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1. INTRODUCTION

Ocular pain has often been included as a component of dry eye (DE), a disease that 

affects 5-50% of the global population.1 As defined by the International Association 

for the Study of Pain (IASP), pain is “an unpleasant sensory and emotional experience 

associated with, or resembling that associated with, actual or potential tissue damage.”2 

Ocular pain is often characterized using descriptors such as “dryness,” “burning,” “aching,” 

and “throbbing,”3 and may have multiple contributors, including tear film instability, ocular 

surface inflammation, hyperosmolarity, neurosensory abnormalities, or a combination of 

these etiologies.4 These painful sensations can occur spontaneously or be triggered by wind, 

temperature, and light.5 Photophobia, or evoked pain to light, is a debilitating symptom 

which can severely impact an individual’s ability to carry out activities of daily living, even 

when wearing dark glasses.6 This may result in social impairment, unemployment, or school 

dropout.7 Given these significant stressors, an understanding of mechanisms that underlie 
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photophobia in individuals with chronic ocular pain is needed to develop new treatments and 

improve quality of life.

Tinted lenses are one approach used to reduce symptom severity in individuals with 

photophobia, particularly lenses that block 480nm wavelengths (e.g., FL-41 tinted lenses 

which are rose colored in tint). In one study of 37 individuals with chronic migraine, optical 

notch filter lenses that maximally blocked 480nm wavelengths were found to improve 

Headache Impact Test (HIT-6) and photophobia symptom scores over a two week period.8 

FL-41 lenses has also been used in individuals with photophobia associated with benign 

essential blepharospasm (BEB). Over a 2 week period, individuals with BEB reported 

improvements not only in photophobia (27%, n=8), but also in reading (31%, n=9) and 

blepharospasm frequency (27%, n=8) and severity (27%, n=8).9 These findings were 

replicated in a laboratory setting when 24 individuals with BEB were gradually exposed 

to increasing light intensity.10 After comparing seven different lens tints, 71% preferred 

FL-41 tinted lenses. Interestingly, a lens absorbing two ranges of wavelengths (<400nm and 

500-600nm) allowed participants to tolerate higher light intensity compared to FL-41 (2406 

vs. 1232 lux) but was not subjectively preferred. These data suggest that FL-41 tinted lenses 

are beneficial in individuals with photophobia across various conditions.

In addition to subjective measures of symptom severity, imaging tools such as functional 

magnetic resonance imaging (fMRI) have been used to objectively examine responses to 

light stimuli by using blood oxygen level dependent (BOLD) responses as an indirect 

measure of neural activity. We have studied neural mechanisms of photophobia in 

individuals with chronic ocular surface pain, and identified significantly greater light-evoked 

activation in pain-related areas within the trigeminal brainstem, primary somatosensory 

cortex (S1), anterior mid-cingulate cortex (aMCC), and insula in 8 cases compared to 8 

controls.11 Others have studied light responses in individuals with migraine. One study 

found that while 17 cases and 19 controls had brainstem activity within the superior 

colliculi and spinal trigeminal nucleus when exposed to a rotating checkerboard visual, 

chronic migraineurs had significantly greater activity when compared to healthy controls.12 

Other neuroimaging studies have demonstrated that the visual cortex and other areas of the 

cerebral cortex are more robustly activated by light in individuals with migraine compared to 

controls.13,14

Along with trigeminal pathway activation, fMRI studies have highlighted that other 

pathways, such as melanopsin associated circuitry may also contribute to light sensitivity. 

In a case study of a 39-year-old female with long-standing idiopathic photophobia, the 

presentation of a blue-white alternating checkerboard resulted in unpleasant sensations and 

activation in the bilateral pulvinar nuclei along with several other brain areas.15 When 

presented with an equally bright red-white alternating checkerboard, photophobia was 

not evoked. Collectively, this suggest that melanopsin pathways may have contributed to 

photophobia in this patient because 1) melanopsin containing intrinsically photosensitive 

retinal ganglion cells (ipRGC) respond to blue (and not red) light, 2) light activated the 

pulvinar nuclei, which receives input from ipRGCs16,17, and 3) and the patient reported that 

FL-41 tinted lenses managed her symptoms.
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Missing from the literature is an investigation of the effects of FL-41 tinted lenses on 

subjective and objective metrics of photophobic responses in individuals with chronic 

ocular pain. As such, in this study we focus on the impact of FL-41 tinted lenses on light-

evoked unpleasant sensations and neural circuity in individuals with chronic ocular pain, 

DE symptoms, and photophobia. This research is important as identifying brain regions 

associated with photophobia may facilitate the development of diagnostic tests and targeted 

treatments for individuals with this debilitating symptom.

2. METHODS

2.1 Standard Protocol Approvals, Registrations, and Patient Consents

The study was approved by the Miami Veterans Affairs (VA) and the University of Miami 

Institutional Review Boards (IRB approval #3011.08 and #20190340). The study was 

conducted in accordance with the principles of the Declaration of Helsinki and complied 

with the requirements of the United States Health Insurance Portability and Accountability 

Act. Written informed consent was obtained from all participants prior to any study 

activities.

2.2 Study Population

We recruited 25 subjects (8 females, 17 males, average age: 55.3±12.2 years old) who 

presented to the Miami VA eye clinic with chronic ocular pain (symptoms present ≥ 3 

months, average pain rating over 1-week recall ≥ 1 on a 0-10 numerical rating scale (NRS)), 

DE symptoms (Dry Eye Questionnaire–5 (DEQ-5) score > 6)18, and photophobia (Ocular 

Surface Disease Index (OSDI), question #1 ≥ 1 and/or Neuropathic Pain Symptom Inventory 

modified for the Eye (NPSI-Eye), question #9 ≥ 1).19,20 Data on demographics and 

comorbidities were collected. Subjects were excluded from participation if they had ocular 

diseases that could confound photophobia (e.g., glaucoma, use of glaucoma medication, 

uveitis, iris transillumination defects, retinal degeneration, anatomic abnormalities of the 

cornea, conjunctiva, or eyelids, etc.) as the pathophysiology of ocular pain and photophobia 

in these individuals is likely different than in the group we aimed to study. We also excluded 

individuals with contraindications to fMRI scanning (e.g., pregnancy, pacemaker, implanted 

metal device).

2.3 Questionnaires

Subjects were administered questionnaires to collect demographic and supporting health 

information. Individuals filled out standardized questionnaires regarding ocular symptoms, 

including the DEQ-5 (range 0-22)18, OSDI (range 0-100)19, NRS for average ocular pain 

intensity during the past week (range 0-10), and NPSI-Eye (range 0-100).20 Individuals 

also completed standardized questionnaires regarding depression symptoms (Patient Health 

Questionnaire-9, PHQ-9, range 0-27).21 24 individuals completed all questionnaires (one 

individual did not fill out the entire NPSI-Eye questionnaire form).

2.4 Ocular Surface Evaluation

Subjects underwent an ocular surface evaluation, including tear breakup time (TBUT) 

(measured in seconds, with lower values indicating tear instability), fluorescein corneal 
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staining (graded to the National Eye Institute (NEI) scale22 with higher values indicating 

a more irregular epithelium), and tear production using anesthetized Schirmer strips 

(measured in millimeters of wetting at 5 minutes, with lower values indicating less tear 

production). 24 individuals completed the ocular surface evaluation (one subject underwent 

fMRI scanning but not the ocular surface exam).

2.5 FL-41 Tinted Glasses Power Spectra and Transmittance

The FL-41 tinted glasses worn by each subject were manufactured by Axon Optics 

(Bountiful, Utah, USA) and were marketed for outdoor use. Power and transmittance spectra 

data were measured by the Ophthalmic Biophysics Center at Bascom Palmer Eye Institute 

(Figure 1).

2.6 fMRI Protocol

The fMRI protocol was adopted and modified from prior studies on photophobia using 

visual stimuli to evoke pain.23 fMRI acquisition and pre-processing steps for whole 

brain analysis are included in Supplemental Text 2. In a single session, all individuals 

underwent two fMRI scans using the same protocol, first without FL-41 tinted glasses 

then a subsequent one with FL-41 tinted glasses. Prior to fMRI scanning, patients were 

instilled with an artificial tear eyedrop (Refresh Plus Lubricant Eye Drops, Allergan, Dublin, 

Ireland) to each eye. They were then presented with intermittent bright light in a darkened 

environment during each fMRI scan. The presentation consisted of two visual conditions: 

a black screen rest condition, which featured a white fixation cross on a black background 

(~0.5 lux); and a white screen stimulus condition, which featured a black fixation cross 

on a white background (~65 lux). Subjects were presented with 16 episodes of sustained 

bright light (white screen), each lasting 6 seconds. To avoid anticipatory processes, the 

inter-stimulus interval (ISI) varied between 26 and 34 seconds in 2-second increments. The 

scanner environment was kept dark during the entire experiment, with only a projector 

providing intermittent brief illumination. Subjects were instructed to keep their eyes open 

and blink normally throughout the duration of each scan.

2.7 fMRI Screen Condition Ratings

At the end of each scan, subjects were asked to rate the level of unpleasantness in their 

eyes evoked by each screen condition (i.e., black or white screen). Unpleasantness was 

explained to the participants as “something you do not like, that does not feel good, or that is 

uncomfortable in some way.” Subjects rated unpleasantness via a verbal NRS ranging from 

0 (“not unpleasant at all”) to 100 (“the most unpleasant sensation imaginable”).

2.6 Statistical Analysis

Statistical analyses were performed using SPSS V.28.0 (SPSS, Chicago, Illinois, USA) 

statistical package. Paired t-tests were performed to detect mean differences in 1) black vs. 

white screen unpleasantness ratings in the no lens condition, 2) white screen unpleasantness 

ratings in the no lens vs. FL-41 glasses worn conditions, and 3) black screen unpleasantness 

ratings in the no lens vs. FL-41 worn conditions.
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Next, we split the population into two groups based on their subjective response to FL-41 

lenses. We defined responders as those who reported less unpleasantness to the white 

screen while wearing vs. not wearing the FL-41 lens while non-responders were defined 

as individuals whose unpleasantness rating increased or were not affected by FL-41 lenses. 

We then compared demographics, clinical factors, and tear parameters between the two 

groups, using independent t-tests or Chi-squared tests, as appropriate. fMRI findings were 

additionally compared between the two groups.

The statistical significance for whole brain group-level contrast analyses was set to a cluster-

level threshold of P<0.05. Significant clusters were identified by region, and parameter 

estimate values from each subject were extracted from significant voxels within each region. 

For pain-related regions of interest (primary (S1) and secondary (S2) somatosensory, insular, 

temporal pole, paracingulate, precuneus, and anterior cingulate cortices), the parameter 

estimates across all significant cluster-based voxels of a given region were averaged for 

each subject. Except where otherwise indicated, means are reported with standard deviation 

(M±SD).

3. RESULTS

3.1 Subjects

A total of 28 subjects were initially enrolled into the study. Two subjects were determined 

to be poor activators (no BOLD responses in the visual cortex during light stimulus without 

FL-41 lens) and one subject reported no unpleasantness (score=0) upon light stimulus 

without FL-41 lens. Thus, a total of 25 subjects were included in the present analyses. Table 

1 summarizes the demographics and co-morbidities for these participants while Table 2 

summarizes their ocular symptoms and signs.

3.2 Subjective Ratings During fMRI Scanning

In the no lens condition, unpleasantness ratings for the light stimulus (white screen) 

were significantly greater than for the rest condition (black screen) (52.5±32.7 vs. 

20.9±30.2, paired t-test t(24)=−5.45, p<0.00001). When wearing FL-41 lenses, light-evoked 

unpleasantness significantly decreased relative to the no lens condition (52.5±32.7 vs. 

39.7±33.6, paired t-test t(24)=2.21, p=0.04) (Figure 2). Unpleasantness during the rest 

condition was not significantly different when wearing FL-41 lenses compared to the no 

lens condition (20.9±30.2 vs. 20.9±24.6, paired t-test t(24)=0, p=1.0) (Figure 2). When 

separating subjects based on sex, males reported significantly lower unpleasantness scores 

to the light stimulus when wearing FL-41 lenses compared to females (26.0±29.3 vs. 

68.6±22.2, paired t-test t(24)=−4.04, p<0.001). Overall, 19 subjects reported decreased 

unpleasantness ratings when wearing FL-41 lenses, 2 reported equivalent ratings, and 4 

reported increased ratings to the light stimulus when compared to the no lens conditions 

(Figure 2).
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3.3 Light-Induced fMRI Activity in Subjects with Chronic Ocular Pain and Light Sensitivity 
With and Without FL-41 Tinted Lenses

Group analysis revealed functional differences in several brain structures when individuals 

with chronic ocular pain viewed a light stimulus (white screen) compared to the rest 

condition (black screen). Several brain regions showed significant BOLD responses to light 

stimuli in the no lens condition, including bilateral primary somatosensory (S1), bilateral 

secondary somatosensory (S2), bilateral insula, bilateral frontal pole, visual, precuneus, 

paracingulate, and anterior cingulate cortices (ACC) as well as cerebellar vermis, bilateral 

hemispheric lobule VI, bilateral crus I, and bilateral crus II (Figure 3A, No Lens). When 

wearing FL-41 lenses, significant BOLD responses to light stimulus were detected in the 

right trigeminal nucleus (SpV), visual, bilateral frontal pole, paracingulate, ACC, bilateral 

insula cortices, as well as bilateral cerebellar crus I, bilateral crus II, bilateral hemispheric 

lobule VI, and vermis (Figure 3B, FL-41). When statistically comparing activation with 

vs. without FL-41 lenses (Figure 3C, No FL-41>FL-41, and Figure 4), BOLD responses 

to light stimuli significantly decreased with FL-41 lenses in bilateral S1, bilateral S2, 

bilateral insular, right temporal pole, precuneus, ACC, and paracingulate cortices as well as 

bilateral cerebellar hemispheric lobule VI. In contrast, BOLD response to light stimuli was 

significantly increased with FL-41 lenses in the left angular gyrus, but not within regions 

associated with pain processing. Whole brain BOLD activity to light stimuli at the group 

level in the no lens, FL-41 lens, and contrast (no lens > FL-41 lens, FL-41 lens > no lens) 

conditions are found in Supplementary Table 1. In all regions, parameter estimates and 

unpleasantness ratings were not significantly correlated.

3.4 Clinical and fMRI Findings in FL-41 Lens Responders and Non-Responders

Subjects were divided into two groups based on their unpleasantness reports to 

the light stimulus in the FL-41 vs no lens conditions. Individuals who reported a 

decrease in unpleasantness scores to light with FL-41 lenses were considered responders 

(unpleasantness to white screen with FL-41 lenses: 32.6±31.7 vs. no lens: 55.5±33.8, n=19, 

paired t-test t(18)=−4.31, p=0.0002). Non-responders comprised subjects who reported 

either no change or increased unpleasantness scores to light with FL-41 lenses (FL-41 

lenses: 62.0±31.9 vs no lens: 42.8±29.4, n=6, paired t-test t(5)=2.13, p=0.04). No significant 

differences in demographics, co-morbidities, medication use, questionnaires, or tear film 

parameters were found between both groups.

When comparing BOLD responses between responders and non-responders, both groups 

showed a significant decrease in BOLD activity with FL-41 lens use in the right S1, right 

S2, right TP, and PCUN cortices (Figure 5 and Supplemental Figure 1). Several brain 

regions that were significantly decreased by FL-41 lens use in responders were not observed 

in non-responders, such as left S1, left S2, left TP, bilateral insula, ACC, and paracingulate 

cortices as well as bilateral cerebellar hemispheric lobule VI. Though a higher number of 

brain regions related to pain processing were modulated by FL-41 lenses in responders, no 

significant difference was detected in parameter estimate magnitude in overlapping brain 

regions between the two groups.
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When further investigating the non-responder subgroup (n=4), PTSD frequency was higher 

in individuals whose unpleasantness scores to light increased with FL-41 tinted glasses 

compared to participants who reported no change or improved unpleasantness scores (100% 

versus 33%, X2 (1, n=25), p=0.03). No other significant differences were noted between the 

groups, including with regards to clinical examination findings and brain activity.

4. DISCUSSION

In this study of 25 individuals with chronic ocular pain, DE symptoms, and photophobia, 

we found that as a group, light-evoked unpleasantness ratings decreased with FL-41 tinted 

lenses. However, substantial inter-subject variability was noted, with certain individuals 

demonstrating greater improvement than others. Additionally, we found that FL-41 

tinted lenses modulated light-evoked fMRI activity in brain regions associated with pain 

processing. When compared to the no lens condition, FL-41 lens use displayed significant 

reductions in light-evoked BOLD signals in bilateral S1, bilateral S2, bilateral insular, right 

temporal pole, precuneus, ACC, and paracingulate cortices as well as bilateral cerebellar 

hemispheric lobule VI, although the responses to light in pain processing regions of the 

brain were not completely eliminated.

Interestingly, we found that unpleasantness ratings were not correlated with change in 

BOLD activation while wearing FL-41 lenses. Similar findings have been noted in previous 

studies. In our prior studies using a similar fMRI protocol, pain/unpleasantness ratings after 

topical proparacaine placement and botulinum toxin-A (BoNT-A) injections did not relate to 

brain activity.11,24 Other studies have examined this question using thermal noxious stimuli 

with similar results.25 Intriguingly, the team that first suggested a relationship between 

pain ratings and FMRI activation26 published a more recent paper that contradicted their 

original findings.25 In 101 control subjects, the newer paper found no relationship between 

pain ratings evoked by a contact thermode and fMRI activation.25 Taken together, these 

findings suggesting that subjective pain assessments do not relate to the magnitude of brain 

activation.

4.1 Tinted Lenses Have Been Used as Treatment for Photophobia Related to Multiple 
Etiologies

In our study, 76% of patients with chronic ocular pain, DE symptoms, and photophobia 

reported clinically significant improvement in light-evoked unpleasantness ratings with 

FL-41 lens use. Prior reports have shown that tinted lenses improved photophobia symptoms 

in a variety of diseases including migraine, BEB, traumatic brain injury (TBI), and retinal 

disorders.10,27–30

Tinted lenses have been most robustly examined as a therapy in migraine. In a study of 20 

children with migraine, individuals were randomized to wear blue-tinted or FL-41 glasses 

for at least eight hours a day over a four month period.27 Children in both groups reported 

decreased photophobia and glare symptoms with tinted lenses between migraine episodes 

but reported that the lenses did not improve photosensitivity during a migraine attack. Tinted 

lenses have also improved photophobia symptoms in adults with migraine. In a laboratory 

study of eleven adults with migraine and photophobia, visual discomfort scores (range 0-10) 
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were recorded while viewing common migraine triggers through three lenses (individualized 

precision optical tint (POT) lenses that maximized visual comfort, grey lenses, and colored 

lenses (0.07 chromaticity difference from POT lenses).28 POT lenses were preferred by the 

group and reduced visual discomfort to a greater degree (70%) than colored (41%) and grey 

lenses (30%).

Other conditions found to benefit from tinted lenses include BEB, TBI, and retinal 

degeneration. Up to 80% of individuals with blepharospasm report that bright light 

exacerbates spasm.31 In a laboratory study that exposed 24 subjects with BEB to increasing 

light, 71% preferred FL-41 tinted lenses compared to 6 other chromatic tints.10 Similar 

findings were noted with respect to TBI. In a retrospective study of 62 individuals with 

mild TBI, 36% reported relief of photophobia with tinted lens use (further information on 

tint not specified).29 Other studies have found that blue tinted lenses were preferred in TBI. 

A study of 39 individuals with TBI exposed to a standard penlight found that blue tints 

reduced reported discomfort to the greatest degree (45%), followed by green (30%), red 

(27%), and purple (27%) tinted lenses.30 Finally, tinted contact lenses have been examined 

in individuals with retinal degeneration conditions such as achromatopsia or cone- and 

cone-rod dystrophy.32,33 In a retrospective case series, individuals with degenerative retinal 

diseases reported relief of photophobia immediately after placement of red-tinted contact 

lenses (n=23).32 This was also found over time in a prospective case series after wearing the 

red-tinted contact lenses for an average of 11 months (n=14).33 Taken together, these studies 

demonstrate that tinted lenses can improve photophobia symptoms stemming from a number 

of head and neck disorders, including chronic ocular pain.

4.2 Pathophysiological Mechanisms for Photophobia

Multiple light-evoked photophobia neural pathways have been described in both animal 

and human models. A pathway of particular interest in this study involves melanopsin, 

a photoactive pigment. Tinted lenses, including FL-41 lenses, have been shown to 

improve photophobia symptoms by preferentially blocking shorter wavelengths, particularly 

480nm. This wavelength maximally activates melanopsin, which underlies the function of 

intrinsically photosensitive retinal ganglion cells (ipRGCs), named for their ability to detect 

light independent of traditional rod and cone photoreceptors.34 Upon activation, ipRGCs 

send signals directly to the posterior thalamic nuclei, such as the pulvinar and lateral 

posterior nucleus, which are involved in pain processing.35 Prior studies have examined 

whether melanopsin pathways are involved in photophobia.35,36 Studies in neonatal mice 

(whose ipRGCs but not rods and cones are responsive from birth) have found that during 

stimulation with bright-blue light emitting diodes (LED) (Jameco 183222, 468 nm λmax, 

0.2 mW/cm2), mice displayed signs of photophobia and moved their bodies 180° away from 

the light source.36 The melanopsin pathway has also been implicated in photophobia in 

humans. In 20 blind individuals with chronic migraine (14 due to retinal rod and cone 

degeneration), individuals reported migraine exacerbation with light stimuli supporting 

activation of a non-image-forming pathway involving melanopsin.35 These findings support 

the notion that the ipRGC pathway is involved in photophobia and implicates melanopsin 

activity as a major component of light-evoked pain.
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Theoretically, reduced melanopsin activation should decrease ipRGC phototransduction and 

signaling to pain-related networks in the brain. However, in our study, we did not see a 

reduction in posterior thalamus activation while wearing FL-41 lenses vs no lens conditions. 

This could be an imaging resolution issue or may indicate that other pathways, beyond 

the ipRGC system, were more strongly impacted by FL-41 lens wear in our population. 

Additionally, the light intensity we used may have impacted our findings. However, prior 

studies have found that light levels as low as 1 lux and 90 lux can influence melanopsin 

and ipRGC activation and mediate circadian rhythm control and pupillary constriction, 

respectively. However, the ipRGC threshold needed to evoke photophobia is unknown.37,38 

Furthermore, melanopsin-containing cell populations have been found in the iris and cornea 

in animal models,39 and within neurons of the trigeminal ganglion in humans.40 Though 

controversial, photopigment found in these regions suggests that trigeminal activation 

may also be modulated by peripheral melanopsin-containing cell populations.39,40 In our 

study, reducing photoactivity in extraretinal melanopsin may have contributed to improved 

unpleasantness scores and reduced brain activation as FL-41 tinted glasses block 480nm 

light from reaching sites such as the iris and cornea as well as the retina.

The trigeminal nociceptive pathway is another neural circuit described in photophobia. 

In this circuit, signals originating from light-activated photoreceptors subsequently lead 

to parasympathetically-driven dilation of ocular blood vessels that are sensed by nearby 

trigeminal afferents.41 Through a chain of synapses, nociceptive signals are sent to the 

trigeminal nucleus caudalis (TNC), the posterior thalamus, and higher cortical centers. 

In the no lens condition of our study, we observed group level activation in a cortical 

center associated with this pathway (right S1), but not in the more proximal regions in the 

brainstem. However, with FL-41 lens use, significant group level light-evoked activation was 

observed in the SpV within the brainstem. Activation of the trigeminal nociceptive pathway 

with FL-41 lens wear was unexpected, especially as unpleasantness ratings to the light 

stimulus were decreased. As cutaneous allodynia is a common feature noted in individuals 

with chronic pain42, one explanation may be that this pattern of activation was due to 

allodynic periocular receptive fields making contact with the FL-41 frames.

4.3 Processing Beyond Trigeminal and Melanopsin Photophobia Neural Circuits

The sensation of pain is comprised of affective-motivational, sensory-discriminative, 

cognitive-evaluative, and pain-modulatory dimensions that are processed across 

intercommunicating brain regions.43 While the S2, insular, temporal pole, anterior cingulate, 

paracingulate cortices and cerebellar hemispheric lobule VI are more closely associated with 

the affective dimension of pain,44–47 the S1 cortex functions in the sensory-discriminative 

component of pain.46 In addition to processing the affective dimension of pain, lobule 

VI also functions in sensorimotor integration in response to pain.48 More recently, the 

precuneus cortex has been described to promote self-relevant information to consciousness, 

which highlights its role in pain processing as a salient sensory experience rather than a 

nociceptive one.49,50 In our study, FL-41 lens use was found to decrease brain region activity 

associated with multiple dimensions of pain processing, beyond melanopsin and trigeminal 

pathways. These findings highlight the global impact of FL-41 lens wear across different 

dimensions of pain processing evoked by light.

Reyes et al. Page 9

Am J Ophthalmol. Author manuscript; available in PMC 2024 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4.4 Comparing the Impact of Topical Anesthetic and FL-41 Tinted Glasses on 
Photophobia Symptoms and Neural Circuitry

We previously studied the impact of a short-term intervention (i.e. topical anesthetic) on a 

similar cohort of individuals with chronic ocular pain and photophobia (n=8) using fMRI.11 

Overall, a higher proportion of individuals reported decreased light sensitivity with FL-41 

lens compared to topical anesthetic (76% vs 50%). However, the overall intensity of light-

evoked pain reduction was similar between the two treatment modalities with a decrease of 

21% in the topical anesthesia group and 28% in the FL-41 tinted glasses group.

In examining the impact of topical anesthetic and FL-41 tinted lenses on light-evoked 

BOLD activity, some shared and some unique features were noted. Since topical anesthetic 

decreases pain signaling by targeting trigeminal peripheral nerve afferents in the cornea, 

the shared brain regions targeted by both proparacaine and FL-41 (anterior mid-cingulate 

and S1 cortices) may represent areas activated by corneal-mediated pain. The decreased 

activation of S1 and anterior cingulate cortices suggests that both topical anesthetic and 

FL-41 lenses may impact the sensory-discriminative (S1) and affective (anterior cingulate) 

dimensions of pain in individuals with photophobia. On the other hand, some brain regions 

(S2, insular, temporal pole, precuneus, and paracingulate cortices as well as cerebellar 

hemispheric lobule VI) had significantly decreased BOLD activity with FL-41 lens use 

but not proparacaine which may indicate areas more closely linked to light perception. 

Specifically, FL-41 tinted glasses likely have an impact on melanopsin-containing cells 

which have been found in the retina and perhaps the cornea and iris in animal models.34,39,40

While symptoms and some brain regions were similarly modulated by the two therapies, 

there are differences in their mechanisms of action. Proparacaine is instilled topically onto 

the eyes and acts by binding to voltage-gated sodium channels, subsequently inhibiting 

sodium ion influx and stabilizing the neuronal membrane.51 Blocking sodium influx, 

inhibits impulse conduction within neurons, reducing nociceptive afferent input to brain 

areas related to pain processing.51 In contrast, FL-41 lenses act as an optical blockade of 

light energy external to the eyes, preventing the 480nm wavelength (and other wavelengths 

of light) from activating melanopsin, and reducing melanopsin afferent input to the 

brain.34,35 Overall, the differing mechanisms of action and pathway targets may explain the 

varying therapeutic effect of each treatment modality in individuals with chronic ocular pain 

and photophobia. The finding that treatment responses were not uniform across subjects 

with both anesthetic and FL-41 lens wear points to heterogeneity within photophobia 

neural processing and points to the need for individualized therapies based on underlying 

mechanisms.

4.5 Limitations

Our results need to be considered with respect to the study limitations. First, our FL-41 

tinted lenses filtered a wide spectrum of wavelengths beyond 480nm, though this wavelength 

was included within our filtered spectrum. Beyond just melanopsin, FL-41 may simply be 

reducing light intensity across the visual spectrum, effectively reducing phototransduction 

across traditional visual pathways More studies with different lens types are needed to 

understand the impact of blocking non-specific and specific wavelengths on photophobia. In 
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future studies, a neutral density filter could be used as a comparison lens to more specifically 

control for overall luminance. Second, potential order effects of scanning patients without 

FL-41 tinted glasses and then with may have influenced unpleasantness ratings and 

brain activity. Additionally, our findings are from a small sample of predominately male 

participants living in South Florida with a variety of comorbidities accompanying their 

ocular pain. Furthermore, there were significant differences in unpleasantness reports 

between sexes to our light stimulus while wearing FL-41 tinted glasses. Studies have 

similarly supported sex-specific differences in pain-related brain activity52–55 and the impact 

of sex on ocular pain will need to be further examined in future studies. Fortunately, age, 

race, and ethnicity have not been found to influence pain-related brain activity to the same 

extent.56,57 Furthermore, participants may have had a mix of nociceptive and neuropathic 

contributors to pain, given the heterogeneity of co-morbidities and ocular surface signs in 

our cohort. Specifically, some individuals reported a history of migraine (with two subject 

endorsing active migraine during fMRI), a condition in which fMRI abnormalities have 

been described.58 In addition, PTSD symptoms, which have also been shown to impact 

pain report59, may have contributed to the increased unpleasantness ratings noted in 4 

individuals while wearing FL-41 tinted glasses. Other potential confounders include the use 

of medications as well as previous knowledge of therapeutic intent of FL-41 tinted glasses 

which may have influenced unpleasantness ratings and functional brain activation in our 

study participants. These realities highlight the need for validation studies in larger cohorts, 

taking into account the influence of potential co-morbidities.

4.6 Impact

Despite these limitations, this study provides evidence that FL-41 lenses can modulate 

photophobia and the way the brain processes light in patients with ocular pain, DE 

symptoms, and photophobia. Brain regions identified in our study may be key components 

in neuropathic mechanisms of ocular pain and an important first step in developing 

precision-based therapies in this patient population.

4.7 Conclusion

We demonstrated that FL-41 lenses can improve symptoms of photophobia in the majority 

but not all individuals with chronic ocular pain and can modulate functional brain activation 

in regions associated with both the sensory-discriminative and affective aspects of pain. 

Overall, the variable therapeutic efficacy of FL-41 lenses on unpleasantness ratings and 

brain activity suggests heterogeneity in neural mechanisms underlying photophobia. Future 

studies will need to build on our findings with the goal of developing precision-based 

therapies and personalized treatment plans for individuals with chronic ocular pain and 

photophobia.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Power and Transmittance Spectrum for FL-41 Lenses.
FL-41 tinted lenses attenuated a wide spectrum of wavelengths (approximately 430 – 

630nm). Power and transmittance spectrum acquisition are described in Supplemental Text 

1.

Reyes et al. Page 16

Am J Ophthalmol. Author manuscript; available in PMC 2024 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. FL-41 lenses reduce unpleasantness ratings while viewing a white, but not black, 
screen.
Top row: Unpleasantness ratings to the light stimulus (white screen) in the no lens and 

FL-41 lens conditions at the group level and at the individual subject level. Bottom row: 

Unpleasantness ratings to the rest condition (black screen) in the no lens and FL-41 lens 

conditions at the group level and at the individual level. Unpleasantness ratings were 

compared at the group level using paired t-test.
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Figure 3. Light-induced Activation in the Whole Brain is Decreased When Wearing FL-41 
Lenses.
A) Group average activation during light stimulation vs. rest without FL-41 lenses (red-

orange). B) Group average activation during light stimulation vs. rest while wearing FL-41 

lenses (red-orange). C) Group contrast (No Lens > FL-41 Lens) displayed with MNI atlas 

underlay (dark green-light green). Both activation and contrast maps had an individual voxel 

threshold of z>2.3, and cluster-threshold of p<0.05. S=superior; I=inferior; A=anterior; 

P=posterior; R=right; L=left; ACC=anterior cingulate cortex; PCUN=precuneus; FP=frontal 
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pole; CII=cerebellar crus II; INS=insula; S1=primary somatosensory cortex; S2=secondary 

somatosensory cortex; SpV=trigeminal nucleus.
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Figure 4. Decreased Parameter Estimates of fMRI Activation With vs. Without FL-41 Lens 
Wear.
The Harvard-Oxford Subcortical and Cortical atlases were used to create anatomical masks 

of each region. BOLD signal activity in response to light for each region of interest is 

indicated by a yellow circle. Functional masks were created from group-level contrast maps 

to pull parameter estimates of BOLD signal responses to light using FEAT. S1=primary 

somatosensory cortex; S2=secondary somatosensory cortex; ACC=anterior cingulate cortex; 

TP=temporal pole.
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Figure 5. Responders had a Greater Number of Brain Regions Significantly Decreased by FL-41 
Glasses Compared to Non-responders.
Left column: Non-responders. Right column: Responders. A) Group contrast (No Lens > 

FL-41 Lens) displayed with MNI atlas underlay (dark green-light green). Contrast maps 

had an individual voxel threshold of z>2.3, and cluster-threshold of p<0.05. S=superior; 

I=inferior; A=anterior; P=posterior; R=right; L=left; S1=primary somatosensory cortex; 

S2=secondary somatosensory cortex; INS=insula.
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Table 1.

Demographics and Co-morbidities of Subjects.

Cases (n=25)

Demographics

Age (mean ± SD; years) 55.3 ± 12.2

Sex, male % (n) 68% (17)

Race, White % (n) 68% (17)

Ethnicity, Hispanic % (n) 48% (12)

Self-reported Comorbidities

Diabetes mellitus % (n) 4% (1)

PTSD % (n) 44% (11)

Depression % (n) 68% (17)

Arthritis % (n) 44% (11)

Sleep apnea % (n) 60% (15)

Migraine % (n) 36% (9)*

Traumatic brain injury % (n) 24% (6)

Past or current smoker % (n) 60% (15)

Self-reported Medications

Antidepressants % (n) 64% (16)

Anxiolytics % (n) 56% (14)

Gabapentin % (n) 24% (6)

Pregabalin % (n) 4% (1)

NSAIDs % (n) 36% (9)

n=number of subjects; SD=standard deviation; PTSD=post-traumatic stress disorder; NSAIDs=non-steroidal anti-inflammatory drugs

*
Two subjects (subjects #5 and #7 in Figure 2) reported having an active migraine episode while undergoing fMRI.
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Table 2.

Ocular Symptoms and Signs of Subjects.

Ocular symptoms assessed via questionnaires

DEQ-5 (range 0-22), mean ± SD (n) 14.4 ± 3.3 (25)

OSDI-1 (range 0-4), mean ± SD (n) 2.6 ± 1.4 (25)

OSDI total (range 0-100), mean ± SD (n) 52.3 ± 25.6 (25)

NPSI-Eye-9 (range 0-10), mean ± SD (n) 5.7 ± 3.4 (25)

NPSI-Eye total (range 0-100), mean ± SD (n) 39.0 ± 20.0 (24)*

Average pain rating over 1 week recall (range 0-10), mean ± SD (n) 5.0 ± 3.0 (25)

Tear Parameters (value taken from the more abnormal eye)

TBUT (mean ± SD; seconds) (n) 6.1 ± 3.7 (24)*

Corneal staining (mean ± SD; range 0-15) (n) 3.3 ± 3.0 (24)*

Schirmer’s (mean ± SD; mm) (n) 9.6 ± 7.9 (24)*

SD=standard deviation; n=number of subjects; DEQ-5=5 Item Dry Eye Questionnaire; OSDI=Ocular Surface Disease Index; OSDI-1=Ocular 
Surface Disease Index question #1 Have you experienced eyes that are sensitive to light during the last week?; NPSI-Eye=Neuropathic Pain 
Symptom Inventory modified for the Eye; NPSI-Eye-9=Neuropathic Pain Symptom Inventory modified for the Eye question #9 Is your pain 
provoked or increased by light during the past 24 hours?; TBUT=tear break-up time.

*
One patient did not complete the NPSI questionnaire and ocular surface exam.
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