  0.649 (49.02 £9.69) vs (50.37 £+ 13.24)  >0.999
INvs IT (34.62 +9.51) vs (42.49 + 9.79) <0.001  (46.84+10.51) vs (50.37+13.24)  >0.999

3Friedman test

Discussion

The purpose of our study was to examine neuroretinal function in NF1 patients without OPGs compared to a group of HCs by the use
of mfERG. The mfERG is a validated methodology for clinical evaluation of several conditions, including retinitis pigmentosa,
hydroxychloroquine toxicity, glaucoma, ocular vascular occlusive disorders 22727 Reveling subclinical abnormalities of retinal
function, mfERG can identify patients at risk of retinal damage progression allowing for early therapeutic interventions 28731,
Currently, there are no available studies in the literature investigating the value of mfERG in NF1 patients. Limited studies
demonstrated retinal electrofunctional anomalies in NF1 regardless of the presence of OPGs, although the clinical meaning of these
findings is still unknown 3233 Lubirski et al. performed electro-oculogram (EOG) and full-field flash ERG evaluations in patients
diagnosed with NF-1 and variable ocular manifestations including optic nerve gliomas (< 5%), and compared results to normal
healthy controls 3233. These authors reported a significative increase in the Arden indexes of the EOG test in NF1 patients, whereas
there were no recorded abnormalities in the flash ERG examination. The reported EOG changes were attributed to calcium level

variations caused by melanin abnormalities related to reduced expression of neurofibromin 3233,
To our knowledge, this is the first study evaluating neuroretinal function in NF1 patients in the absence of OPGs.

In our study, we identified electro functional disorders in NF1 patients consisting of P1 wave alterations. Specifically, NF1 patients
showed a statistically significant reduction in the mfERG P1-wave amplitude in the 4 quadrants when compared to HC, with no
recorded differences of the P1-wave amplitude in the 2 central degrees between the groups. These alterations were subclinical as the
recruited patients all presented with normal or corrected to normal visual acuity and no underlying disease that could affect retinal
function. Moreover, the absence of electroretinographic alterations in the 2 central retinal degrees, corresponding to the fovea
centralis, reflected the absence of visual impairment in our patients.

The exact origin of the P1 wave is still debated. There is evidence that the same cellular elements that contribute to the full field ERG
b-wave formation could be the source of the P1 wave. The major contribution may derive from the depolarization of bipolar cells
activated by a light source. Therefore, it is believed that the b-wave is generated by cells in the inner retina 34.

There are studies showing that NF1 retinal ganglion cells (RGCs) exhibit shortened neurite length and reduced growth cone areas,
with decreased survival in response to different types of injury compared to wild-type counterparts. These defective neuronal
phenotypes have been suggested to reflect an abnormal neurofibromin-mediated cyclic adenosine monophosphate (CAMP)
generation 5.
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CAMP is a derivative of adenosine triphosphate (ATP) and serves as second messenger for intracellular signal transduction. Recently,
it has been found that changes in cAMP levels have regulatory influences on the phototransduction cascade. This action exerts
expanding the adaptation contingent of photoreceptors to illumination conditions, decreasing its sensitivity in bright light and
increasing its sensitivity during the dark part of the day 3°.

Neurofibromin is a positive regulator of cCAMP levels in various cell types including neurons, and its deficit leads to a reduction in
cAMP basal levels 3. Therefore, we hypothesize that the lower levels of mfERG P1-wave amplitude in NF1 patients found in our
study may be attributable to an altered intracellular signal transduction due to abnormal neurofibromin-mediated cAMP generation.

This hypothesis provides a possible biological explanation of the electrofunctional results obtained.

Moreover, the NF1 group presented a high percentage of chorioretinal alterations consisting of choroidal nodules when compared to
HCs.

Variable in number and morphology, mostly located at the posterior pole, choroidal nodules are a frequent manifestation of ocular
involvement in NF1 patients. These lesions represent amounts of proliferating Schwann cells, melanocytes and ganglion cells
around axons of the ciliary nerves innervating the choroid 383°. They appear as hyperreflective-whitish lesions at SD-OCT in NIR
modality, with variable features from well-defined to dull, confluent margins, according to previous evidence 40~44. A few authors
described a thinning of the overlying retinal tissue in correspondence of choroidal nodules in NF1, expression of sub-atrophy of
retinal layers #°. More recently, low flow areas overlying choroidal nodules were demonstrated at the level of choriocapillaris on OCT-
angiography in a single-case report, showing topographical matching with areas of reduced chorioretinal thickness 4. However, we
are currently unable to establish any correlation between the impairment of retinal function and the presence of choroidal nodules.
Further investigation aimed at evaluating choroidal nodules-related low flow to the retina and corresponding retinal functional
alterations detected by the use of mfERG is encouraged.

Additional findings from our study consisted in significative differences in the mf-ERG P1-wave amplitudes in the 4 quadrants within
the NF1 group, and lower amplitudes were detected in the nasal quadrants.

In HCs, we observed similar differences regarding amplitude values with lower values registered in the supero-nasal quadrant if
compared to temporal quadrants (SN vs ST; SN vs IT) (Table 2).

Although lower values of amplitudes in the nasal quadrants appear to be physiological as per previous evidence #/, the significantly
reduced amplitudes detectable in each quadrant of mfERG evaluation in NF1 patients compared to HC must be clarified.

The clinical significance of the recorded electro-functional abnormalities in NF1 patients remains unclear. Prospective studies are
needed to evaluate long-term responses in patients with NF1 and potential correlation with progressive visual impairment. In
summary, mfERG evaluation in patients affected by NF1 showed a decreased amplitude of the P1-wave between 2 and 25 central
retinal degrees attributable to retinal function impairment. This abnormality is subclinical as all patients did not have a reduced
visual acuity nor had any underlying disease that could have affected the outcome of the research. These observations suggest a
possible use of mfERG as subclinical retinal damage indicator with a potential utility in clinical practice for the follow-up of NF1
patients.

Methods

This observational, cross sectional study was conducted at the University of Rome ‘Sapienza’, Umberto | Hospital, Italy, from June
2019 to February 2020. The study was prospectively reviewed by the Ethics Committee of the Sapienza University of Rome. The
research followed the Tenets of the Declaration of Helsinki, and informed consent was obtained from all subjects of the study. We
included 35 consecutive patients (35 eyes; 21 females and 14 males) between 18 and 55 years of age (mean age: 31+ 10.1 years)
with a diagnosis of NF1 based on the National Institutes of Health (NIH) criteria '® and 30 healthy subjects (30 eyes; 17 females, 13
males) between 18 and 60 years of age mean age 33.30 + 6.0 SD for control group.

Inclusion criteria were:
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- Best corrected visual acuity (BCVA) not less than 20/20 in each eye;

- Refractive defects less than + 4 D (spherical equivalent);

- Absence of OPGs and any other disorder of the visual pathways;

- Absence of ocular, systemic and/or neuroretinal pathologies that could affect retinal function;

- Absence of NF1-related manifestations at the fundus oculi examination

Exclusion criteria were:

- Poor collaboration which prevented the correct execution of diagnostic exams;

- Excessive signal-to-noise ratio, artifacts and non-uniform waveforms at mfERG.

Healthy subjects were recruited from outpatients of the eye clinic of the University of Rome ‘Sapienza’.

Each subject underwent detailed clinical examination including: Snellen measurement of the BCVA, biomicroscopic examination of
the anterior segment, Goldmann applanation tonometry, mydriatic indirect fundus biomicroscopy, cross-sectional spectral domain-
optical coherence tomography (SD-OCT) and SD-OCT in near-infrared reflectance (NIR) modality, multifocal electroretinogram (mf-
ERG) exam.

Additionally, all NF-1 patients underwent 1.5-Tesla MRI scan of the brain to assess the presence of OPGs.

SD-OCT scans were obtained with the Spectralis OCT (Spectralis Family Acquisition Module, V 5.1.6.0; Heidelberg Engineering,
Heidelberg, Germany), following a standardized protocol.

The mfERG exam was performed after administration of 1% tropicamide topical solution in both eyes, followed by an adaptation to
daylight for about 30 minutes. The mfERG recording was performed by using an ERG-Jet corneal contact lens active electrode under
topical anesthetic solution of 0.5% benoxinate topical solution in the subject eye. The reference electrode was attached next to the
corresponding outer canthus. The neutral electrode was applied with conduction gel on the patient’s earlobe. The examination was
performed individually for each eye for a duration of approximately 5-7 minutes, with application of a bandage on the fellow eye.
Each patient was placed on the chin-guard of the visual stimulator at 33 cm from the display and was corrected with a temple lens
for near vision, where required, due to the pharmacologically induced accommodative block. The stimulus was represented by a
pseudorandomized sequence of alternating light and dark hexagonal flashes, with any given flash having a 50% possibility to
change in each single frame 678, Electrodes were connected with a junctional box from which the amplified signals were delivered
to a digital recording system for graphic transformation into a path of negative and positive waves. The MfERG signals were
analyzed on the computerized Optoelectronic Stimulator Vision Monitor MonPack 120 Metrovision (Perenchies, France) with
reference to the International Society for Clinical Electrophysiology of Vision (ISCEV) guidelines 6. The first order Kernel mfERG
component was used to evaluate amplitude and implicit times of N1, P1, and N2 wave peaks. The areas were analyzed in quadrants
from 2 to 25 degrees of eccentricity relative to fixation and the analysis generated a histogram for each of the extended zones. The
analysis was carried out on 6 zones: the 2 central degrees, the 4 quadrants from 2 to 25 degrees of eccentricity, and the overall
average of the 4 quadrants, for an array of 61 elements scaled with eccentricity by means of the 61 program. The analysis of mfERG
data was performed in 2 steps:

¢ ‘Analysis of the trace arrays’: evaluating the shape of the wave;

e ‘Group averages’: evaluating the differences of the absolute values of amplitude and implicit time of P1 wave between NF1 and
HC groups.

The right eye was selected for data analysis in each study subject.

The assessors were masked to whether or not the patients and controls had NF1.
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Figure 1

Multifocal electroretinogram (MfERG) of NF1 patient (V.S.). Average values of amplitude and implicit time within 2 central degrees
and in the 4 quadrants examined (right panel). Wave traces and three-dimensional and one-dimensional representation (left panel).
Note in the right panel the average values of the amplitudes of the P1 wave and the corresponding histograms with reduced
amplitude at the level of the nasal quadrants (superior 30.6nV/deg?2 with histogram in green, and inferior 30.1nV/deg2 with
histogram in blue) compared to the temporal ones (superior 41.7nV/deg?2 with histogram in yellow, and inferior 39.2nV/deg?2 with
histogram in gray).
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Figure 2

Multifocal electroretinogram (MfERG) of control subject (M.R.). Average values for amplitude and implicit time in the 2 central
degrees and in the 4 quadrants examined (right panel). Wave traces and three-dimensional and one-dimensional representation (left
panel). Note in the right panel the average values of the P1 wave amplitudes and the histograms corresponding to the various
quadrants with lower amplitude (45.5 nV/deg2) at the level of the nasal-superior quadrant (green histogram).
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Figure 3

Mean values of amplitudes in the different retinal regions of neurofibromatosis type 1 (NF1) patients. * p<0.01; *** p <0.001; SN:
supero-nasal; ST: supero-temporal; IN: infero-nasal; IT: infero-temporal.
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