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Article

Ocular Neuromodulation as a Novel Treatment for
Retinitis Pigmentosa: Identifying Rod Responders
and Predictors of Visual Improvement

Ismail M Musallam FRCS

Musallam Eye Center of Jerusalem; musallam_eye_c@hotmail.com

Abstract: Starvation of photoreceptors induced by reduced dysregulated ocular blood flow is
proposed as a common pathway for the pathogenesis of retinitis pigmentosa (RP). The current study
evaluated the safety and efficacy of ophthalmic nerve stimulation (ONS) as an ocular blood flow
neuromodulator, combined with ascorbic acid (AA) as a potent anti-oxidant in the treatment of RP.
Additionally, the initial characteristics of rod responders were identified. Forty participants with
simple, non-syndromic RP presented with a characteristic triad of RP (the bone spicule
pigmentation, attenuation of retinal blood vessels, and waxy optic disc pallor), were enrolled in a
prospective open-label single-armed interventional study. The severity of the disease was clinically
graded into six stages. Patients with an established diagnosis of RP; aged > 4 years, with best
corrected visual acuity (BCVA) > 20/400 were included. All participants were daily treated with
bilateral ONS sessions combined with intravenous administration of AA for two weeks. The
primary efficiency endpoint was 6 months’ changes in scotopic vision as measured by a 10-item,
100-point, Low Luminance Questionnaire-10 (LLQ-10). The secondary efficiency points included
best corrected visual acuity (BCVA) and contrast sensitivity. Rod responders were defined by > 25
points increment of LLQ-10 score at 6 months after treatment. The results showed that ONS
combined with AA treatment significantly improved low luminance vision, BCVA, and contrast
sensitivity in patients with RP (p< 0.05). At 6-month visit, twenty-four (60%) patients were identified
as rod responders and 16 (40%) patients were rod-non-responders. The mean change in LLQ-10
score was (46.35 +16.81) in rod responders versus (4.9 * 7.6) in non-responders (p < 0.0001). A
clinically significant improvement of BCVA (0.2 logMAR) and contrast sensitivity (=0.3 log unit)
were demonstrated in 50% of_the right eyes of rod responders. No serious adverse effects were
reported and headache in 5 patients (12.5%) was the only encountered side effect in this study. In
conclusion, ocular neuromodulation is a safe therapeutic strategy for RP. It significantly improved
night vision, BCVA, and contrast sensitivity. Determinants of rod responders include a shorter
duration of night blindness, an earlier stage of the disease, and a relatively thicker ganglion cell
layer at baseline. Additionally, two therapeutic scenarios were recognized; an early disease-
modifying intervention that restores night vision and reverses the disease process and a late cone
rescue intervention that improves/maintains central vision.

Keywords: retinitis pigmentosa; ocular neuromodulation; ophthalmic nerve stimulation; ascorbic
acid; substance P; night blindness; rod responders

1. Introduction

Retinitis pigmentosa (RP) is a group of inherited eye conditions, affecting 1 in 3000 people, with
most people becoming legally blind by the age of 40 [1]. It is characterized by progressive loss of rods
followed by cone photoreceptor death, and abnormal hemodynamics of the eye [2]. Typically, RP
presented with a characteristic tirade of bone-spicule pigmentation of the retina, attenuated retinal
blood vessels, and optic nerve pallor. Currently, there is no treatment for RP, apart from Luxturna
gene therapy [3], but with limited therapeutic target, since its indication is restricted to a group of
patients with recessive RPE65 mutation.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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RP is not merely caused by genetic factors; in fact, it is a complex multifactorial disorder. Other
factors are assumed to contribute to its pathogenesis. Circulatory changes have been observed in the
retina and choroid of RP patients, but it has remained unclear whether these play a role in the
pathogenesis of the disease. The choroid is a densely vascularized structure contributing to the
majority of oxygen and glucose supply to the photoreceptors, and the retinal pigment epithelium in
the outer retina [4]. Evaluating choroidal hemodynamic changes has shown the reduction in
choroidal blood flow is proportional to the progression of RP [5,6]. Recently, relative choroidal
ischemia and reduced choroidal blood flow have been demonstrated in RP by measuring the
choroidal vascularity index via OCT [7]. Photoreceptor changes seen in eyes with RP are directly
correlated to a decrease in choroidal flow, leading to a strong association between relative choroidal
ischemia and visual impairment [7]. Visual function and retinal structural changes were found to be
associated with choriocapillaris defects but not with middle/large choroidal vascular defects [8]. The
reduced choroidal vascularity index in patients with RP has been detected before the development
of structural changes in the retina and choroid. [9]. Furthermore, a study reported a relationship
between choroidal blood flow and reduced focal electroretinography responses [10]. The pulsatile
blood flow is significantly reduced in RP patients and relative choroidal ischemia is closely associated
with visual loss [5]. Retinal blood flow is also significantly decreased in RP, probably as a result of
vascular remodeling in response to reduced metabolic demand [11]. The ocular blood flow is reduced
not only in the retina and choroid but also in the retro-ocular vessels [12] including the ophthalmic
artery and ciliary arteries [12]. Interestingly, signs of reduced ocular blood flow have been observed
before the appearance of any of the fundoscopic features of RP [13]. Elevated levels of endothelin-1
were observed in plasma of RP patients, indicating increased endothelin-1 production [12,14,15].
Endothelin-1 is a potent vasoconstrictor peptide of 21 amino acids that is synthesized and released
by endothelial cells. Thus, one may hypothesize that in patients with RP; increased endothelin levels
lead to a predominance of vasoconstricting factors associated with a decrease in ocular blood flow
and vascular dysregulation. It has been suggested that such a vascular dysregulation might play a
primary role in the pathogenesis of RP [2]. The mechanisms responsible for reduced dysregulated
ocular blood flow in RP patients are uncertain. It is also uncertain if ocular blood flow decline stems
from disturbed neural control of ocular circulation or from vascular pathology, or both.

The blood supply to the choroid in mammals arises from the ophthalmic artery via the long and
short ciliary arteries. Ophthalmic artery and its main branches including ciliary and choroidal arteries
are all under both parasympathetic and sympathetic neural control with many also under local
trigeminal control [16]. The parasympathetic input has a vasodilatory effect, while the sympathetic
input has a vasoconstrictor effect [16,17].

Stimulation of sensory afferents from the ophthalmic nerve results in the activation of three
pathways that lead to vasodilatation and increased ocular blood flow (Figure 1). The first is the
activation of the trigeminovascular system via antidromic impulse [16-18]. The nasociliary nerve,
which originates from the ophthalmic nerve, contains major vasodilatory innervation [19,20], and its
stimulation results in the release of vasoactive neuropeptides from the free nerve endings, such as
substance P (SP) and calcitonin gene-related peptide (CGRP) [21]. The second pathway results in
parasympathetic vasodilation of the ocular vasculature via interactions with the facial nerve and
sphenopalatine ganglion [22,23]. The third is an axon reflex between the trigeminal nerve and
sphenopalatine ganglion [19]. Consistent with this, stimulation of the ophthalmic nerve in
experimental animals was found to increase ocular blood flow [24], decrease carotid arterial
resistance, [22] along with enhanced uveal release of SP, which is an 11 amino acid neuropeptide [25].
Overexpression of endogenous SP by ONS is capable of boosting both the ocular blood flow [16,17,24]
and tissue regeneration by the recruitment of endogenous stem cells [26]. Moreover; SP can protect
diverse types of cells including retinal pigment epithelium [27], and ganglion cells [28], and also
contribute to the prevention of apoptosis [29,30], suppression of both inflammation [31,32] and
oxidative stress [33,34]. SP was reported to modulate Akt/GSK-3f signaling, inhibit reactive oxygen
species-induced cell death, preserve cell viability, and block cellular alterations [33-35]
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Figure 1. Schematic of neural pathways that control ocular blood flow (OBF). SNS; sympathetic
nervous system, PNS; parasympathetic nervous system, TVS: trigeminovascular system, TG:
trigeminal ganglion, PPG: pterygopalatine ganglion, SSN: superior salivatory nucleus, SCG: superior
cervical ganglion, RVLM: rostro-ventrolateral medulla, SP: substance P, CGRP; calcitonin gene-
related peptide, Ach: acetylcholine, NO: nitric oxide, VAP: vasoactive intestinal polypeptide, NA:
noradrenaline, NPY; neuropeptide Y.

Oxidative stress also plays a central role in the pathogenesis and progression of RP. Anti-oxidant
interventions have been reported to substantially delay photoreceptor cell death [36]. The potential
benefit of AA, the main antioxidant in the retina has been shown in several clinical settings with
oxidative damage [37-40]. AA is highly concentrated in the retina, with many folds of plasma [41,42].
It is the most important antioxidant for the metabolic function of the retina [42]. The therapeutic, non-
enzymatic scavenging of free radicals can be accomplished by AA, but only at supraphysiological
concentrations [43]. To achieve this concentration in the retina, the intravenous route might be ideal
to bypass tight control of oral administration [40]. Preclinical studies showed that a high dose of AA
can restore vascular endothelial function and prevent microcirculatory flow impairment. AA can
retrieve vascular responsiveness to vasoconstrictors and preserve the endothelial barrier [40].
Additionally, AA exerts sympatholytic effects via central action [44]._Therefore, it is reasonable to
suggest that high-dose of intravenous AA could be beneficial in RP treatment

Pathogenesis of RP reflects a summation of primarily reduced dysregulated ocular blood flow,
consecutive unstable oxygen supply, photoreceptor starvation, oxidative stress, and chronic
inflammation of the retina. These vascular and cellular processes are ultimately combined to produce
a rod followed by cone apoptosis. We suggest that relative choroidal hypoxia and starvation of
photoreceptors caused by reduced dysregulated ocular blood flow represents an initial common
pathway in the pathogenesis of RP, which can be a target for a novel therapeutic strategy that might
halt rod and cone degeneration.

Based on the effects of ONS, AA, and the functioning of SP investigated in previous studies, we
hypothesized that neuromodulation-based therapy for RP may be capable of recovering the functions
of dormant rods and cones and preventing their death. This can be possibly achieved by increasing
ocular blood flow, inhibiting apoptosis, inflammation, oxidative stress, and induction of regeneration
by recruitment of endogenous stem cells. The study aims to evaluate the safety and efficacy of ONS
paired with intravenous administration of ascorbate for treating participants with RP. Additionally,
baseline predictive factors for night vision improvement were also defined.

2. Materials and Methods

Forty participants with RP were recruited into a prospective, open-label single-armed
interventional study, conducted at Musallam Eye Centers, Palestinian Authority. This study was
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approved by the Institutional Review Board, and it adhered to the tenets of the Declaration of
Helsinki. Written informed consent was obtained from all participants after an explanation of the
purpose and possible outcome of therapy.

All ophthalmological examinations, staging of the disease, and patient selection were performed
by a senior vitreoretinal specialist (the author). Supplementary Figure S1, showed details of
participant’s enrollment. Following recruitment, all subjects with a medical history and established
diagnosis of RP completed baseline vision testing, slit lamp examination, and fundoscopy. We
interviewed the patients and created detailed family trees for each to determine the pattern of
inheritance. The diagnosis of RP was based on clinical history, night vision impairment, constricted
visual field, characteristic fundus appearance. Additionally, the diagnostic data from other centers
like ERG were utilized whenever available. Spectral Domain Optical Coherence Tomography (SD-
OCT) was performed within 2-4 weeks before treatment. The severity of the disease was clinically
graded into six stages based on fundoscopy and (SD-OCT) findings (Table 1, Supplementary Figure
52 and S3).

For Sample size estimation the online One Arm Binomial program was used [45], with the power
of 90% and «= 0.05 with an expected proportion of responders 25%, the minimal sample was
estimated to be at least 30 patients. Inclusion criteria were: patients with an established diagnosis of
classic, simple, non-syndromic RP; aged > 4 years, with BCVA >20/400. Classic RP is defined by the
presence of a triad of bone-spicule pigmentation, attenuated retinal blood vessels, and waxy optic
nerve pallor in both eyes and is associated with night vision blindness, and restricted peripheral
visual field. Exclusion criteria were syndromic RP(e.g. Usher syndrome, Bardet Biedl syndrome),
unilateral RP, sectorial RP, RP sin pigmentosa, retinitis punctate albescent, and RP masquerades [46],
pregnancy, glaucoma, central retinal vein occlusion and retinal detachment.

Staging of RP

To evaluate the efficacy of new treatment options, it is important to measure the severity of the
disease. Staging of RP is a method for measuring the severity of disease using objective clinical and
bio-molecular criteria. Disease staging is vital for clinical trial inclusion, exclusion, and stratification
of participants. Accurate staging aids in prognosis definition, treatment evaluation, and clinical
decision-making.

Table 1. Staging of RP.

Stage Clinical Description
Patients experience no symptoms related to retinitis pigmentosa. Fundus examination

reveals a normal-looking retina with no pigmentary changes, no visible retinal blood
vessel changes, or optic nerve pallor. Classic electroretinogram findings for retinitis
pigmentosa are detected

Stage 0

Patients may experience mild night vision disturbance. Fundus examination reveals a
normal-looking retina with no pigmentary changes, no visible retinal blood vessel
changes, or optic nerve pallor. Classic electroretinogram findings for retinitis pigmentosa
are detected

Stage 1

Mild attenuation of retinal blood vessels that extend anteriorely beyond the mid
Stage II periphery of the retina but not reaching ora serrata, no or mild optic disc pallor, bone
spicule pigmentary changes are limited to mid-periphery of the retina.

Moderate attenuation of retinal blood vessels that extend anteriorely up to mid-periphery
Stage III with mild optic nerve pallor. Pigmentary changes are located at mid-periphery and
extend centrally reaching the vascular arcade.

Severe attenuation of retinal blood vessels ended with the formation of a complete
vascular arcade, combined with moderate optic nerve pallor. Pigmentary changes are

Stage IV becoming more diffuse and extend centrally to the inside of the vascular arcade, but
sparing the macula. Central retinal thickness is less than 150 p as measured by Spectral
Domain Optical Coherance Tomography
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Very severe attenuation or complete obliteration of retinal blood vessels that ended at a
short distance forming incomplete vascular arcade (< 4 disc diameter) from optic nerve
Stage V disc. Optic pallor is remarkable and the macula is involved in pigmentary changes. Stage
V is also coined to any retina with a central retinal thickness of 100 um or less as
measured by Spectral Domain Optical Coherance Tomography

Various RP staging systems exist, each utilizing different biomarkers. Some systems rely on a
single marker, such as the width of the ellipsoid zone [47] or the baseline mean deviation in the visual
field [48], while others incorporate multiple biomarkers. For instance, a system might use visual
acuity, visual field width, and ellipsoid zone width, either singly [49] or in combination with
multifocal electroretinography [50]. Alternative approaches assess severity through a combination of
clinical appearance (lens condition, retinal pigmentation, and optic nerve appearance), BCVA,
perimetry, and optical coherence tomography measurements [51]. Another multi-faceted system
evaluates RP severity using color vision tests, visual field analysis, and clinical assessment of optic
disc pallor, retinal pigmentary changes, and vascular attenuation [52]. Historically, the Ganzfeld flash
electroretinogram (ERG) has been viewed as a benchmark for staging RP, despite its limitations.

However, current staging systems face challenges, particularly with the reliance on cone-related
biomarkers and tests such as best-corrected visual acuity[49-51], ellipsoid zone width [47,49,50] and
multifocal ERG [50], which may not accurately reflect the state of rod-cone dystrophy where cone
function can be maintained even in advanced disease stages. Moreover, while visual field analysis
offers a method for the detection of linear progression of deterioration and covers all clinical stages
of the disease, it has limitations in the context of its application in advanced RP, concurrent eye
conditions like cataracts or macular pathologies associated with RP, and its applicability in children.
Notably, preclinical stages of RP are often overlooked in these staging systems.

To address these gaps, we propose a six-stage system that encompasses preclinical (Stage 0 and
Stage I) and clinical stages of RP (Stage II to Stage V), (delineated in Table 1 and supplementary
Figures S2 and S3). It tracks RP progression using characteristic fundoscopic triad changes, including
bone spicule pigmentation, vascular alterations, and optic disc pallor. ERG detects preclinical stages
(Stage 0 and Stage I). The asymptomatic stage 0 can last for months and years, while the patient may
not have physical symptoms. Stage I marks the onset of symptomatic preclinical RP, characterized
by initial night vision difficulties, absent fundoscopic changes, and diagnosable solely through ERG.

For clinically manifested RP stages (II-V), key indicators include alterations in retinal
vasculature, pigmentation, and optic nerve pallor. Disease progression is marked by attenuation and
the centripetal closure of retinal vessels, starting from the periphery and moving toward the optic
disc (Supplementary Figure S3). Previous histopathological research revealed that thickening of the
blood vessel walls and occlusion of their lumina correlate with sclerosis and atrophy of the retinal
vasculature, which is shown as attenuated retinal arteries [53,54]. These vascular changes coincide
with pigmentary alterations that begin in the retina's mid-periphery and spread concentrically
towards the macula, eventually affecting the fovea in advanced disease stages (Stage V)
(Supplementary Figure S2). Notably, changes in optic nerve pallor typically lag behind vascular and
pigmentary developments, providing a chronological marker of disease progression.

Retinal vessel attenuation is widely acknowledged as a prevalent characteristic in individuals
with RP, underscoring its significance as a biomarker for assessing disease severity. In a cross-
sectional study [55], researchers demonstrated a correlation between the extent of retinal vessel
attenuation and the severity of RP, as determined by visual field width. Additionally, it was found
that both retinal arteries and veins were significantly narrower in individuals displaying a higher
threshold for scotopic sensitivity, according to measurements by the Goldmann-Weekers
adaptometer. A longitudinal study by Nakagawa et al. further revealed that the baseline calibers of
the central retinal artery equivalent and central retinal vein equivalent were inversely related to
visual acuity decline over three years, suggesting that smaller retinal vessels are indicative of greater
reductions in visual acuity [56].
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The presence and distribution of bone spicule pigmentation have also been utilized as an indirect
marker of retinal atrophy, owing to its visibility during ophthalmoscopy and its strong association
with photoreceptor loss regions. This pigmentation is a commonly used structural metric for staging
RP, with its extensive distribution often observed in individuals at advanced stages of the disease.
For instance, Smith et al. have noted that an increase in disease severity is implied when pigmentary
changes extend beyond the vascular arcades toward the macula [51]. In a comprehensive study
involving data from 928 RP patients, researchers explored the relationship between mean deviation
(MD) scores, visual acuity, and retinal pigmentation [48]. They discovered that the average decline
in MD over a decade was linked to an increase in retinal pigmentation, further establishing the
connection between these parameters and the progression of RP. In support of our staging system, it
has been found that greater vascular attenuation, concentric spread of intra-retinal pigmentation, and
progressive pallor of the optic disc were inversely correlated with the central retinal artery peak-
systolic velocity, an objective sign of advancing clinical stage of RP [57].

Development of the primary endpoint:

Low Luminance Questionnaire -10 (LLQ-10)

The primary endpoint, LLQ-10, was developed to address the predominant initial symptom of
RP: difficulty in low-light conditions and at night. This symptom, associated with impaired rod-
mediated sensitivity and dark adaptation delays, often manifests early in life. Therefore, the pediatric
population will constitute the majority of RP patients for future studies that aim for early intervention
and night vision restoration.

The clinical endpoint should be a ‘clinically meaningful measure of how a patient feels, functions
or survives’ [58]. In other words, the outcome should be ‘relevant to the patient’ [59]. Given the
importance of patient-centered outcomes in clinical trials, LLQ-10 serves as a valuable tool for
assessing visibility issues in reduced light levels. LLQ-10, derived from the validated LLQ-32
questionnaire [60], was refined to prioritize items specific to low-luminance vision in RP patients.
Careful selection of the questionnaire's content ensures relevance across both adult and pediatric
cohorts, with parental assistance where necessary.

To evaluate the therapy outcome, LLQ-10 score changes from baseline to 6 months after
treatment were calculated (The outcome measures). LLQ-10 has been used to quantify the
participant’s visual dysfunction under low luminance, integrating aspects of visual acuity, mobility,
visual field, depth of perception, reading, color vision, dependency on others' help, social functions,
and mental health

In the assessment of the LLQ-10 score for pediatric subjects, a dual modality incorporating
parental and self-reports was employed. Parents were provided with comprehensive explanations
concerning each component of the questionnaire, including guidelines for accurate score
measurement. This methodological approach aims to improve the precision of studies directed
towards the combination of adult and pediatric populations, thereby augmenting the efficacy of
assessing treatment effects in RP clinical trials. Participants or children assisted by parents rated how
much difficulty they have performing each of the activities under low luminance on a 5-point Likert
scale. Rod responders were identified as those in whom the LLQ-10 score increased by = 25 points at
6 months after treatment.

Table 2. Low Luminance Questionnaire-10 (LLQ-10).

Depth of PerceptionRate how much difficulty you have in-depth perception at night.

Color Vision Rate how much difficulty you have seeing colors at night.

Q Subject Question Text

1 Night Vision Rate how much difficulty you have seeing at night.

2 Peripheral vision = Rate how much difficulty you have in your peripheral vision at night.
Reading in dim Rate how much difficulty you have in reading menus in dimly lit

3 . . . .
light restaurants or reading the newspaper/book without good lighting.

4

5

6

Home life Rate how much difficulty you have seeing furniture in dimly lit rooms.
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Rate how much difficulty you have going out to nighttime social events
7 Social life such as sports events, the theater, friend’s homes, church, mosque, or
restaurants?

8  Parties in dim light Rate how much difficulty seeing in candlelight?

Dependency on Rate how often you depend on others to help you because of your vision
others at night or under poor lighting?

Rate how often you are worried or concerned that you might fall at night

10  Psychological
0 Psychologica Stressbecause of your vision?

Scoring Instructions: Each of the 10 questionnaire items should be answered by one of the following: (1) No
difficulty at all (10 points). (2) Little difficulty (7.5 points). (3) Some or moderate difficulty. (5 points). (4) A lot of
difficulties (2.5 points). (5) Completely blind under these conditions (0 points). The total score on the LLQ-10
ranges from 0-100 points, with a higher score indicating better vision under low luminance. The scotopic vision
difficulties are further classified into four levels of dysfunction according to the LLQ-10 score. Level 4; (0-25)
which indicates absolute night blindness /Minimal scotopic vision, level 3 severe night blindness (>25-50), level
2; moderate night blindness (>50-75) and level 1 (>75-100) with almost normal scotopic vision. Rod responders
were identified as those in whom the LLQ-10 score increased by > 25 points at 6 months’ post-treatment.

The secondary efficiency points include BCVA and contrast sensitivity of the right eye. These
visual functions were evaluated under standardized conditions by a single well-trained optometrist
who was not aware of the previous results of the participant. BCVA was recorded in Snellen
equivalents and then transformed into a logMAR unit. Contrast sensitivity was measured using a
Pelli- Robson chart under standardized photopic illumination at one meter in each eye, using best
correction spectacles. For safety purposes, the vital signs and electrocardiogram were monitored
before, during, and after each session of ocular neuromodulation. Ocular and non-ocular adverse
events were also reported.

The ocular neuromodulation protocol included the administration of AA followed by ONS over
a period of two weeks. This therapeutic protocol was delivered by a senior nurse who had received
a special training course regarding the new treatment under investigation. AA was given
intravenously in a dose of 3 gm dissolved in 100 ml of saline infused at 5 ml min™ for 20 min on the
first day, followed by a drip infusion of 1 gm daily during the rest of the treatment period.

A modulated low magnitude, low-frequency vibration, with a frequency of approximately 60
Hz- 90 Hz and stimulation amplitude range of 1.5 um- 3.5 pm was used for ONS. This setting was
adopted to selectively activate the parasympathetic system and trigeminovascular system [17,61,62].
Modulated frequency and amplitude waveforms were used to avoid adaptation to mechanical
stimulus. A hand-held and head-mounted prototypes of ophthalmic nerve stimulators (Figure 2B,C)
were used to activate different stimulation sites (Figure 2A) by using modified commercially
available micro-vibrators, along with different types of intranasal and extra-nasal application heads.
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Figure 2. (A) Sites of ophthalmic nerve stimulation(ONS); (1) Intranasal: for stimulation of anterior
ethmoid nerve at the nasal septum, (2) Nasal bridge: for stimulation of infratrochlear nerve, a branch
of nasociliary nerve and external nasal nerve, the terminal branch of external anterior ethmoid nerve,
(3) Supraorbital region: for stimulation of supraorbital and supratrochlear nerve, branches of frontal
nerve. (B) Handheld vibrotactile ophthalmic nerve stimulator. An intranasal application head is
designed to be small enough to fit comfortably and safely within the restricted size of the nasal
vestibule and optionally made by polyethyl methacrylate to prevent the warming produced by the
vibration. (C) Head-mounted vibrotactile ophthalmic nerve stimulator with two application heads
over the supraorbital region on both sides.

Bilateral ONS was applied to the subjects over a session of 30 minutes per day, 6 sessions per
week, and one day off. Each session included intra-nasal vibrochemical, and extra-nasal vibrotactile
stimulation over the nasal bridge and the supraorbital region in both sides (Figure 2A), using
appropriate application heads. During intra-nasal vibrochemical stimulation, the nasal application
head was covered by a rubber cape impregnated with 2% menthol cream (Dermacool plus ®) as a
transient receptor potential cation channel subfamily M (melastatin) member 8 (TRPMS8) agonist
(Figure 2B). Participants were assessed clinically, and by SD-OCT, and ILQ-10 at baseline and at 1, 6,
12, and 24 months after treatment

2. Statistical Analysis

The statistical analysis was performed using SPSSR, V. 21. The mean differences in the
characteristics of the rod responders and rod-non-responders were compared using the independent
sample t-test. The change in the mean value of visual function parameters between baseline and
different post-treatment points was evaluated using a paired sample t-test. Since the data for most of
the variables are not normally distributed, a non-parametric test (Mann-Whitney U test) was used to
compare the median value of different parameters comparing the rod responders and rod-non-
responders. The change in the median value of visual function parameters between baseline and
different post-treatment points was evaluated using the Wilcoxon signed-rank test. The differences
between the proportion of eyes that showed clinically significant improvement of visual function,
among rod responders compared to rod-non-responders, and the relationship between the stage of
the disease and rod responsiveness were evaluated using the Chi-square test.

To evaluate the change over time in visual functions (BCVA and contrast sensitivity) in the right
eye for both rod responders and rod-non-responders starting from baseline, up to 24 months, the
Friedman test for related samples was used. This test was also used to evaluate the change in visual
function of the right eye of the whole cohort as well as for the left eye separately.

Correlation was performed between ILQ-10 score in the whole cohort at 6 months after
treatment; and the characteristics of participants at baseline, which include the age, stage of the
disease, duration of night blindness, BCVA, contrast sensitivity, and SD- OCT biomarkers.

Multivariate logistic regression was performed to study the factors that independently predict
rod responders and to control for confounding factors including age, duration of night blindness,
stage of the disease and BCVA, ganglion cell layer thickness, and central macular thickness at
baseline. All tests were two-tailed and a p-value less than 0.05 was considered significant.

4. Results

Between April 14, 2018, and April 29, 2020, 40 participants (38 right eyes and 38 left eyes), aged
between 4- 55 years (median; 24 years), among them 24 males (60%) were recruited. The pediatric
population of the cohort aged <17 years (7 patients) constitutes 17.5 % of the cohort, among them, 4
patients aged <10 years. The hereditary forms were autosomal dominant (AD) in 2 participants (5%),
autosomal recessive (AR) in 21 participants (52.5%), and sporadic in 17 participants (42.5%). None of
the patients had an X-linked RP. The minimum follows up was 6 months, and maximum was 24
months after treatment. The demographics, baseline characteristics, and determinants of rod
responders are presented in Table 3.
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Twenty-four (60%) patients were identified as rod responders, and 16 (40%) patients were rod-
non-responders. (Table 3). Table 4 shows the mean (mean + SD) and the median value (median; 25t
75t) of LLQ-10 for the whole cohort, rod responders, and rod-non responders at baseline and at
different intervals after treatment. Figure 3A shows the median value of the low luminance vision
score at different post-treatment intervals. In the whole cohort, the median score of LLQ-10 improved
significantly from 21.3 points at baseline to 55.1 points (p=0.0001) at one month, 52.5 points (p= 0.0001)
at 6 months, and to 52.5 points (p=0.0001) at 12 months and to a value of 55.5 points (p=0.001) at 24
months after treatment. Similarly, in rod responders; the median score of LLQ-10 improved
significantly from 22.5 points at baseline to 77.5 points (p=0.0001) at one month, 66.3 points (p=0.0001)
at 6 months, 70.0 points (p=0.006) at 12 months and to a value of 70.0 points (p=0.003) at 24 months
after treatment. In contrast, though the rod-non-responders showed a statistically significant
improvement at 1 and 6-month visits only, this improvement was considered clinically insignificant

At the 6-month visit, the low luminance vision score was significantly improved in the whole
cohort by (29.8 + 24.7) points as compared to baseline (P < 0.0001). The mean change in LLQ-10 score
was (46.35 £16.81) in rod responders versus (4.9 + 7.6) in non-responders (p=0.0001).

Table 3. Baseline characteristics and determinants of rod responders.

Character Total cohort Rod Responders Non-Rod- P Value
Responders
Participant Number 40 (76 eyes) 24 (60%) 16 (40%)
Age,(Mean =SD) 28.4+14.1yrs. 239+122 351+143yrs. 0.02
Age (Median)(median; 25t%,75t) 24.0 yrs. 21.5 yrs. 40.00 yrs. 0.015
(19,40) (16.5,32.0) (21.3,47.0)
Range 4-55 yrs. 4-49 yrs. 7-52 yrs.
Gender; Male/Female (males %) 24/16 (60%)  13/11 (54.2%) 10/6 (62.5%) NS
Range/ 2-46 yrs. 2-30 yrs. 3-46 yrs.
Duration of night blindness (mean +SD) 16.2+123yrs. 109+6.7 yrs. 24.2+14.6 yrs. 0.0001
(Median) 10.0 yrs 21.00 yrs 0.003
Duration of Night Blindness
0-10 16 (100%) 13(81.2%) 3 (18.8%)
10-20 14 (100%) 4 (28.6%) 10 (71.4%)
>20 10 (100%) 1 (10%) 9 (90%)
Stage of the Disease *
II, no. of patients (%) 9 (100%) 9 (100%) 0 (0%)
III, no. of patients/ (%) 15 (100%) 12 (80%) 3 (20%) 0.0001
IV, no. of patients (%) 11 (100%) 2 (18.2%) 9 (81.8%)
V, no. of patients/ (%) 5 (100%) 1 (20%) 4 (80%)
LLQ-10 Score (mean + SD) 23.1+13.0 23.6+£11.6 222+152 NS
LLQ-10 Score (median) 21.3 22.5 17.5 NS
(median; 25th,75th) (12.5,34.4) (15.0,34.4) (12.5,34.4)
BCVA:logMAR (mean +SD) 0.54 +0.35 0.44 £0.33 0.69 +0.33 0.03
BCVA: logMAR (Median)(median; 0.50 0.34 0.8 0.03
(median; 25th,75th) (0.20,0.80) (0.2,0.6) (0.5,1.0)
Contrast Sensitivity log unit (mean +SD) 0.43 +0.48 0.57 £0.50 0.25+0.38 0.074
Contrast Sensitivity (Median) log unit 0.18 0.7 00 0.056
(median; 25th,75th) (0,0.9) (0,0.9) (0, 0.6)
Central retinal thickness, mean + SD (um) 215.1+64.4 231.3+59.9 188.5 + 64.6 0.05
(Median) (pm) 203.0 224.0 185.5 0.04
(25th 75th) (175.5,261.0  (184.0,270.0) (134.8,221.3)
Nerve Fiber Layer Thickness, (mean + SD) 42.4+11.3 43.1+£12.7 41.2+89 NS
(Mm) 41.0 41.0 41.0 NS

(Median (um) (35.3,47.8) (35.0, 48.3) (35.3, 48.3)
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Ganglion Cell Layer Thickness, mean * 59.9+£16.8 65.4+16.2 50.2+134  0.0001
SD (um) 57.0 60.0 49.0 0.002
(Median (um) (50,70.8) (51.0,77.0) (40.5, 55.5)

The baseline characteristics and determinants for rod responders are shown in Table 3.
Compared to rod-non-responders, the rod responders were found to be statistically significantly
younger (median age 21.5 yrs. vs 40.0 yrs.) (p=0.015), with better BCVA (median value; 0.34 vs 0.80
Log MAR unit) (P=0.03) and contrast sensitivity (0.70. vs 0.00 log unit) (p=0.056) at baseline.
Additionally, the central retinal thickness (median value; 224.0 pm vs 185.5 um) (p=0.04) and ganglion
cell layer thickness (median value; 60.0 pm vs 49.0 um) (p=0.02) were significantly thicker when
compared to rod-non-responders.

Upon consideration of the disease stage (as illustrated in Table 3 and Figure 3D), it was observed
that individuals exhibiting rod responsiveness were predominant in the earlier stages of the disease
(P=0.0001). Notably, all patients in stage II (comprising 9 individuals) and 80% of patients in stage III
(12 out of 15) demonstrated rod responsiveness.

Conversely, only 18% (2 out of 11) of patients in stage IV displayed rod responsiveness. It is
noteworthy that within stage V, the sole patient who responded to treatment (rod-responder)
presented with a central type of RP. Interestingly, she exhibited autosomal recessive RP, whereas two
brothers who shared the same genetic condition presented with a peripheral phenotype.

Interestingly there was a negative correlation between the duration of night blindness and rod
responsiveness (Table 3 and Figure 3E). The rod responders were found to have a significantly shorter
median duration of night blindness compared to non-responders (median value; 10.0 yrs. vs 21.0 yrs.)
(p=0.003). The majority of patients (81.3%) (13 out of 18) who experienced night blindness for 10 years
or less were found to be rod responders. In contrast, only 28.57% (4 out of 14) and 10% (1 out of 10)
of patients with 10-20 and > 20 years of night blindness were found to be rod responders. (Figure 3E)

On the other hand, correlation was performed between LLQ-10 score in the whole cohort at 6
months after treatment; and the characteristics of participants at baseline. The correlation coefficient
[r] showed that LLQ-10 score at 6 months is significantly correlated with the stage of the disease (r =
-0.717; p=0.0001), ganglion cell layer thickness (r=0.45; p=0.006), BCVA (r= 0.388; p=0.016), contrast
sensitivity (r=0.534; p=0.001), age (r=0.525; p=0.001), and duration of night blindness (r=0.517;
p=0.001). Multivariate logistic regression was performed to study the factors that independently
predict rod responsiveness and control for confounding factors including age, duration of night
blindness, stage of the disease, central macula thickness, and ganglion cell layer thickness. The rod
responsiveness was statistically significantly predicted by the duration of the night blindness
(p=0.047), stage of the disease (p=0.05), and ganglion cell layer thickness (p=0.03).

When the BCVA is considered, the data from the right eye is only analyzed. The mean as well
as the median values of BCVA of the right eye of the whole cohort were significantly improved at all
post-treatment visits when compared to baseline (Table 4). The median value of BCVA was improved
from 0.50 log Mar unit at the baseline to 0.26 Log Mar unit (p=0.0001) at one month; 0.3 Log Mar unit
(p=0.0001) at 6 months; 0.3 Log Mar unit (p=0.006) at 12 months and to a value of 0.32 log Mar unit
(p=0.03) at 24 months after treatment (Table 4 and Figure 3B).

At 6 months’ visit, 42.5% of the right eyes of the whole cohort demonstrated a clinically
significant improvement of BCVA (improvement of >0.2 logMAR unit). Such improvement was
demonstrated in 50% of the right eyes of rod responders compared to 31.3 % of the right eyes of rod-
non-responders. This difference, however, was not statistically significant. (Figure 3F).

Upon consideration of the change over time in BCVA of the right eye for both rod responders
and rod-non-responders starting from baseline, up to 24 months, using the Friedman test for related
samples, the results were significant for the rod responders (p= 0.003) and rod-non- responders
(p=0.04).

As regards to the effect of neuromodulation on contrast sensitivity, the data from the right eye
was only analyzed. The mean, as well as median values of contrast sensitivity of the right eye of the
whole cohort, were significantly improved at all post-treatment visits when compared to baseline.
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(Table 4). The median value of contrast sensitivity was improved from 0.18 Log units at the baseline;
to 0.75 log units (p=0.0001) at 1 month; 0.70 log units (p=0.0001) at 6 months; 0.9 log units (p=0.003) at
12 months and to a value of 0.9 log unit (P=0.02) at 24 months after treatment (Table 4 and Figure 3C).

Table 4. Visual functions at various post-treatment intervals .

Baseline 1 month 6 months 12 months 24 months
LLQ-10 score (Whole Cohort):
(Mean + SD) 23.1+13.0 55.1+28.6 528+272 529+274 56.5+28.0
P value (p=0.0001)  (p=0.0001)  (p=0.0001) (p=0.0001)
Median Value 21.3 55.1 52.5 52.5 55.5
(median; 25, 75%) (12.5344) (37.585.00 (37.585.0) (30.6,82.5) (32.5,85.0)
P value (p=0.0001) (p=0.0001) (p=0.0001) (p=0.001)
LLQ-10 score (Rod Responders):
(Mean + SD) (23.6 £11.6) (73.5+16.6) (70.0+16.2) (69.7+20.5) (68.9+23.7)
P value (p=0.0001)  (p=0.0001) (p=0.0001) (p=0.0001)
Median Value 22.5 77.5 66.3 70.0 70.0
(median; 25%, 75%) (15.0,34.4) (57.5,89.4) (53.8,86.9) (52.5,86.9) (54.0,90.0.0)
P value (p=0.0001)  (p=0.0001) (p=0.001) (p=0.002)
BCVA (Whole Cohort, RE) (Log Mar)
(Mean + SD) 0544035 0.33+0.29 0.36+0.30 0404034 0.37+0.29
P value (p=0.0001) (p=0.0001) (p=0.013) (p=0.03)
Median Value 0.50 0.26 0.3 0.3 0.32
(median; 25, 75%) (0.02,0.80) (0.03,0.52) (0.04,0.6) (0.16,0.6) (0.12,0.57)
P value (p=0.0001)  (p=0.0001)  (p=0.006) (P=0.03)
Contrast Sensitivity (whole cohort RE)
(Mean + SD) (0.43+0.48) (0.71+0.51) (0.65+0.53) (0.71+0.55) (0.70 +0.53)
P value (p=0.0001)  (p=0.0001) (p=0.002) (p=0.02)
Median Value 0.18 0.75 0.7 0.9 0.9
(median; 25%, 75t) (0.0,09) (0.21,1.25) (0.03,1.25) (0.0,1.25) (0.0, 1.22)
P value (p=0.0001)  (p=0.0001)  (p=0.003) (p=0.02)

The median value as well as the mean value + SD (standard deviation) of different visual functions (low
luminance vision, best corrected visual acuity, and contrast sensitivity) at baseline and at 1,6,12 and 24 months
after treatment. LLQ-10 (low luminance questionnaire 10. RE; right eye.

At 6-month visit, 37.5% of the right eyes of the whole cohort demonstrated a clinically significant
improvement of contrast sensitivity (improvement of 20.3 log unit). Additionally, there was a
statistically significant difference in the proportion of right eyes that showed a clinically significant
improvement of contrast sensitivity among the rod responders compared to that of rod-non-
responders (p <0.03). 50.0% of the eyes of rod responders and 18.8% of the eyes of rod-non-responders
had a clinically significant improvement in contrast sensitivity (Figure 3F)

On considering the change over time in contrast sensitivity of the right eye for both, rod
responders and rod-non-responders starting from baseline, up to 24 months, using the Friedman test
for related samples, the results were significant for the rod responders (p= 0.002) and rod-non-
responders (p=0.008).

We also analyzed the therapeutic effects of ocular neuromodulation on the right and left eye
separately by considering the change of BCVA and contrast sensitivity over time starting from
baseline, up to 24 months, using the Friedman test for related samples. The results were significant
for the right eye (p=0.0001), as well as for the left eye (p=0.0001) when the BCVA was considered.
Furthermore, a similar result was also found when contrast sensitivity in the right and left eye was
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analyzed (the right (p=0.0001), and left eye (p=0.0001). This indicates that ocular neuromodulation
significantly improves BCVA and contrast sensitivity in both eyes in a simultaneous fashion.

A Low Luminance Vision B 0 BCVA: Median Value C Contrast Sensitivity
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Figure 3. Ocular Neuromodulation: Changes in visual functions and predictors for rod responders in
study participants: (A) Median value of LLQ-10 score among the whole cohort (grey line), rod-
responders (blue line), and rod-non-responders (red line) at baseline and post-treatment visits. (B)
The median value of best corrected visual acuity (BCVA) (LogMAR unit) in the right eye among the
whole cohort at baseline and post-treatment visits. (C) The median value of contrast sensitivity (Log
unit) in the right eye among the whole cohort at baseline and post-treatment visits. In (A), (B), and
(C) figures; * (* p< 0.05); statistically significant differences in the median value of ILQ-10 score, BCVA,
and contrast sensitivity at different post-treatment visits compared to baseline respectively (D)
Proportion (%) of rod responders (Blue bar) and rod-non-responders (red bar) among participants at
different bassline stages of the disease. The percentage (%) of rod responders and rod- non-responders
are included in the graph. Individuals exhibiting rod responsiveness were predominant in the earlier
stages of the disease (P=0.0001). (E) Proportion (%) of rod responders (blue bar) and rod-non-
responders (red bar) among participants with different durations of night blindness at baseline. The
percentage of rod responders and rod-non-responders is included in the graph. The rod responders
were found to have a significantly shorter median duration of night blindness compared to rod-non-
responders (10.0 yrs. vs 21.0 yrs.) (p=0.003). (E) Proportion (%) of right eyes of rod responders (blue
bare) versus rod-non-responders of the whole cohort that showed a clinically significant
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improvement of BCVA (improvement of 0.2 logMAR) and contrast sensitivity (improvement of >0.3
log unit) (* p< 0.05), N.S; Not significant).

Clinically significant regression was noticed in 6 (11.8%) patients 6-12 months after the
treatment. At 24 months’ visit, 20 out of 22 participants (91%) showed signs of visual regression that
justified re-treatment. No serious adverse effects were reported and headache in 5 patients was the
only encountered side effect in this study.

5. Discussion

The current study reported a successful use of ocular neuromodulation as a novel treatment for
RP that was previously considered incurable. It has led to clinically meaningful and statistically
significant improvements in visual functions including navigation under low illumination
conditions, BCVA, and contrast sensitivity. We have identified patient characteristics that may
predict a positive response to treatment. These include younger age, early stage of the disease, and
short duration of night blindness at baseline. Additionally, central retinal thickness and ganglion cell
layer thickness at baseline, SD-OCT biomarkers, were associated with rod responsiveness.

In this study, we found that the most robust improvement in visual function for the subjects
with early stages of the disease was night vision as measured by LLQ-10. The process of rod cell
apoptosis occurs over years [63], suggesting that there was a much wider window of opportunity for
applying ocular neuromodulation for the early rod-related stage of RP. Recovery of night vision was
likely to be related to the reactivation of dormant/starving rods via enhanced oxygen and glucose
delivery and shunting metabolites toward aerobic glucose metabolism [64]. A recent study has
demonstrated a protective effect of restored glucose transport to mutant rods in RP [65].

In RP, reduced dysregulated ocular blood flow[2,5,6,10], decreased choroidal vascularity index
[7-9]. progressive retinal vessel attenuation [55,56] and reduction of vessel density, along with
alteration of the foveal avascular zone have been reported in several studies [55,66]. Early
development of the annular scotoma was noticed at the mid-periphery opposite the choroidal
watershed zone between the anterior and posterior ciliary arteries [67]. Clinically, it is well known
that watershed zones play an important role in the development of ischemic lesions in the involved
tissue. Therefore, from the foregoing description, it is evident that the rods that lie opposite the
equatorial watershed zones of the choroid are more susceptible to ischemic insult and energy failure.
This predilection for atrophy in mid peripheral area with high rod density supports the notion that
rod photoreceptor damage is primarily of vascular origin. Nevertheless, the unmet oxygen and
glucose requirements of mutant rods might be triggering factors for the disease process in RP.

BCVA and contrast sensitivity were not the primary outcome measures of this rod-mediated
disease. Nevertheless, the visual acuity and contrast sensitivity were significantly improved in the
whole cohort. (Figure 3B,C). This improvement was maintained for months and years after treatment
before the occurrence of regression which was seen earlier and more frequent in rod-non-responders.
We propose that the reversal of cone dormancy via modulation of ocular blood flow might increase
the density of functioning cones in the fovea and decrease intercone spacing thereby improving
visual acuity and contrast sensitivity. Restoration of glucose delivery to starving cones was found
effective in the reversal of the state of dormancy in these photoreceptors [64,68]

Several lines of evidence indicate that altered blood flow regulation may contribute to the
pathogenesis of RP [15]. Recent data support the hypothesis that the endothelin system is involved
in the processes that lead to vascular dysregulation and neuroinflammation in RP [69]. The
endothelin (ET) system encompasses three active peptides, endothelin 1 (ET-1), endothelin 2 (ET-2)
and endothelin 3 (ET-3) and two G protein-coupled receptors (ETa and ETs[70]. ETa receptors are
present in vascular smooth muscle cells and mediate endothelin-induced vasoconstriction [70].
Because of its potent vasoconstrictor effects, ET-1 and ET-2 has been hypothesized to play a role in
the ocular vascular dysregulation in RP. Furthermore, there is increasing evidence that endothelin
system is up regulated by cigarette smoking [71], and exposure to light [69,72,73]. In particular,
several lines of evidence indicate that cigarette smoking [74] and exposure to light [69,72,73]
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contribute to the progression of the disease. Endothelin receptor antagonists have been investigated
in RP experimental model to inhibit harmful effects of the peptide. These drugs have shown favorable
effects in animal studies [69,72,75], but clinical trials with endothelin receptor antagonists have not
been as successful as anticipated [76]. Established complexes between ET-1 and ETa have a half-life
of <77 hours. [77]. Because of this tight binding of ET-1 on ETa, functional capacity of endothelin
receptor antagonists was found to be greatly reduced [78,79]. Interestingly, the long-lasting
vasoconstrictor effects of Endothelin 1 can be terminated by exogenous or endogenously expressed
calcitonin gene related peptide. [80]. Then overexpression of calcitonin gene related peptide via ONS
may represent a novel strategy to treat endothelin 1-associated vasoconstriction and ocular vascular
dysregulation

In normal retinas, the action of various proangiogenic factors is in balance with the action of
endogenous antiangiogenic factors. There is considerable evidence that vascular endothelial growth
factor A (VEGF A) is a prime regulator of angiogenesis [81]. In patients with RP, the concentration of
VEGF-A in aqueous humor is lower than in non-RP subjects [82] and its level decreases with disease
progression [15]. By attempting to redress this imbalance, it might be possible to normalize retinal
vessels. One validated mechanism of vascular normalization is enhancement of VEGF signaling. The
angiogenic effect of indirect activation of the vagus nerve [83,84] via its neuronal connection with
ophthalmic neve might play a role [85]. Furthermore, sensory neurons of the ophthalmic nerve might
also promote angiogenesis of the retina via SP signaling in response to antidromic ONS [86]. SP can
induce enhancement of migration, proliferation, and differentiation of endothelial cells, [87] and
recruitment of circulating angiogenic cells and endogenous stem cells to the injury site [26,88]. We
thus hypothesized that ONS promoted angiogenesis of the retina by increasing both VEGF and SP
levels. Our primary impression indicated that the appearance of a normalized vascular phenotype of
the retina (Figure 4) can only be achieved when ocular neuromodulation is applied at the earliest
possible time before irreversible vascular remodeling of the retina occurs (vascular normalization
window).

Neuroinflammation is a key component of neurodegenerative processes affecting the retina and
thus constitutes a promising target for the treatment of RP [89]. The specific molecular anti-
inflammatory events that occur in the retina as a result of ocular neuromodulation therapy remain to
be established. One possible explanation for reduction in retinal inflammation is improved ocular
hemodynamics which results in attenuation of retinal hypoxia and ischemia at the cellular level [90].
Significant reductions of TNF-a and IL-6 levels in response to ONS have also been reported [90].
Additionally, the anti-inflammatory effect of the indirect activation of the vagus nerve via its
neuronal connection with ophthalmic neve could not be ruled out [85,91]. On the other hand,
neuroinflammation of the retina and subsequent cone damage is mediated at least in part by
oxidative stress [36,92]. AA is highly concentrated in the retina [41,42]. Supraphysiological doses of
ascorbate have anti-inflammatory effects; hence it is an extremely effective antioxidant and plays a
central role in the regulation of intracellular redox state. AA also has sympatholytic effects and is
efficient in improving endothelium-dependent vasodilatation by restoring nitric oxide activity [93].
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Figure 4. OCT Angio of OD and OS of a six-year-old boy with stage II RP at baseline (pre-treatment)
and 26 months (post-treatment) after ocular neuromodulation therapy. The vascular density
increased significantly at the para-foveal region at the level of superficial and deep capillary plexus
in both eyes. The foveal avascular zone gets smaller after treatment. Yellow arrows indicate the site
of non-perfused/drop out of capillaries at the level of the superficial and deep retinal plexus before
treatment.

On the other hand, microglial activation is an important pathologic hallmark of RP [94]. During
the rapid rods degenerative phase in the RP experimental model, microglial cells switch from an
alternative or anti-inflammatory and neuroprotective profile (M2) to a classic or proinflammatory
and neurotoxic profile (M1) [95]. Microglia proliferate and infiltrate the photoreceptor layer and
subretinal space, where they function as reactive phagocytes, phagocytose dead and stressed
photoreceptors, secrete proinflammatory cytokines (e.g., TNFa and IL-1(3), and chemokine, and
recruit infiltrating immune cells [96,97]. Due to the mutant genetic background, however, microglial
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activation persists, and the continuous production of inflammatory and cytotoxic factors exacerbates
photoreceptor loss until the late stage, at which point photoreceptors mostly die and the retinal
structure is severely damaged [98]. Therapeutic regulation of the M1/M2 balance may represent a
new therapeutic option for the treatment of neuroinflammation in RP regardless of genetic mutation.
SP has been demonstrated to suppress inflammation in different experimental settings by promoting
M2 polarization [32,99,100]. Then up-regulation of SP in the outer retina via ONS could offer anti-
inflammatory effects directly by M2 polarization on the degenerating retina, or indirectly via
recruitment of mesenchymal stem cells which has been shown to promote M2 polarization and
inhibit M1 polarization both in vivo and in vitro studies [101]

Previous clinical studies have evaluated the effect of electrical stimulation on RP [102-104].
These studies have made use of a range of electrical stimulation settings, as well as several stimulation
sites including transcorneal, transdermal, and transorbital electrical stimulation but with limited
improvement of vision [102-104]. This is probably related to poor spatial resolution of electrical
stimuli, the site of stimulation, and the late timing of intervention. On the other hand, vibrotactile
ONS is emerging as an exciting and potentially more advantageous alternative to traditional electrical
stimulation. In the present study, vibrochemical ONS has proved to be safe, and effective and it might
provide a long-lasting method for modification of the neural circuit of the ocular circulation via
external stimulation. Vibrotactile/ Vibro-chemical ONS has the potential of up-regulation of ocular
parasympathetic system and trigeminovascular system [17,61,62]. It can selectively activate
SP/CGRP-containing afferents fibers of the ophthalmic nerve.

TRPMS is found in a subset of unmyelinated (C-type) afferents fibers of the trigeminal ganglion
[105]. TRPMS nerve fibers were observed throughout the sub-epithelium of human nasal mucosa
with profuse fibers surrounding blood vessels [106]. Co-localization of SP, and TRPMS in the slowly
adapting nociceptive C fibers and mechanoreceptor Ad fibers of ophthalmic nerve provide an ideal
opportunity for selective activation of SP containing neurons. This was achieved by using mechanical
stimulation and chemical stimulation via TRPMS8 agonist (menthol) [107]. Overexpression of SP in
response to ONS may have both neuroprotective and neuro-regenerative effects upon the
photoreceptors and other retinal cells via a wide range of effects. These include augmentation of
ocular blood flow [16,17,24], retinal pigment epithelium proliferation [108], prevention of apoptosis
[29], induction of regeneration by the recruitment of endogenous stem cells [26] and suppression of
neuroinflammation [31,32,99-101].

Intranasal pathway as a site for vibrochemical ONS has many advantages which include the
presence of plenty of mechanoreceptors and chemoreceptors distributed in a specific manner in the
nasal mucosa as shown by electrophysiological studies [109]. The nasal vestibule is innervated by the
anterior ethmoid nerve, a branch of the nasociliary nerve that contains major vasodilatory
innervation [19,20], with higher amounts of vasoactive neuropeptides, such as SP and calcitonin
gene-related peptide [21,110]. Moreover, 72% of anterior ethmoid nerve is composed of unmyelinated
C fibers, and 72% of anterior ethmoid nerve myelinated fibers are of mechanoreceptor Ad fibers [111].
Administration of vibrochemical stimulation intra- nasally is ideal as it is located closer to the all-
important targets to be stimulated. This includes the anterior ethmoid nerve, sphenopalatine
ganglion, and mid-brain area where much of the autonomic functions lie.

The stimulation parameters, site of stimulation, duration, and schedule of the neurostimulation
used for the treatment of RP were variable. A 30-minute session of nerve stimulation is a common
feature among a number of studies including the present study [102-104,112,113]. The frequency of
sessions varied from one session daily [112], one session weekly [113], or one session every two
weeks’ sessions [103] for periods that might extend up to 52 weeks. In the present study, daily
sessions of ONS for two consecutive weeks have been employed.

Identification of stimulation parameters and paradigms that yield maximal visual recovery is an
important step in the translation of ONS-based ocular blood flow modulation and SP/CGRP
expression for the treatment of RP. The potential of selective activation of SP/CGRP-loaded
trigeminovascular system via stimulation of branches nasociliary nerve, one of the main divisions of
the ophthalmic nerve has been demonstrated in a number of pre-clinical studies [19,20,25].
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Furthermore, Hiraba et al have utilized vibrotactile stimulation settings of 89 Hz frequency and 1.9
pum amplitude for selective activation of the parasympathetic system [62], which in turn leads to
vasodilatation and increased ocular blood flow [22,23]. Considering the heterogeneity of RP patient
characteristics as well as the stage of the disease, it is possible that some subgroups may be more
responsive to one set of stimulation settings than others. Nevertheless, the current study utilized a
standard, non-individualized set of stimulation parameters and observed significant improvement
in visual functions in most patients. This supports the notion that a relatively wide effective
therapeutic range exists and individual variability is unlikely to preclude benefits. Regardless of the
underlying mechanism, the differential responses to stimulation parameters highlight the utility of
optimizing stimulation parameters to yield the greatest response. Further studies in the future are
needed to explore the influence of timing, the stimulus parameters, and the bioavailability of
expressed SP on the treatment efficacy. The manipulation of stimulation parameters alone or
combined with inhibition of SP degradation may be required to optimize efficacy for clinical
implementation.

The ocular neuromodulation protocol has the potential to induce glutamate-mediated neural
plasticity and permanent changes in the targeted neural circuit, such as intra-retinal neural circuits
and the trigeminovascular circuits of the eye. Glutamate is the main excitatory neurotransmitter in
the retina [114]. It has been also implicated in retrograde signaling [115].

During the early stages of retinal degeneration, decreased glutamate release from rod
photoreceptors prompts the breakdown of synaptic structures, dendritic sprouting, ectopic contact
formation, and gliosis in downstream neurons, ultimately compromising the retinal circuit [116,117].
However, rod reactivation through gene therapy in a mouse model of retinal degeneration not only
reinstates rod function along with glutamate release but also reverses retinal remodeling, inducing
synaptogenesis and restoring visual signaling in the adult retina [118].

Enhancing endogenous glutamate release therapeutically could effectively stimulate the retina
along established visual pathways, potentially offering more naturalistic vision management for RP.
This enhancement may contribute to the rapid improvement in visual functions observed following
ocular neuromodulation therapy. In contrast, non-selective electrical stimulation via retinal
prosthesis simultaneously excites both the OFF and ON pathways in the inner nuclear layer,
necessitating prolonged rehabilitation [119]. While gene therapy has shown success in restoring some
visual function by repairing defective rod photoreceptors, limited success has been noted in adults,
with continued retinal degeneration observed in some patients [120].

On the other hand, the neuromodulatory effects of ocular neuromodulation therapy on rod and
cone functions appear to be long-lasting in both children and adults, likely due to the recovery of
photoreceptor function and glutamate-mediated synaptogenesis. It's worth noting that ocular
neuromodulation therapy may exert a dual action in restoring retinal glutamate levels, through
glutamate released by recovered photoreceptors and the spillover of choroidal glutamate produced
by retrograde ONS. The restoration of extracellular glutamate levels in the retina can prompt the
modulation of existing neuronal circuitry and the secondary formation of new permanent neuronal
connections in both the retina and the visual pathway. Thus, the term “neuronal plasticity”, which
traditionally refers to long-lasting changes in neuronal structure and function, would be applicable

Defining the neuromodulation therapy intervention points is essential to developing effective
treatments that both restore and maintain vision. In this study, we addressed the question of how
different stages of the disease, respond to therapeutic intervention. We showed that intervention at
early stage of the disease (stage II and Stage III) or within 10 years of night blindness, the treatment
can significantly restore night vision. Interestingly, the onset of therapeutic effects appeared within
days after treatment, while the peak of its action took 2 weeks to reach, suggesting that some rewiring
and/or circuit stabilization were developed after ocular neuromodulation. Following late
intervention, almost no scotopic vision can be restored. Accordingly, two therapeutic scenarios of
ocular neuromodulation have been recognized; an early disease-modifying intervention that might
prevent or reverse the disease process and a late cone rescue intervention that aims to
improve/maintain central vision (Figure 5).
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Figure 5. Photoreceptors degeneration and the effect of ocular neuromodulation therapy on the
course of the disease. (A) The natural course of rods (black line) and cones (white line) degeneration
in RP. The blue arrow indicates the time of initiation of ocular neuromodulation. (B) and (C) ocular
neuromodulation therapy initiated at the early rod degeneration phase (stage I and II) respectively.
The green line represents an early disease-modifying effect of ocular neuromodulation therapy to
reverse the disease process via restoration of the function of dormant rods. (D) ocular
neuromodulation therapy initiated at the transitional phase (stage III). The green line represents the
anticipated modified course of rod and cone photoreceptors. In (E), and (F), the interrupted green line
represents a cone rescue strategy wherein ocular neuromodulation therapy is initiated at stages,
IV and V respectively (Late cone degeneration phase of RP).

The maximum net benefit of the early disease-modifying intervention is anticipated when ocular
neuromodulation is applied at the earliest possible timeframe. The affected individuals benefit from
the intervention before any significant loss to rods, which contain rod-derived cone viability factor,
an essential factor for cone survival [121]. Importantly, intervention at the early stages of the disease
not only results in better scotopic and central vision but also produces a relatively long-lasting
improvement in visual functions. The duration of action of ocular neuromodulation therapy was
maintained up to 24 months in rod responders (Figure 3A-C). Nevertheless, the long-term follow-up
indicated that ocular neuromodulation would lose some of its efficacy at some point. Therefore,
follow-up and re-treatment are mandatory to achieve efficacy, such that the visual improvements are
maintained and effects do not diminish over time. Based on our clinical observation, the durability
of treatment varies among patients with different stages of the disease. Retreatment is anticipated to
be necessary after six months for patients in stages IV or V, after 12 months for those in stage III, and
after 18 months for patients in stage II. However, no data is available regarding the need for
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retreatment in stage 0 and stage L. It is interesting to note that re-treatment courses of ocular
neuromodulation appear to be effective in restoring vision achieved by the primary treatment.

The ocular neuromodulation is emerging as a universal non-invasive therapeutic strategy for RP
regardless the genetic background. It significantly improved night vision in the whole cohort by
29.6% at 6 months after treatment. Moreover, a clinically significant improvement in the BCVA and
contrast sensitivity was also noticed. Unlike ocular neuromodulation, the recently developed
Luxturna gene therapy is an invasive procedure that needs vitrectomy and a delicate maneuver for
subretinal injection. At 6 and 12 months after surgery, the treated patients showed no improvement
in the BCVA or contrast sensitivity. The mean value of scotopic vision, however, was significantly
improved by 22.5% as judged by the multi-luminance mobility test [3]. Nevertheless, vision
improvement under low luminance is almost equal in both therapeutic strategies. This comparison,
however, is not valid as the severity of the disease, genotype and the proportion of pediatric
participants are different in the two studies. Additionally, the multi-luminance mobility test was
designed to evaluate the mobility of individuals under an artificial environment, whereas the LLQ-
10, subjectively evaluates different aspects of daily life, under low luminance from RP patient’s
perspectives. Nevertheless, in future studies, both subjective and objective methods should be
utilized to appropriately measure the therapeutic effects of novel treatments on low-luminance vision
in patients with RP.

The LLQ-10-based metrics are short, quick, accessible, and affordable tools for assessing the
therapeutic response to ocular neuromodulation. LLQ-10 score effectively categorizes patients into
two groups: those who respond well to treatment (high score) and those who don't (low score). This
differentiation remains consistent over time, indicating the ILQ-10's reliability for tracking changes
in patients' responses. The clinical validity of LLQ-10 is further supported by correlations between
LLQ-10 scores at 6 months’ post-treatment and baseline participant characteristics. These correlations
demonstrate significant associations between LLQ-10 scores and the stage of the disease, duration of
night blindness, age of participant, ganglion cell layer thickness, central macular thickness, best-
corrected visual acuity, and contrast sensitivity.

Luxturna gene for RP is formulated as a potential single-dose therapeutic intervention, offering
a distinctive advantage over ocular neuromodulation, which necessitates multiple treatment
sessions. In the context of ocular neuromodulation, both eyes are treated simultaneously, allowing
patients to promptly resume their regular activities after the daily session. Conversely, gene therapy
entails one surgery for each eye, 1 week apart. The inherent invasiveness of the procedure contributes
to an extended recovery period, including the necessary adjustments in head posture and post-
operative care.

In terms of safety, no ocular complications have been reported after the use of ocular
neuromodulation, and systemic complications are so far restricted to headaches. In stark contrast,
gene therapy introduces the potential for serious post-surgical complications, including
endophthalmitis, retinal detachment, elevated intraocular pressure, cataracts, and inflammation,
necessitating perioperative systemic steroid therapy. Additionally, late-onset chorio-retinal peri
foveal retinal atrophy may manifest in certain instances [122], underscoring the safety profile of
ocular neuromodulation as a comparatively secure option.

Furthermore, the implementation of gene therapy demands specialized facilities, intricate
laboratory processes, and proficient medical practitioners, thereby restricting its accessibility to
specific medical centers. Significantly, the exorbitant cost associated with gene therapy, amounting
to USD 850,000 for the treatment of both eyes, further constrains its widespread adoption. In contrast,
ocular neuromodulation requires less infrastructure and resources, rendering it a more affordable
and accessible choice for a larger population worldwide.

This study is subject to three primary limitations. Firstly, the absence of a control group poses
challenges in making valid comparisons within the treatment group. While placebo-controlled
designs offer a robust framework for such comparisons, they often necessitate large sample sizes to
detect subtle effects, particularly in conditions like RP where the desired effect size may be small.
Alternatively, single-arm trials may be considered, especially in scenarios where the patient pool is
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limited. Single-arm trials are best utilized when the natural history of the disease is well understood
and the spontaneous improvement in participants or long-lasting placebo effects are minimal or
nonexistent [123]. Furthermore, the exposure of controls to intravenous placebo treatment and
intranasal/extranasal false ONS for 30 minutes for a couple of weeks may raise ethical concerns. It is
plausible that placebo mechanisms may contribute to short-term, but not long-term improvement of
BCVA and contrast sensitivity in a disease with progressive course. Additionally, sustained
enhancements in night vision among early-stage RP patients suggest otherwise. Nevertheless, this is
a long-term, open-labeled single-armed intervention, and was intended to be an exploratory one. In
the future, a proper control group should be considered in a multicenter double-blind prospective
study.

Secondly, the utilization of LLQ-10 in the pediatric population introduces limitations. While the
components of LLQ-10 were carefully selected to assess outcomes across both adult and pediatric
cohorts with parental assistance, the inclusion of only a small number of pediatric patients,
particularly those under 10 years old (4 patients), raises concern about the generalizability of the
findings. Nevertheless, LLQ-10 demonstrates validity in stratifying patients into rod responders and
rod-non-responders based on the stage of the disease, and structural measures, such as central retinal
thickness and ganglion cell layer thickness, and are instrumental in tracking the longitudinal changes
in scotopic vision, albeit the necessity of combining subjective and objective methods for
comprehensive assessment in future studies.

Thirdly, the absence of electroretinography (ERG) as a diagnostic tool before patient recruitment
is a notable limitation. ERG plays a crucial role in RP diagnosis, particularly in detecting preclinical
stages and differentiating advanced stages of RP from other retinal pathologies. In this study, the
diagnosis of RP was based on clinical history (night blindness and constricted visual field), nutritional
background, the family tree of inherited cases, the presence of classical signs of RP in fundus
examination, and established diagnostic criteria and corroborative evidence including ERG results
from other clinical centers. The exclusion of preclinical cases and atypical RP presentations or (RP
masquerades) [46] was also undertaken. Thenappan et al. emphasized that the integrity of a precise
clinical assessment remains indispensable for the diagnosis of both RP and RP masquerade
conditions[46]. Currently the genetic testing lacks utility as a screening tool for inherited retinal
diseases, including RP [46]. Nevertheless, genetic testing is essential for evaluating the efficacy of
non-gene-based therapy for RP with different genetic mutations, and the lack of a defined genotype
is considered as another limitation in this study.

In conclusion, this study introduces vibrochemical ONS combined with ascorbate as a novel
noninvasive method for the treatment of RP, a disease that currently has no treatment. It
demonstrates the efficacy and safety of ocular neuromodulation as a universal treatment for different
types of RP irrespective of their genetic background. The neuroprotective effects of ocular
neuromodulation therapy are probably mediated by overexpression of SP/CGRP and modification
of the neural circuit of the ocular circulation.
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