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Abstract
Purpose:

Exposure to increasing amounts of artificial light during the night may contribute
to the high prevalence of reported sleep dysfunction. Release of the sleep hormone
melatonin is mediated by the intrinsically photosensitive retinal ganglion cells (ipRGCs).
ipRGCs signal environmental light, with pathways to the midbrain to control pupil size
and circadian rhythm. Evidence suggests that light exposure plays a role in refractive
error development. This study sought to investigate whether melatonin level and sleep
quality can be modulated by decreasing nighttime input to the ipRGCs. Another goal was

to investigate links between light exposure, ipRGCs, refractive error, and sleep.

Methods:

Experiment 1: Fifty subjects, aged 17-40, participated (19 emmetropes and 31
myopes). A subset of subjects (n = 24) wore an Actiwatch Spectrum for one week. The
Pittsburgh Sleep Quality Index (PSQI) was administered, and saliva samples were
collected for melatonin analysis. The post illumination pupil response (PIPR) to 1 second
(s) and 5s long and short wavelength stimuli was measured. Pupil metrics included the 6s
and 30s PIPR and early and late area under the curve.

Experiment 2: Subjects (ages 17-42, n=21) wore short wavelength-blocking
glasses prior to bedtime for two weeks. The ipRGC-mediated post illumination pupil
response (PIPR) was measured before and after the experimental period. Stimulation was
presented with a Ganzfeld stimulator, including 1 second (s) and 5 s long and short

wavelength light, and the pupil was imaged with an infrared camera. Pupil diameter was



measured before, during and for 60 s following stimulation, and the 6 s and 30 s PIPR
and area under the curve (AUC) following light offset were determined. Subjects wore an
Actigraph device for objective measurements of activity, light exposure, and sleep. Saliva
samples were collected to assess melatonin content. The Pittsburgh Sleep Quality Index

(PSQI) was administered to assess subjective sleep quality.

Results:

Experiment 1: Subjects spent 104.8 + 46.6 minutes outdoors per day over the
previous week. Morning melatonin concentration (6.9 + 3.5 pg/mL) was significantly
associated with time outdoors and objectively measured light exposure (P = 0.0099 and
0.0016, respectively). Pupil metrics were not significantly associated with light exposure
or refractive error. PSQI scores indicated good sleep quality for emmetropes (score 4.2 +
2.3) and poor sleep quality for myopes (5.6 £2.2, P =0.036).

Experiment 2: Subjects wore the blue-blocking glasses 3:57 + 1:03 hours each
night. After the experimental period, the pupil showed a slower redilation phase, resulting
in a significantly increased 30 s PIPR to 1 s short wavelength light, and decreased AUC
for 1 s and 5 s short wavelength light, when measured at the same time of day as baseline.
Nighttime melatonin increased from 16.1 + 7.5 pg/mL to 25.5 £ 10.7 pg/mL (p < 0.01).
Objectively measured sleep duration increased 24 minutes, from 408.7 +44.9 to 431.5 +

42.9 minutes (p < 0.001). Mean PSQI score improved from 5.6 + 2.9 to 3.0 £ 2.2.



Conclusions:

The use of short wavelength-blocking glasses at night increased subjectively
measured sleep quality and objectively measured melatonin levels and sleep duration,
presumably as a result of decreased nighttime stimulation of ipRGCs. Alterations in the
ipRGC-driven pupil response suggest shift in circadian phase. Results suggest that
minimizing short wavelength light following sunset may help in regulating sleep patterns.
Additionally, morning melatonin levels were influenced by light exposure and time
outdoors. No differences in melatonin or the ipRGC-driven pupil response were observed
between refractive error groups, although myopes exhibited poor sleep quality compared
to emmetropes. Findings suggest that a complex relationship between light exposure,

ipRGCs, refractive error, and sleep exists.
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Background

Traditionally, rod and cone photoreceptors were believed to be the only
photosensitive cells in the human retina. The existence of a third, non-traditional
photoreceptor was first considered in 1923 when Keeler et al. observed a functional
pupillary light reflex (PLR) in mice lacking the majority of their rod and cone
photoreceptors.” > Keeler et al. then suspected the presence of a third photoreceptor in the
retina; however, the maintained PLR could have persisted from a small number of
functional rods and cones. In the 1990s, Russell Foster found a robust PLR, adaptable
circadian rhythm to shifting light cycles, and suppression of melatonin release with light
stimuli in mice devoid of traditional photoreceptors through genetic engineering.™*
Further supporting the existence of a third photoreceptor, enucleated mice had previously
been shown to lack PLR and circadian rhythm regulation.” More recently, normal pupil
responses were found in subjects that were blind due to extensive outer retinal disease,
begging the question as to whether or not another photoreceptor existed elsewhere in the
retina.’

In 1998, Provencio et al. discovered a novel opsin-like photopigment in frog skin
melanophores capable of responding to light which was dubbed melanopsin (opn4).’
Remarkably, this opsin was found to be located in distinct retinal ganglion cells of the
inner retina of mice and humans as well as the iris and deep brain nuclei.”” However,
proof of these retinal ganglion cells’ ability to intrinsically detect light was still missing.
Seeking to ascertain definitive proof of these new photoreceptors, Berson et al. completed
a series of studies to isolate light activation of retinal ganglion cells from photoreceptors.

Using a pharmacological cocktail, Berson et al. eliminated rod and cone signaling and

12



found that the retina was still responsive to light.'® Berson et al. then mechanically
isolated retinal ganglion cells and found the cells to still be responsive to light.'?
Immunochemistry validated the existence of melanopsin in these SCN-projecting
ganglion cells.'" Neither the absence of traditional photoreceptors nor of melanopsin

completely abolishes the PLR.'* !

Location and Number of ipRGCs

Melanopsin-expressing ganglion cells, now commonly referred to as intrinsically
photosensitive retinal ganglion cells (ipRGCs), are unique in many ways, including their
location in the retina. While traditional photoreceptors are located in the outer retina,
ipRGCs are located in the inner retina and in a layer not entirely devoted to
photosensitivity. Traditional photoreceptors also vastly outnumber ipRGCs. The human
retina contains approximately 4.5 million cone photoreceptors and 90 million rod
photoreceptors.' In comparison, ipRGCs comprise only 0.2% of total retinal ganglion
cells in the macaque monkey estimating to be as few as 3,000 ipRGCs per eye.'” The
ganglion cell layer in mice is comprised of approximately 1% ipRGCs compared to

humans 0.2%.'" 13

Projections

Mammalian models have demonstrated that ipRGC projections to brain centers
are monosynaptic. Traditional retinal ganglion cells project to the lateral geniculate
nucleus (LGN), olivary pretectal nucleus (OPN), and the superior colliculus (SC) to

contribute to image formation, pupil constriction, and eye movements respectively.
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Retrograde labeling has primarily been used for the determination of ipRGC axonal
projections. Interestingly, these projections were traced to not just the traditional
photoreceptor projection sites, but a wide array of other brain structures as well. ipRGCs
project to the intergeniculate leaflet for the regulation of photoentrainment by the
circadian system'®, the OPN for PLR control'" !, the ventrolateral preoptic nucleus
(VLPO) for sleep regulation'®, and the SC.">'® Also, stimulation of ipRGCs through light
may have a direct affect on mood due to projections to the medical amygdala, lateral
habenula, and subparaventricular zone."” Regulation of circadian rhythm is partially
accomplished through a subset of ipRGC axons traveling to the SCN, which is the site of

20-22
k.2

the mammalian master circadian cloc ipRGCs have been shown to project to over a

o e . . 10, 11, 15, 16, 20, 2
dozen distinct brain regions.” '* '+ 1% 16.20.23

ipRGC functional LGN activity has been
likely confirmed by the discrimination of high-irradiance lights from a dark background
in mice lacking traditional photoreceptors through melanopsin stimulation with high-

irradiance short wavelength light.** In the absence of traditional photoreceptors, circadian

photoentrainment is still present.’

Intrinsic Pathway

Melanopsin-expressing ganglion cells are subject to both intrinsic melanopsin-
driven stimulation, and indirect, extrinsic rod/cone-driven stimulation. Certain subtypes
of ipRGCs (specifically M1) are driven primarily by their own melanopsin-mediated
intrinsic stimulation, while other subtypes are stimulated more so through extrinsic
stimulation.” Intrinsically, melanopsin is stimulated directly by short wavelength light

with a peak sensitivity of 482 nm.'" ">
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Extrinsic (synaptic) Pathway

As revealed through electron microscopy, rods and cones provide synaptic input
to ipRGCs in the inner plexiform layer through bipolar (excitatory) and amacrine

(inhibitory) cells.'>*%

Non-M1 ipRGC subtypes are primarily stimulated extrinsically
through cones and, to a lesser extent, rods.”>** Through the combination of the intrinsic
melanopsin stimulated pathway with the extrinsic synaptic pathway, ipRGCs can detect
light intensities spanning a minimum of 9 orders of magnitude." Projecting to the LGN,
primate ipRGCs have a spatially overlapping, color-opponent (L+M-cone)-ON and (S-
cone)-OFF receptive field structure.'” The extrinsic ipRGC pathway allows for greater
sensitivity, shorter latency, and stronger depolarization than is possible from the intrinsic
pathway alone.

ipRGCs have been shown to express receptors for GABA, glycine, and glutamate
which contribute to synaptic input.”® ** Dopaminergic amacrine cells provide modulatory

34,35

input to ipRGCs, and also receive input from ipRGCs.*

Melanopsin

Unlike the photopigments of conventional photoreceptors, melanopsin is less
dense, yet is diffusely located in the soma, dendrites, and proximal portion of the axons
of ipRGCs.”> Membrane density of melanopsin is approximately 10* fold lower compared
to the membrane density of rod and cone photopigments.” Melanopsin expressing retinal
ganglion cells are structurally similar to invertebrate rhabdomeric photoreceptors which

depolarize in response to light, as opposed to rods and cones which hyperpolarize in
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response to light.'”*” Expression of melanopsin in mice exhibits diurnal variation with
increased expression at the end of the light phase and decreased expression at the end of
the dark phase.™®

OPN4 is the gene for melanopsin, and has been found in many mammalian
species including humans, primates, and mice.® In melanopsin knock out mice, retinal
ganglion cells retrogradely labeled from the SCN were unable to respond directly to
light."> Additionally, in the absence of OPN4, mice showed diminished pupillary

13,39-42

constriction and photoentrainment. OPN4 gene expression in cells which were

normally insensitive to light resulted in robust responses to light, confirming that the
OPN4 gene was capable of producing a photopigment.***

Evidence exists suggesting that melanopsin is regenerated intracellularly in all
ipRGC subtypes though a bistable mechanism using long wavelength visible light.***’

This is unique as it allows ipRGCs to not depend on an exogenous supply of

chromophore, as rods and cones do, but rather regenerate from photoconversion.

ipRGC Subtypes

Although much is known about conventional retinal ganglion cells, the research
on ipRGC subtypes, central projections, morphology, and functions is still in its infancy.
Five ipRGC subtypes (M1-M5) have successfully been identified using transgenic mouse

25,4
models.?> #

Identification has been made clear mostly by dendritic stratifications and
aided by soma size. First visualized in the macaque monkey, ipRGC dendritic fields form

a photoreceptive net that is concentrated parafoveally." Early research suggests that

ipRGC subtypes and pathways are conserved across different species.* In humans, two
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subtypes of ipRGCs have been clearly identified'>>*>' with some evidence now of four
subtypes.>

Most projections to the SCN are accomplished by M1 axons while M2 axons
provide mostly axons destined for the olivary pretectal nucleus.'®>* However, M1 axons

also project to the OPN.>>*

Approximately 80% of M1 cells project to the SCN in
rodents.”* Likewise, approximately 80% of M1 and M2 cells project to the OPN with M1
axons chiefly projecting to the OPN shell while M2 axons largely projecting to the OPN
core.” Dendritic stratifications are similar for M1 and M2.*

M1 cells are the most numerous and largest in size and were initially thought to
be the only ipRGC. M1 cells are sparsely branched and have long dendrites, which
differentiate in the OFF sublamina (outer IPL).”"!

M2 dendrites stratify in the ON sublamina (inner IPL) and are smaller in size, but
have more complex dendritic arborization than M1 dendrites.’*® M1 and M2 subtypes
comprise between 74-90% of ipRGC subtypes in the mammalian retina and their
dendritic arbors exhibit much overlap.” >” Compared to M2 cells, M1 cells demonstrate a
larger membrane depolarization with roughly 10-fold higher sensitivity and also
contribute the PLR more than M2 cells.”®>">* M1 and M2 cells express light contrarily
with M1 primarily utilizing the intrinsic opn4 melanopsin pathway and M2 relying
predominantly on synaptic stimulation from the outer retina.’’

M3 cells are morphologically unique and distinguishable from other subtypes by

their dendritic bistratification into both inner and outer IPL sublamina.* >’ M3 cells may

be predominantly destined for non-image forming roles as their dendrites are absent in
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some areas of the retina and complete retinal coverage is necessary for image forming
functions.” >’ Projection destinations of the M3 axons are not yet known.

M4 and M5 subtypes were more difficult to identify due to inability to
immunostain for melanopsin in these cells and have only been identified in mice. M4 and
MS cells do express marker proteins and possess the ability to depolarize without
synaptic input and thus have an intrinsic, although weak, response.”” M4 cells are
morphologically differentiated by having the largest soma of all subtypes while M5 cells
are described as “bushy”, which describes their dense, extensively branched dendritic
arborization.”® Both M4 and M5 dendrites stratify in the ON sublamina (inner IPL).” M2,
M4, and M5 cells all project to the dorsal LGN, which suggests image-forming functions
for these subtypes.”

Estimations of relative population proportions between subtypes have proven to
be challenging with M1 cells varying between 22-68%, M2 cells varying between 40-

53%, and M3 cells varying between 7-26%.* ¢

Phototransduction

While classic photoreceptors signal with graded membrane voltages, ipRGCs
signal using action potentials with higher amplitude per photon than rods and cones.”
Stimulation of melanopsin occurs with >13 log quanta/cm?/s of short-wavelength (blue)
light.”® Compared to rods and cones, ipRGCs contain a relatively sparse photopigment
density and are somewhat inefficient at light absorption, thus requiring a higher
irradiance for activation.” ipRGC kinetics are more sluggish in onset, slower to reach

peak firing rate, and more gradual in termination than traditional photoreceptors. ipRGCs
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are exceptionally tonic allowing continuous signaling for 10 hours.'® > ¢!

Repolarization
after light offset is significantly slower than in rods and cones with persistent spiking.
The sluggish response kinetics indicate that that ipRGCs may be better suited for the
integration of overall irradiance and ambient light levels over longer periods of time than
traditional photoreceptors.”® Findings from primates suggests ipRGCs to have
unmyelinated axons in the retinohypothalamic tract, which is consistent with their slow
conduction velocities.*

Signaling following stimulation offset lasts approximately 100x longer than cones
and 20x than rods.” While the intrinsic response is sluggish, the extrinsic response is
rapid and transient.” Unlike traditional photoreceptors, the intrinsic pathway of ipRGCs
integrates photons over many seconds.”® The “photoreceptive net,” as described by
Provencio et al., is composed of melanopsin containing dendrites which can also respond
directly to light stimulation.®’

Photoreceptors are generally classified as either rhabdomeric or ciliary.
Rhabdomeric photoreceptors are found in invertebrates while ciliary photoreceptors are
found in rods and cones of vertebrates. Differences between the two classes lie in the
photopigment molecule structure as well as the phototransduction cascade. Interestingly,
ipRGCs do not fit strictly in either category as 11-cis-retinal is the absorbing molecule
(similar to ciliary opsins), but uses a phototransduction cascade similar to the cascade for

rhabdomeric opsins.*

19



Non-Image Forming Roles of ipRGCs

ipRGCs are responsible for many non-image forming functions, including
circadian rhythm photoentrainment and pupil size control.'"* ipRGC input to the SCN,
which utilizes environmental irradiance to photoentrain the biological clock to solar day,

. . . 2 s
is achieved predominately from M1 axons. 6, 54,65

Image Forming Roles of ipRGCs

Some evidence exists that ipRGCs may play a role in visual perception,
specifically motion detection.'” > °® Given that conventional retinal ganglion cells and
bipolar cells play a large role in the perception of brightness, it is conceivable that
ipRGCs may also play a significant role in brightness perception, but this is not yet fully
understood.®” ipRGCs also may be involved with pattern vision,” color vision,*® and

contrast sensitivity. *

Development

ipRGCs develop much earlier than traditional photoreceptors. There is evidence
that ipRGCs are capable of phototransduction in newborn mice when rods and cones are
not yet formed.”” " In fact, melanopsin is expressed before birth in mammals.”” A
potential explanation for such early development could be for a defense mechanism
known as “negative phototaxis”, which is the response of head turning from bright light,

73, 74
d.”™

occurring in mice as young as 6 days ol Evidence also exists suggesting that M4

cells partially regulate vascular development and ganglion cell layer neuron reduction.”
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Post-Illumination Pupil Response

Melanopsin-expressing retinal ganglion cells partially regulate the pupillary light
reflex.”® 7® Neither the absence of traditional photoreceptors nor of melanopsin-
expressing ganglion cells completely abolishes the PLR,'* '* but absence of melanopsin
significantly attenuates the PLR.>> ®® The most significant contribution of ipRGCs to the
PLR is the post-illumination pupil response (PIPR), which is a sustained constriction of
the pupil occurring after short-wavelength light offset. PIPR is suggested to be a direct
measure of ipRGC function in humans and animals.”® " ”" The PLR is also the only
measurable, non-invasive, physiological response, which originates from all three
photoreceptor types in the retina. Non-invasive pupillometry techniques allow for
objective measurement of inner (ipRGCs) and outer (rods/cones) retina function using

76-82

both long and short wavelength stimuli of various irradiances. Measurable and

analyzable components include latency to constriction, maximum constriction, PIPR
amplitude, transient pupil response, and redilation constant.”®’" 7% #1-87

Contributions of specific photoreceptors to the PLR and PIPR are dependent on
the light stimulus parameters. Being highly sensitive, rods dominate the PLR under
conditions of dark adaption, and cone contributions occur with increased light intensity or
light adaption. Initial pupil constriction is mediated by the rods and cones of the outer
retina.”® " For stimuli under 10 seconds in duration, the pupil response is dominated by
rods with a small contribution by cones and an increasing contribution by ipRGCs with
longer stimuli durations.” The ipRGC contribution to PIPR is observed as a sustained

pupil constriction after the offset of a high-irradiance, short-wavelength light stimulus.’™

76-88 PIPR is commonly quantified as a percentage of baseline pupil diameter at a
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specified time point after light offset, often 6 seconds.” ”” ™ Other parameters of the

PIPR include the net PIPR, which is the difference in the amplitude of the response to

79, 84

produced using long versus short wavelength stimuli, and the early or late area under

the curve (AUC).” PIPR displays 24-hour circadian modulation, which is not observed in
predominantly cone-driven pupil responses.’® ®
There are conflicting reports as to whether PIPR varies with age, with two studies

indicating PIPR does not vary with age,***°

and one studying suggesting PIPR may vary
with age.* However, as the intraocular lens ages, transmission of blue light to the retina

1s limited giving the possibility of PIPR age variation in the absence of ipRGC light

sensitivity adaptation.®®

ipRGCs and Retinal and Optic Nerve Disease

PIPR can be affected in retinal and optic nerve disease. Glaucoma can reduce
ipRGC driven PIPR.* ®* The severity of glaucomatous optic neuropathy is inversely
related to the PIPR, with the more advanced stages resulting in a smaller PIPR.*
Neuronal death is non-selective in glaucoma and affects both ipRGCs and conventional
ganglion cells. In subjects with glaucoma, PIPR is affected before circadian rhythm
where mild/moderate cases only affect PIPR, but advanced cases may affect not only
PIPR, but result in increased daytime sleepiness due to the lack of melatonin suppression
by ipRGCs.”" In cases of unilateral glaucoma, the glaucomatous eye may have a reduced
PIPR while the unaffected eye retains normal pupillary responses.”” PIPR has also been

correlated with visual field defects with advanced glaucoma.™
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Reduced ipRGC function has been observed in patients with diabetic
retinopathy.”® Remarkably, PIPR can be reduced in diabetic subjects with no
retinopathy.®' This suggests that PIPR evaluation could be a useful non-invasive method
for determining inner neuroretinal changes in diabetic patients showing no retinopathy
through routine ophthalmological examination. Reduced transient pupillary constriction
measured in diabetics could indicate outer retinal damage as well.*’

Interestingly, melanopsin-expressing ganglion cells can be more resistant to insult
than other retinal ganglion cells. Neuronal death is selective for classic ganglion cells in
hereditary optic neuropathies, such as Leber’s hereditary optic neuropathy and dominant
optic atrophy, while ipRGCs are more resilient to insult.”* ** Similarly, in cases of ocular
hypertension and axotomy, non-melanopsin-expressing ganglion cells are typically
damaged before ipRGCs.”®*” In retinitis pigmentosa, both extrinsic and intrinsic
pathways of ipRGCs are lost with disease progression.”® In advanced stages of retinitis
pigmentosa, ipRGC density and dendritic arborization decrease.” Interestingly,
melanopsin mediated PIPR is preserved in some cases of retinitis pigmentosa but
extremely low in other cases.” '%% %!

In macular degeneration, anatomical and functional disruptions primarily involve
the paracentral retina, where ipRGCs are most concentrated.'™ ' In advanced stages,
AMD results in damage to both the outer and the inner retina, including retinal ganglion

1 104
cells. ! 10

Therefore it is reasonable to postulate that ipRGCs may be affected in AMD.
While some retinal ganglion cells are lost simply due to the aging process, neovascular
AMD has demonstrated a 50% loss of retinal ganglion cells.'” Both early dry AMD and

neovascular AMD may display inner retinal dysfunction indicated through PIPR.'®®
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Patients with AMD have also been shown to have higher levels of melatonin, presumably
due to decreased ipRGCs and subsequent alterations in melatonin release, which may
lead to severe circadian rhythm disturbance.'*® This may predispose AMD patients to
depression and cognitive impairment, along with mood and sleep disorders.

The PIPR as a marker of ipRGC function may prove useful in the objective
evaluation of progressing retinal or optic nerve diseases due to reduced function of
ganglion cells, particularly melanopsin-expressing ganglion cells. Early evidence exists
that a clinical protocol could be developed to access rod, cone, and ipRGC contributions
to PIPR in cases of outer retinal disease.?” *® Furthermore, the PIPR is more sensitive
than standard electroretinography in advanced stages of disease for detecting residual
photoreceptor activity.'®" '"? Isolation of outer and inner retinal function may be
accomplished through adjustment of stimulus size and retinal irradiance, with larger
stimulus sizes being more sensitive to inner retina function, smaller stimulus sizes being
more sensitive to outer retina function, and retinal irradiances below melanopsin

. . . . 1 1
threshold isolating outer retina function.”” - 1% 1%

Circadian Rhythm

The SCN of the hypothalamus controls the daily rhythms of physiology and
behavior in mammals. This biological clock controls sleep/wake cycles, gene expression,
and body temperature, and is roughly tuned to a 24-hour day, but not precisely.
Therefore, exogenous cues are used to adjust and tune the biological clock, the most

potent of which is light. The synchronization to light/dark cycles is known as
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photoentrainment. ipRGCs are the primary photoreceptors involved, as knocking out
melanopsin abolishes photoentrainment in mice.?* ¢ '

The contribution of ipRGCs to circadian rhythm regulation occurs through
modulation of melatonin release into the bloodstream by the pineal gland. ipRGCs
project to the SCN which signals along a pathway or circuit to the paraventricular nucleus
of the hypothalamus, intermediolateral nucleus of the spinal cord, superior cervical
ganglion, and finally to the pineal gland.""" Stimulation of ipRGCs suppresses the release
of melatonin from the pineal gland, thus resulting in melatonin release only occurring

during subjective night.''*'"*

PIPR is a non-invasive marker of circadian rhythm because
ipRGC circadian response is synchronized with melatonin onset while outer retinal inputs
are not.”®

Evidence for the role of ipRGCs in the circadian system is supported by findings
that humans, as well as mice, who were blind due to rod and cone photoreceptor
degeneration could still maintain normal circadian function.* ®''> Conversely,
melanopsin null mice maintain normal circadian rhythm photoentrainment to 12h:12h
light-dark cycles, but with mitigated short-wavelength induced circadian rhythm shifts.*
Some, but not all, blind persons suffer from chronic sleep disorders."'® """ Such evidence
suggests that ipRGC dysfunction may contribute to circadian misalignment and human
disease. Evidence also suggests that light exposure during evening hours can lead to
chronodisruption, or impaired physiological, behavioral and biochemical rhythms.''®

ipRGCs predominately, if not exclusively, mediate sleep-wake regulation through

activation of neurons in the VLPO, while rods and cones were found to have no such

role.'”” Melanopsin also mediates sleep homeostasis.'*” Perhaps the most notable
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physiological marker of circadian phase is melatonin whose nocturnal secretion can be

121

suppressed by short-wavelength light. © The extent and direction of circadian shifts

induced by light is dependent of the spectral composition, time of day, irradiance, and

122

duration. “~ A short-wavelength shifted spectrum results in augmented responses to

monochromatic blue light as compared to the effect of the longer wavelength green and
red light for melatonin suppression, sleep regulation, PLR, circadian clock gene

expression, alertness, mood, emotional processing, core body temperature, and

ig: 58,113, 114, 123-132
cognition.”™

Melatonin
Stimulation of ipRGCs by high-intensity, short-wavelength lights results in a
cascade of events eventually leading to the suppression of melatonin synthesis and

release from the pineal gland.

133,134

Melatonin is primarily produced at nighttime in dim illumination. It is well

established that melatonin levels decrease with age.'*”> Melatonin functions through G-

protein coupled receptors located in the peripheral and central nervous systems, but

136-141

primarily in the SCN. Melatonin is known to regulate sleep/wake cycles as well as

core body temperature.'** '** Lack of melatonin at nighttime impairs sleep quality.'*

Also, bright light in the evening hours suppress melatonin production and release.'*’

Abnormalities in circadian rhythm have been linked to a number of conditions,

. . . 14 . 146 1.: . 147 - 14 .14
including Alzheimer’s,'* dementia,'*® bipolar disorder,'*’ diabetes,'** hypertension,'*’

151, 152

1 . . 153
cancer, >’ and cardiovascular disease, and more.

26



Sleep

The National Sleep Foundation estimates that adolescents routinely use cell
phones (72%) and computers (60%) in the hour before sleep.'** Increased exposure to
back-lit screens is strongly linked to poor sleep in adolescents.'> Only 50% of
adolescents report getting a good night’s sleep during the weeknights, and up to 25%
report sleeping less than 6 hours on school nights."

Zeitgebers are inputs to human circadian rhythm regulation that allow humans to
synchronize to the 24 hour day, the strongest of which is light."”” It is known that bright
evening light suppresses endogenous melatonin release.”* ' Doses of light as low as

161, 162
6,61n

100 lux have been found to suppress melatonin, resulting in increased alertness.
adult subjects, one hour of electronic tablet use with dim illumination (40 lux) did not
decrease melatonin levels. However, when the exposure was increased to two hours,
melatonin levels were suppressed.'® Wood et al., found that wearing short wavelength
blocking amber tinted glasses for two hours while exposed to a bright screen can counter
the melatonin suppression.'®

An increasingly common method of reducing short-wavelength exposure in
evening hours is through an application called f.lux. F.lux has been shown to alter the
peak spectral luminance of computer monitors from 453 nm to 597 nm, decreasing

164

stimulation of ipRGCs. ™" The same study discovered that the use of f.lux for one evening

164
%% The researchers

hour was not found to significantly alter melatonin levels or alertness.
did not preclude that longer use of f.lux could result in a significant difference in

melatonin levels or alertness. Other studies have shown that wearing blue-blocking

27



glasses at nighttime for two weeks improves sleep quality and overall mood, while also

alleviating blue LED-induced nighttime melatonin suppression.'®> %

Other ipRGC Behavior Aspects

Irregular light exposure patterns causing sleep deprivation and circadian
disruption can trigger mood and cognitive impairment.'®’ In normal mice, an irregular
light pattern has been shown to depress moods and impair learning; however, when mice
lacking ipRGCs are subjected to an irregular light pattern, mood and learning remains
unchanged.'®® This result suggests that ipRGCs play a significant role in mood and
learning in mammals. A study revealed that light modulates responses to learned fear
through ipRGC pathways in addition to cognition and anxiety.'® It has also been shown

126, 1 171 .
6. 170,171 patients

that ipRGCs contribute to cognitive function and alertness in humans.
with gene variants of the melanopsin OPN4 gene are predisposed to seasonal affective
disorder. '"* Additionally, stimulation of ipRGCs with blue light helps combat depression

. . 173,174
in humans and mice.!”> !’

The human circadian clock has been shown to be susceptible
to phase shifts when exposed to blue light (440um-480um), which may improve alertness
and mitigate seasonal affective disorder.'” ' There are also strong indications that
ipRGC stimulation may exacerbate migraines through short-wavelength light stimulation
as ipRGCs project to dura-sensitive neurons of the posterior thalamus.'”® ipRGC
stimulation triggers light avoidance and photophobia in mice.'”” '"® Other biological
functions of ipRGC stimulation include relaxation of blood vessels'”® and secretion of

follicle-stimulating hormone in women.'*
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Dopamine and the ipRGCs

34,35

ipRGCs receive modulatory input from dopaminergic amacrine cells,” *“and also

have reciprocal signaling to dopaminergic amacrine cells.*® Dopamine also regulates

81 Animal models demonstrate that an

melanopsin mRNA expression in ipRGCs.
increase in light exposure leads to increased retinal dopamine levels.*” It is possible that
the synaptic connections between ipRGCs and dopaminergic amacrine cells could explain
the increase in retinal dopamine upon light exposure. Supporting this idea, light induced

dopamine release is suppressed when melanopsin is knocked out.'®* Whether ipRGCs

significantly increase the levels of retinal dopamine has not yet been clarified.'®

Outdoor Light, Refractive Error, and ipRGCs

Myopia has quickly become a global pandemic, with some developed countries
reaching a prevalence of over 90%.'** Refractive error is influenced by both genetic and
environmental factors.'® '*® Exposure to outdoor light has been demonstrated to be
protective in the development of myopia in children.'®” '*® Interestingly, myopia has been

189, 190

associated with poor sleep quality and lessened sleep duration.'”® Furthermore,

evidence suggests that myopes may have higher concentrations of morning melatonin.""
With the role of ipRGCs as environmental irradiance detectors*” and the myriad of
physiological contributions mentioned previously, including sleep and melatonin levels,

questions exist as to whether ipRGCs may play a role in axial length and refractive error

development.
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Our Research

Short-wavelength light is known to have a significant impact on circadian rhythm
through ipRGC stimulation and studies suggest circadian rhythm could be modulated
through the manipulation of ipRGC input, thus influencing systemic melatonin levels.
The ability to alter melatonin levels through the manipulation of ipRGC input could
prove tremendously useful in the world of sleep disorders, nightshifts in the workforce,
jet lag, and general circadian rhythm dysfunction.

Chapter two details a study that investigated if ipRGCs are responsible for the
previously observed improvements in sleep metrics following the wear of blue blocking
glasses in the evening hours. ipRGC activity was indirectly measured through the PIPR in
an attempt to better understand its contributions to sleep metrics and systemic melatonin
levels. We hypothesized that attenuating short wavelength light in the evening hours
would result in an increase in nighttime melatonin and an improvement in sleep metrics.
Additionally we expected a decrease in morning melatonin levels and potentially, an
increase in PIPR.

Evidence suggests that eye growth may be influenced by light exposure and time
outdoors, although the mechanisms behind the relationship are unknown. A potential
factor could be retinal dopamine levels, which are influenced by ipRGCs. With myopia
becoming a growing concern for both refractive reasons and the ocular health
implications, determining underlying mechanisms for axial elongation and preventative
measures is of growing importance. Investigation into potential relationships between
light exposure, refractive error, and PIPR could contribute to better understanding

environmental factors and mechanisms influencing eye growth and circadian rhythm.
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Chapter three details a study that sought to examine the relationship between the
ipRGC-driven pupil response, light exposure, and refractive error. We also examined
downstream relationships between light exposure, sleep metrics, and melatonin in myopic

and emmetropic individuals.

31



Chapter Two

The ipRGC-Driven Pupil Response with Light Exposure, Refractive Error and
Sleep

Contributing Authors

Kaleb S Abbott, BS, SFAAO,1 Hope M Queener, MS,1 Lisa A Ostrin, OD, PhD,

1%
FAAO

! University of Houston College of Optometry, Houston, TX USA * corresponding

author 4901 Calhoun Rd, Houston, TX 77004, Laostrin@gmail.com

*This chapter was published in Optometry and Vision Science. 2018; 95: 323-331.

32



Abstract

Significance: We investigated links between the intrinsically photosensitive retinal
ganglion cells, light exposure, refractive error, and sleep. Results showed that morning
melatonin was associated with light exposure, with modest differences in sleep quality
between myopes and emmetropes. Findings suggest a complex relationship between light

exposure and these physiological processes.

Purpose: Intrinsically photosensitive retinal ganglion cells (ipRGCs) signal
environmental light, with pathways to the midbrain to control pupil size and circadian
rhythm. Evidence suggests that light exposure plays a role in refractive error
development. Our goal was to investigate whether links exist between light exposure,

ipRGCs, refractive error, and sleep.

Methods: Fifty subjects, aged 17-40, participated (19 emmetropes and 31 myopes). A
subset of subjects (n = 24) wore an Actiwatch Spectrum for one week. The Pittsburgh
Sleep Quality Index (PSQI) was administered, and saliva samples were collected for
melatonin analysis. The post illumination pupil response (PIPR) to 1 second (s) and 5s
long and short wavelength stimuli was measured. Pupil metrics included the 6s and 30s

PIPR as well as early and late area under the curve.

Results: Subjects spent 104.8 + 46.6 minutes outdoors per day over the previous week.
Morning melatonin concentration (6.9 £ 3.5 pg/mL) was significantly associated with
time outdoors and objectively measured light exposure (P = 0.0099 and 0.0016,
respectively). Pupil metrics were not significantly associated with light exposure or

refractive error. PSQI scores indicated good sleep quality for emmetropes (score 4.2 +
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2.3) and poor sleep quality for myopes (5.6 £2.2, P =0.036).

Conclusions: We found that light exposure and time outdoors influenced morning
melatonin concentration. No differences in melatonin or the ipRGC-driven pupil response
were observed between refractive error groups, although myopes exhibited poor sleep
quality compared to emmetropes. Findings suggest that a complex relationship exists

between light exposure, ipRGCs, refractive error, and sleep.

Keywords: intrinsically photosensitive retinal ganglion cells; pupil; melanopsin; light

exposure; melatonin; sleep; refractive error
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2.1 Introduction

Myopia is an epidemic, reaching a prevalence of over 90% in some urbanized
countries.'® Myopia represents a large socioeconomic burden and poses a risk for
associated ocular diseases including retinal detachment, neovascularization, and
glaucoma.'” Evidence suggests that refractive development and eye growth are regulated
by a complex interaction between genetic and environmental factors.'®> '*® Time
outdoors and light exposure have been shown to be protective of myopia in children.'®”
188

Light exposure is associated with dopamine and melanopsin signaling. The
intrinsically photosensitive retinal ganglion cells (ipRGCs), located in the inner retina,
are directly stimulated by light through activation of the photopigment melanopsin, with
a peak sensitivity around 482 nm.® IpRGCs account for less than 1% of the ganglion cell
population, with widespread dendritic coverage encompassing the entire retina (except at

the fovea),’> >

and are responsible for non-image forming functions including circadian
rhythm entrainment and pupil size control.'’ Axons project to the olivary pretectal
nucleus for control of pupil size,'”* and to the suprachiasmatic nucleus in a pathway
ultimately leading to the pineal gland to control the release of the sleep hormone
melatonin. The ipRGCs are considered environmental irradiance detectors, and have been
implicated in a myriad of physiological processes, including metabolism, mood, and
Sleep.42’ 127, 194

In addition to direct stimulation, the ipRGCs receive extrinsic synaptic input

through the rod and cone pathway, with connections to bipolar and amacrine cells.”

Studies utilizing animal models have demonstrated that increased light exposure leads to
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an increase in retinal dopamine,'®> which may, in part, be mediated by synaptic
connections between ipRGCs and dopaminergic amacrine cells.'”® Single cell recordings
show that extrinsically driven ipRGC responses are rapid and transient, while intrinsic
ipRGC responses show a longer latency and sustained firing during stimulation, and
continue to fire following stimulus offset.'® In vivo ipRGC activity can be measured
indirectly through the pupil response to short wavelength light.”® Following short
wavelength stimulation offset, the post illumination pupil response (PIPR) redilation
dynamics have been shown correlate with the sustained firing pattern seen in single cell
recordings,’® and are an indicator of ipRGC activity.

The ipRGCs provide environmental light information to the suprachiasmatic
nucleus to synchronize sleep/wake patterns.*' Recent studies have found that myopia may
contribute to decreased sleep quality.'™ ' Jee et al., found an inverse relationship
between sleep duration and myopia in Korean adolescents.'” Similarly, another study
reported that children with high myopia exhibited the poorest scores on the Pittsburgh
Sleep Quality Index (PSQI), a sleep quality questionnaire.'® The authors attributed the
observed decreased sleep quality to high demands in school, distress over poor vision, or
decreased ipRGC function in myopic eyes. Sleep, circadian rhythm, and ipRGC activity
have also been shown to be affected in diseases, which affect the inner retina, such as
glaucoma,"’ and in outer retinal diseases, including age related macular degeneration.'”®
Another study reported a positive association between morning melatonin concentration
and the magnitude of myopia, with myopes demonstrating up to three times greater
melatonin concentration than non-myopes.'”' Therefore, it is possible that ipRGCs could

also be affected with axial myopic eye growth, in which the retina is subject to structural
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and functional changes.'” A recent report found no effect of refractive error on ipRGC
inputs to the pupil control pathway.”® However, another investigation found a significant
positive correlation between a more hyperopic refractive error and a slower rate of pupil
redilation to 0.1 Hz flashing stimuli, which varied as a function of light exposure over the
previous five days.”” Differing results and current interest in light exposure and myopia
warrant further investigation into potential relationships between light exposure,
refractive error and pupil responses.

The goal of this study was to investigate relationship between the ipRGC-driven
pupil response and light exposure to begin to understand the interaction between
environmental factors and potential mechanisms influencing eye growth and circadian
rhythm. We also examined whether downstream relationships existed between light

exposure, sleep quality, and melatonin in myopic and emmetropic individuals.

2.2 Methods

Subjects, ages 17-40, were recruited for this study. All subjects provided informed
consent after the purpose of the study and the risks were explained. The study was
approved by the Committee for Protection of Human Subjects at the University of
Houston and followed the tenets of the Declaration of Helsinki. Exclusion criteria
included ocular disease and the use of melatonin or other pharmacological sleep aids.

Lab visits occurred between 9:00 am to 11:00 am to avoid potential effects of
circadian variation.”™® Visual acuity was measured with habitual correction, and an
anterior eye exam using slit lamp biomicroscopy was performed to confirm angles were

open and suitable for dilation. Acuity for all subjects was 20/25 or better and no subject
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had ocular pathology, including cataracts or glaucoma. No subjects were taking
prescription medications known to affect pupil size.

The experimental protocol is shown in Figure 2-1A. The Pittsburg Sleep Quality
Index questionnaire (PSQI) was administered to measure sleep quality subjectively, and
saliva samples were collected to measure melatonin concentration. Prior to collection,
subjects were instructed not to eat, drink coffee, or brush their teeth within an hour of the
lab visit. In addition, subjects were asked to abstain from alcohol and nicotine 12 hours
prior to the lab visit. Approximately 1 ml of saliva was collected and immediately placed
in a -20° C freezer for later analysis using a melatonin ELISA kit (Salimetrics, CA,

USA). All samples were run in duplicate.

Objective Light Exposure Measurement

A subset of subjects (n = 24) wore an Actiwatch Spectrum (Philips Resipronics,
OR, USA) for one week prior to the lab visit. The Actiwatch Spectrum is a non-invasive
wrist-worn activity monitoring method that measures ambient light exposure and activity
continuously at 32 Hz. This device has been actively used in both children and adults in
various applications, including light exposure, activity, and sleep related studies.”' 2"
The light sensor in the Actiwatch Spectrum consists of color sensitive photodiodes to
measure the illuminance of white light in units of lux (range 0.1 to 200,000 lux), and the
irradiance of the blue (400-500 nm), green (500-600 nm), and red (600-700 nm)
components in pW/cm”. Each subject was asked to wear the device for 7 days, which was

set to average over one minute epochs. Subjects were instructed not to remove the device

for the entire measurement period, including during sleep. Days were excluded from the
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analysis if the subject removed the device for more than 30 minutes, or if the light
exposure dropped to zero for 30 minutes or more during daylight hours, indicating
obstruction of the light sensor by clothing. An “off-wrist” sensor in the device and
absence of missing data showed that all subjects were compliant with the requested wear
regimen.

Actiwatch data were analyzed with the device software, Philips Actiware 6.0.8, as
described previously.*> Time outdoors was defined as mean minutes per day exposed to
> 1000 lux. For subjects who did not wear the Actiwatch, a brief survey was administered
to determine time outdoors over the previous week. Light exposure was analyzed in terms
of natural log cumulative white (broad band) light (lux), as well as for the blue and red
spectral output (WW/cm?). To understand the integration time for potential relationships
between melatonin and pupil metrics with light exposure, we calculated the cumulative
light exposure binned into four intervals, 1 day, 3 days, 5 days, and 7 days. Sleep

duration and efficiency were calculated for the week.
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A

Experimental protocol

1 week : PSQl & ; :
. saliva oS Pupil oD Axial length &
Acx‘é":rt(’h = | collection | dilation [P Zlatr?/%?/r —» | measurements [ | dilation [P autorefraction

Pupil measurements

Figure 2-1. A) Experimental protocol B) Pupil stimulation protocol. Dark adaptation (5
m) was followed by 1 s and 5 s long wavelength stimulation, with 60 s pupil following
the stimulus. The protocol was then carried out with short wavelength stimuli.
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Pupillometry

Following saliva collection, the left eye was dilated with 2.5% phenylephrine and
1% tropicamide. Dilation of the left eye was employed in an effort to maintain consistent
retinal illumination within and between subjects during stimulation. After a 20 minute
dilation period, the ipRGC driven pupil response was measured via the post-illumination
pupil response (PIPR) in the right eye, as described previously.”” Briefly, a frame
mounted binocular eye tracker with infrared illumination (ViewPoint EyeTracker,
Arrington, AZ, USA) was used record the pupil size of the right eye at 60 Hz. The IR
LED light source has a lambda max of 943 nm with a half-max width of 46 nm (Ocean
Optics Spectrometer, FL, USA). Pupil size was calibrated for each subject by first
capturing an image of a Smm artificial pupil. Following calibration, subjects dark adapted
for 5 minutes (< 1 lux), then placed their head in a chinrest with an LED-driven Ganzfeld
system (Color Burst, Espion, Diagnosys LLC, MA, USA) centered in front of the left eye
at 10 mm providing full field stimulation. Subjects viewed a red fixation point directed at
the wall at 10 feet with the right eye during measurements.

Stimuli presented to the left eye consisted of long wavelength (red) and short
wavelength (blue) narrowband 1 second (s) and 5 s pulses of light (Figure 2-1B).
Previous studies have utilized stimulus durations of 4 ms to 30 s; here, two durations that

d.*** While previous

were within the range of previously published studies were utilize
studies have concluded that a 1 s stimulus is sufficient to stimulate the melanopsin
pathway, we also included the 5 s stimulation to understand if PIPR metrics would be

different for longer stimulations. Long wavelength light was 651 nm with a half-max

width of 25 nm (Spectroradiometer CS1W, Minolta), and corneal irradiance was 5.58 x
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10" photons/cm?/s (Power Meter, Newport Corporation, CA, US). Short wavelength
light was 456 nm (half-max width of 20 nm), with a corneal irradiance of 5.85 x 10"
photons/cm?/s. After dark adaptation, the baseline pupil diameter was measured in the
dark for 10 s. A long wavelength 1 s pulse was presented to the left eye, and the
consensual pupil diameter was measured for 60 s. Then a long wavelength 5 s pulse was
presented and the consensual pupil diameter was again measured for 60 s. The subject
dark adapted for 5 minutes, and the protocol was repeated with short wavelength light.
Previous evidence suggests that prior long-wavelength light exposure enhances short-
wavelength induced pupil constriction.”* Therefore, both long wavelength stimuli were
presented, followed by a dark adaptation period, and then blue stimuli were presented,
similar to previously published experiments.®

Following ipRGC measurements, the right eye was dilated. After 20 minutes,
axial length (LenStar, Haag-Streit) and refractive error (WAM-5500, Grand-Seiko,
Japan) were measured in both eyes. For axial length, three measurements were recorded
and averaged for each eye, then both eyes were averaged together. For refraction, the
spherical equivalent refractive error (SER) was calculated for the average of 5
measurements for each eye, and both eyes were averaged together. Subjects were
grouped based on refractive error; the emmetropic group included SER from +1.25 to -
0.5 D, and the myopic group included SER < -0.50. Emmetropic and myopic groups were

age and sex matched.
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Data Analysis

Results are presented as mean =+ standard deviation. Primary outcomes were pupil
metrics, sleep quality, and melatonin. Statistical analysis was performed in MedCalc
(MedCalc Software, Ostend, Belgium). Normality was confirmed with the Kolmogorov-
Smirnov test, and outliers were detected with a Tukey outlier filter. The Kolmogorov-
Smirnov test showed that light exposure, pupil metrics and melatonin were normally
distributed, so statistical analyses of these variables were performed with simple linear
regression models and significance was determined based on the p value for slope less
than 0.05. Refractive groups were compared with unpaired two tailed t-tests and Mann-
Whitney tests for independent samples.

Pupil data were analyzed off line using a custom MATLAB program
(MathWorks, Natick, MA). Blinks were identified as intervals of pupil-aspect ratio
outside 6 SD of the mean pupil aspect ratio during stable fixation, or samples deemed
poor quality by the instrument, and removed from the trace. Pupil metrics are defined in
Table 2-1. The baseline pupil diameter was calculated by averaging pupil diameter during
the 10 s pre-stimulus period. Normalized responses were determined by dividing pupil
diameter by the baseline pupil diameter (expressed in percent). Peak constriction was
calculated as the percentage of the maximally constricted pupil diameter to baseline pupil
diameter. The 6 s and 30 s PIPR were calculated as the normalized pupil size averaged
over 6-7 s and 30-31 s, respectively, after each stimulus offset. Early and late area under
the curve (AUC) were computed for the recovery intervals 0 to 10 s and 10 to 30 s
following stimulus offset.®” The areas were computed as the trapezoidal approximation of

the integral of 100% minus the interpolated percent pupil diameter (i.e the difference
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between the pupil and baseline) for the respective intervals (unitless). The pupil metrics
were analyzed in terms of SER, morning melatonin concentration, time outdoors, and

natural log cumulative light exposure.
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Table 2-1. Pupil metrics utilized to quantify photoreceptor contributions

Metric Definition Unit Expected change

Baseline pupil  Dark adapted 10 s pre-stimulus ~ mm, defined as

diameter pupil diameter 100%

Peak Maximum pupil constriction % of baseline pupil Smaller value indicates

constriction diameter greater constriction

6 s PIPR Mean pupil diameter 6-7 s after % of baseline pupil Smaller value indicates
stimulus offset diameter greater ipRGC activity

30 s PIPR Mean pupil diameter 30-31 s % of baseline pupil Smaller value indicates
after stimulus offset diameter greater ipRGC activity

Early AUC Integral of 100% minus the unitless Larger value indicates
interpolated % pupil diameter, greater ipRGC activity
0-10 s after stimulus offset

Late AUC Integral of 100% minus the unitless Larger value indicates
interpolated % pupil diameter, greater ipRGC activity

10-30 s after stimulus offset
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2.3 Results

Fifty subjects participated (24 female, 26 male), with a mean age of 26.9 + 6.2
years (mean = SD; range 17-40, Table 2-2). Mean cycloplegic SER was -2.5+ 2.7 D
(range -7.8 to +1.2 D) and mean axial length was 24.6 £ 1.2 mm (range 22.3 to 26.9 mm).
Mean SER of the emmetropic group was +0.38 = 0.48 D (+1.2 to -0.50 D, n = 19) and of
the myopic group was -4.3 £ 1.6 D (-1.5 to -7.8 D, n = 31). Mean axial length of the
emmetropic group was 23.6 = 0.8 mm (22.3 to 25.3 mm) and of the myopic group was
25.34+ 0.9 mm (23.2 to 26.9 mm).
Light exposure, sleep, and melatonin

For all subjects, time outdoors during daylight hours over the previous week was
104.8 &+ 46.6 minutes per day (range 22 to 249 minutes). The subject who reported
spending 249 minutes per day outdoors was identified as an outlier and not included in
analyses. For the subset of subjects who wore the Actiwatch device (n = 24), natural log
daily light exposure was 14.0 £ 0.66 lux (range 12.5 to 15.2 lux). For morning melatonin
concentration, 43 subjects were included in the analysis; 7 subjects did not provide
adequate saliva samples. Mean melatonin concentration, measured in the morning prior
to pupil measurements, was 6.9 + 3.5 pg/mL (range 0.84 to 17.8 pg/mL); two subjects
with the highest values were identified as outliers and not included in regression analyses.

Increased time outdoors during the previous week was associated with higher
morning melatonin concentration (R> = 0.23, F = 11.6, df = 38, P = 0.0016, Figure 2-2A).
For the subset of subjects with objective light exposure data, cumulative white light
exposure was binned into four time slices (1 day, 3 days, 5 days, and 7 days) with

Bonferroni corrected significance level of P < 0.013. Morning melatonin concentration
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was significantly associated with white light exposure over the previous 7 days, (R’ =
0.29, F=8.12,df=20, P=0.0099, Figure 2-2B), but not the previous 5 days (P = 0.02),
3 days (P =0.05) or 1 day (P = 0.51). Morning melatonin concentration was also
significantly associated with red and blue light exposure over the previous 7 days (Figure
2-3). However, red and blue light exposure were highly correlated with white light
exposure (R2 =0.97, P <0.0001 for both, Figure 2-4); therefore, red and blue were not
considered independent variables. There were no significant refractive error group
differences in time outdoors, light exposure, or morning melatonin.

Mean PSQI score for all subjects was 5.2 £2.7 (range 1 to 15). The subject with a
score of 15 was identified as an outlier and excluded from analyses. PSQI scores were not
normally distributed, so comparisons were made using the Mann-Whitney test. Mean
PSQI was significantly lower for emmetropic subjects (4.2 & 2.3) than myopic subjects
(5.6 £2.2, t stat = 2.2, P=0.036), indicating poor sleep quality in the myopic group
(PSQI > 5). To understand if poor sleep quality was driven by the high myopes in the
group, as previously reported, the myopic group was divided into low myopes (> -0.50 to
-4.75,n = 21) and high myopes (> -4.75, n = 10). However, there were no significant
differences in the PSQI between the two groups (¢ stat = 1.2, P = 0.22). Regression
analysis for PSQI sleep score and morning melatonin showed there was no relationship
between these factors (R’ = 0.007, df = 39, P = 0.61). For the subset of subjects who wore
the Actiwatch for one week, mean daily sleep duration between refractive error groups
was not significantly different (P = 0.09), with emmetropes sleeping 457.2 &+ 38.1

minutes per night, and myopes sleeping 421.7 + 43.1 minutes per night. Sleep efficiency
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was not significantly different between emmetropes (83.3 = 7.9%) and myopes (85.3 +

4.3%, P=0.50).
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Table 2-2. Age, sex, spherical refraction (SER), axial length, time outdoors (mean
minutes per day), white light exposure, sleep duration and efficiency, morning melatonin
concentration, and PSQI scores; p value for emmetropes vs myopes; * indicates
significance at p < 0.05

All subjects Emmetropes Myopes P value
Age (years) 269+6.2 2777+£5.5 26.3+6.6 0.50
Sex 26F:24M 9F:10M 17F:14M 1.0
SER (n = 50) -25+2.7D +038+048D -43+1.6D *<0.005
Axial Length (mm, n = 50) 246+1.2 23.6+£0.8 253+0.9 *<0.005
Time outdoors (minutes, n =50) 104.8 +46.6 107.6 £42.1 103.0 +£49.9 0.74
White light exposure 13.99 + 0.66 14.09 = 0.66 13.8+0.85 0.42
(log lux, n =24)
Sleep duration (minutes, n =24) 435.5+43.9 457.2 +38.1 421.7+43.1 0.09
Sleep efficiency (n = 24) 84.6 £ 5.9% 83.3+7.9% 85.3+4.3% 0.50
Melatonin (pg/ml, n = 43) 6.9+3.5 6.5+£2.5 7.1+4.0 0.60
PSQI (n=50) 53+£2.7 42+23 59+27 *<0.05
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Figure 2-2. A) Correlation between time spent outdoors over the previous week and
morning melatonin (n =43, P=0.0016), and B) objectively measured mean white light
exposure over the 7 days and morning melatonin (n = 24, P = 0.0099), open symbols
represent outliers and are not included in regression analysis, * indicates significance at P
< 0.05
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Pupil measurements

Following 5 minutes dark adaptation, the baseline pupil diameter of undilated
right eyes was 6.1 £ 0.8 mm (range 3.7 to 7.5 mm), which was not significantly different
between the emmetropic (6.10 £ 0.71 mm) and myopic (6.08 = 0.86 mm) groups (P =
0.95). For long wavelength stimulation, pupils re-dilated rapidly following light offset.
For short wavelength stimulation, pupils re-dilated at a slower rate following light offset.
These dynamics are evident by the statistically significantly smaller values for the 6 s and
30 s PIPR and larger values for the early and late AUC for 1 s and 5 s to short wavelength
stimulation compared to long wavelength stimulation (paired t-test, P < 0.0001; Table 2-
3), except for the 30 s PIPR to 1 s stimulation, which was not significantly different
between long and short wavelength stimulations (P = 0.10). All metrics were
significantly greater (i.e. lower PIPR values and higher AUC values) for 5 s stimulation
versus 1 s stimulation of the same wavelength (P < 0.01 for all), except for the 30 s PIPR
and late AUC to long wavelength light (P = 0.09 and 0.90, respectively).

Trends suggested that the 6 s PIPR to 1 s short wavelength stimulation was
associated with white light exposure over the previous day (R’ = 0.18, df=23, F=6.7, P
=0.05, Figure 2-5A) and blue light exposure over the previous day (R’ = 0.21, df =20, F
=5.22, P=0.03, Figure 2-5C). However, these relationships were not significant
following Bonferroni correction to a significance level of p < 0.006. There was no
relationship between red light exposure over the previous day and the 6 s PIPR (R’ =
0.07,df=21, F=1.70, P=0.21, Figure 2-5E). There were no associations between the 6
s PIPR to 5 s short wavelength stimulation and light exposure (Figures 2-5B, 2-5D, 2-

5F). Additionally, there were no associations between the 30 s PIPR, early AUC or late
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AUC to 1 or 5 s short wavelength stimulation and light exposure (Figures 2-6,2-7,2-8).
Pupil metrics to 1 s and 5 s long wavelength stimulation were not associated with light
exposure. Pupil metrics were not associated with objectively measured white light
exposure over the previous 3, 5, or 7 days (data not shown).

Pupil metrics were not significantly different between emmetropic and myopic
subjects, shown for the 1 s stimulus in Figure 2-9A and 5 s stimulus in Figure 2-9B.
While the 6 s PIPR to a 5 s short wavelength stimulus was modestly increased for
myopes (i.e. lower PIPR value, ¢ stat = -2.0, df = 48, P = 0.05), the difference was not

significant after Bonferonni correction.
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Table 2-3. Pupil metrics for all subjects (n = 50) for 1 s and 5 s long wavelength (red)
and short wavelength (blue) stimulations; metrics include peak constriction (% of
baseline) during stimulation, 6 s and 30 s post illumination pupil response (PIPR, %),
early and late area under the curve (AUC, unitless). * indicates significance at p < 0.05
for red versus blue stimulations.

Stimulus renk 6 s PIPR 30 s PIPR | Early AUC | Late AUC
constriction

lsred | 62.1+58% | 92.6+2.9% | 97.2+3.8% | 1.22+0.30 | 0.61 +0.62
lsblue | 48.4+10% | 68.3+88% | 959+4.9% | 3.51+0.75 1.98 +1.04
*p <0.001 *p <0.001 p=0.11 *p <0.001 *p <0.001

Ssred | 44.8+48% | 89.5+6.0% | 98.5+48% | 1.70+£0.51 0.59 +0.90
S5sblue | 37.3+3.4% | 644+84% |924+53% | 3.84+0.64 | 3.02+1.14
*p <0.001 *p <0.001 *p <0.001 *p <0.001 *p <0.001
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2.4 Discussion

A primary outcome of this study was that objectively measured habitual light
exposure was associated with melatonin concentration. Additionally, our results showed
that myopic subjects exhibited poor sleep quality in comparison to emmetropic subjects.
Small and inconsistent associations between the ipRGC driven pupil response, light
exposure, and refractive error were not significant.

A primary role for ipRGCs is photic regulation of melatonin release from the
pineal gland.'”’ We demonstrated that systemic morning melatonin concentration was
associated with mean time spent outdoors and light exposure over the previous 7 days.
However, morning melatonin concentration was not associated with mean light exposure
over the previous 1 to 5 days, suggesting that the luminance integration period for
melatonin is 5 to 7 days. A potential mechanism for increased morning melatonin with
increased habitual light exposure is a phase shift in circadian time. A limitation of the
current study as that melatonin was only measured at one time point. Melatonin is known
to undergo a diurnal rhythm, in which the systemic levels increase at nighttime, and
decrease in the morning.””® Measuring melatonin at multiple time points throughout a
twenty-four hour period would address whether a phase shift occurs with increased light
exposure. Our results are consistent with a recent study reporting higher morning
melatonin levels with increased daytime light exposure in the elderly.’” While the age of
the current subjects is younger, sampling methodology was similar between studies.
Another recent study showed that melatonin levels were higher in summer compared to
winter;**® summer has a longer photoperiod and, hence, likely greater light exposure.

Previous studies evaluated brief exposure to bright light on systemic melatonin. Lewy et
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al., demonstrated an immediate suppression of melatonin during bright light at nighttime
that returned to normal values after darkness was resumed.'>' Owen and Arendt showed
that light suppression of melatonin was more effective in the latter part of the night.*”’
These studies suggest that time of day of light exposure plays an important role in how
melatonin is affected. Because of the variability in when our subjects received high light
doses over the observational week, we were unable to draw conclusions based on time of
day.

Consistent with the literature, pupil re-dilation was slower following short
wavelength stimuli compared to long wavelength stimuli, as indicated by the smaller 6 s
PIPR and larger early and late AUC values for short wavelength stimuli. Our results
showed trends that increased light exposure over the previous day was associated with
the amplitude of the PIPR to a 1 s short wavelength light stimulus, as measured at one
consistent time point in the morning, suggesting increased morning ipRGC activity, or a
shift in circadian phase, with increased habitual light exposure. While this finding did not
reach statistical significance following correction for multiple comparisons, the trend is in
accordance with a previous study that showed slowed pupillary redilation (i.e. increased
ipRGC activity) to 0.1 Hz flashing stimuli with greater habitual light exposure.*”® Further
studies with a larger sample size should be carried out to address the significance of these
findings. It is of interest to note that, here, the observed trends were evident for both
white and blue habitual light exposure, but not for red light exposure, providing further
evidence that a driving input for the ipRGCs is short wavelength light. Other studies
evaluated circadian changes in the ipRGC driven pupil response over 24 hours in

controlled lighting environments, and found that pupil responses demonstrated circadian
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modulation that was under the influence of an endogenous circadian clock.”®* Our
results suggest that, while relative pupil function undergoes circadian modulation
independent of external light cues, the absolute values may be influenced by previous
light exposure which could explain variability between subjects.

Pupil size is influenced by several factors in addition to ipRGC activity, including
age, lethargy, and autonomic input.”'® While intrinsic contributions to iris musculature
cannot be eliminated, efforts were taken in our protocol to minimize input, including
using a controlled dark environment, presenting a fixation target that with minimal
stimulus for accommodation, and performing measurements at a consistent time of day
(i.e. morning). Pupil diameters were normalized to each subject’s baseline pupil diameter
following 5 minutes of dark adaptation to account for variations in baseline pupil size.*
With normalization to baseline pupil size, Zele et al. showed that ipRGC-driven PIPR
was independent of age.”® On the other hand, Herbst et al., demonstrated that some
metrics of the ipRGC-driven pupil response were associated with age, and attributed this
to increased scatter by the lens with age.*® Our results also found no relationship between
the PIPR and age; however, our population included a limited age range up to 40 years.

Light is a potent cue for circadian rhythm entrainment, and studies show that
phototransduction through the ipRGCs plays an important role in setting the circadian
clock.' Studies in chicks,”'" tree shrews”'? and rhesus monkeys®'® have shown that a
diurnal light:dark photoperiod is essential for normal refractive development. Li et al.,
showed that at least 4 hours of darkness is required in chicks for normal
emmetropization.”'* Additionally, high ambient light levels decreases experimental

myopia in chicks.?'>?'® Results from these animal studies indicating that illumination

63



level and periodic light:dark cycles are critical for normal refractive development suggest
that intrinsic circadian clock and dopamine/melatonin pathway play a role in eye growth
through the ipRGCs.*"’

Previous studies have shown that, in an adult population, objectively measured
outdoor time is not significantly related to refractive error in adult populations.”*
However, evidence suggests that time outdoors is protective for myopia in children.'®”'®
To date, the relationship between the ipRGC-driven pupil response and light exposure
has not been measured in children. The protective effects of outdoor light against myopia
may be due to a variety of factors. High intensity light exposure experienced outdoors
increases retinal dopamine and also directly stimulates the ipRGCs, which have synaptic
connections to dopaminergic amacrine cells.”” Dopamine has been shown to regulate
mRNA expression of melanopsin in ipRGCs.”"” Decreased dopamine has been shown to
induce myopia in mice,'®' while dopamine agonists, such as apomorphine, inhibit

220,221

experimental and spontaneous myopia in chicks and guinea pigs. Another possible

. . . .. . . . . 222
protective mechanism of light on myopia include increases in vitamin D.

Optical
factors may play a role as well, such as a decrease in aberrations due to a smaller pupil
size with high intensity light. Additionally, outdoor scenes provide an infinite viewing
distance and little requirement for accommodation.

Here, myopic subjects reported poorer sleep quality than emmetropic subjects
using the PSQI. These results are in accordance with previous reports that myopic
children and young adults have poor sleep quality and shorter duration compared to

emmetropes.'® " Several potential mechanisms may link behavioral and circadian

aspects of sleep with refractive error. Myopia has been shown to be associated with
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education,'® which may be related to longer hours studying and later bed times.
Circadian rhythms influenced by light exposure subserving sleep/wake patterns may also
play a role in myopia development. Previous studies have shown that law students with
less than 5.6 hours of darkness may progress in myopia at a faster rate than those with
more hours of darkness.”” In animal studies, disruptions in normal light dark patterns
also induce refractive errors.”**

A recent study reported higher morning melatonin in myopic subjects compared
to emmetropic subjects.””’ Similar trends were observed here; however, differences did
not reach significance. The previous study measured serum melatonin, while in this
study, melatonin was assessed via a salivary assay, which may have more variability in
melatonin quantification. A higher morning melatonin concentration would contribute to
subjectively decreased daytime wakefulness and alertness, and is consistent with the
finding of poorer scores in myopic subjects from the Pittsburg Sleep Quality Index
reported here.

In conclusion, we demonstrated that systemic melatonin is influenced by light
exposure over the previous 7 days. Metrics of the ipRGC-driven pupil response showed
small and inconsistent associations with light exposure and refractive error. Myopic
subjects exhibited poor sleep quality compared to emmetropic subjects. Results suggest
that complex relationships exist between light exposure, ipRGCs, and with potential

downstream effects on refractive error and sleep.
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Abstract
Purpose: Exposure to increasing amounts of artificial light during the night may
contribute to the high prevalence of reported sleep dysfunction. Release of the sleep
hormone melatonin is mediated by the intrinsically photosensitive retinal ganglion cells
(ipRGCs). This study sought to investigate whether melatonin level and sleep quality can

be modulated by decreasing nighttime input to the ipRGCs.

Methods: Subjects (ages 17-42, n=21) wore short wavelength-blocking glasses prior to
bedtime for two weeks. The ipRGC-mediated post illumination pupil response (PIPR)
was measured before and after the experimental period. Stimulation was presented with a
ganzfeld stimulator, including 1 second (s) and 5 s long and short wavelength light, and
the pupil was imaged with an infrared camera. Pupil diameter was measured before,
during and for 60 s following stimulation, and the 6 s and 30 s PIPR and area under the
curve (AUC) following light offset were determined. Subjects wore an Actigraph device
for objective measurements of activity, light exposure, and sleep. Saliva samples were
collected to assess melatonin content. The Pittsburgh Sleep Quality Index (PSQI) was

administered to assess subjective sleep quality.

Results: Subjects wore the blue-blocking glasses 3:57 + 1:03 hours each night. After the
experimental period, the pupil showed a slower redilation phase, resulting in a
significantly increased 30 s PIPR to 1 s short wavelength light, and decreased AUC for 1
s and 5 s short wavelength light, when measured at the same time of day as baseline.

Night time melatonin increased from 16.1 + 7.5 pg/mL to 25.5 + 10.7 pg/mL (p <0.01).
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Objectively measured sleep duration increased 24 minutes, from 408.7 =44.9 to 431.5 +

42.9 minutes (p < 0.001). Mean PSQI score improved from 5.6 + 2.9 to 3.0 £ 2.2.

Conclusions: The use of short wavelength-blocking glasses at night increased
subjectively measured sleep quality and objectively measured melatonin levels and sleep
duration, presumably as a result of decreased nighttime stimulation of ipRGCs.
Alterations in the ipRGC-driven pupil response suggest a shift in circadian phase.
Results suggest that minimizing short wavelength light following sunset may help in

regulating sleep patterns.
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3.1 Introduction

Intrinsically photosensitive retinal ganglion cells (ipRGCs) in the inner retina are
photosensitive and directly stimulated through activation of the photopigment
melanopsin. Melanopsin stimulation through this intrinsic pathway is most sensitive to
short wavelength light, with a peak sensitivity of ~482 nm.'"'* The ipRGCs are also
stimulated synaptically through the rod/cone pathway (the extrinsic pathway).”® ipRGCs
are primarily involved in non-image forming processes such as circadian rhythm
entrainment and pupil size regulation,*">>® and can be considered irradiance detectors.
They are linked to various aspects of circadian rhythm via the retinohypothalamic tract.'>
16225 In humans, two subtypes of ipRGCs with distinct morphology and axonal

projections have thus far been identified,'>>* '

with a recent study reporting four
subtypes (M1-M4).”® One subset of ipRGC axons projects to the suprachiasmatic
nucleus (SCN), in a pathway that ultimately leads to the pineal gland to control melatonin
release.”> Melatonin is a hormone released in dim light and involved in the physiological
control of sleep.?*

Intrinsic, melanopsin-driven ipRGC activity can be measured through the post
illumination pupil response (PIPR).”®**” With high intensity short wavelength light, a
rod/cone and ipRCG driven pupil constriction ensues, which continues for up to 3

15,204

minutes following light offset. Known circuits suggest that pupil dynamics

following light offset are mediated by sustained firing of ipRGCs.'* >*#*%
Light is a potent cue for entraining the circadian system, and has been shown to

affect a wide variety of physiologic functions, including potential roles in cardiovascular,

metabolic, endocrine, and neurologic systems.****** Light exposure during the night can
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lead to chronodisruption, or impaired physiological, behavioral, and biochemical

rhythms.'"™ While other cues for synchronization of the circadian clock include feeding

and physical activity, light alone is sufficient to synchronize circadian processes.”*°
Evening exposure to short wavelength light prior to bedtime may disrupt sleep

wake cycles through ipRGC-induced melatonin suppression,''* >’

contributing to the
high frequency of reported incidence of sleep dysfunction, shown to affect up to 40% of
the population.*® *** Software has recently been introduced which aims to reduce blue
light exposure from electronic devices at night;'®* however, computers and handheld
devices represent only a portion of the artificial light in the environment. Exposure to
high intensity short wavelength light increases sleep latency, as measured by EEG.'** 24
Additionally, nighttime exposure to backlit computer screens attenuates salivary

. 241
melatonin levels.

Subjective improvements in both sleep quality and mood,'® as well
as a decrease in LED-induced nighttime melatonin suppression,'® have been
demonstrated in subjects wearing blue-blocking glasses at nighttime for two weeks.
Short-wavelength blocking glasses have also been shown to prevent melatonin
suppression from bright light during simulated shift work at night.***

This study sought to investigate whether previously observed improvements in
sleep following evening wear of blue blocking glasses is mediated through the ipRGCs.
The PIPR was utilized as an indirect measure of ipRGC activity to understand its
contribution to systemic melatonin and sleep patterns. Based on evidence from previous
studies, we hypothesized that attenuating nighttime blue light stimulation would result in

increased melatonin and improved sleep, potentially complemented with an increase in

the PIPR.
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3.2 Methods
Subjects

Twenty-two subjects, ages 17-42, were recruited to participate in this study. All
lab visits occurred between 9:00 am to 11:30 am to minimize circadian influences on the
PIPR.” Visual acuity was measured with habitual correction and an anterior eye exam
using slit lamp biomiscroscopy was performed to confirm suitability for dilation. All
subjects had a visual acuity of 20/25 or better. Exclusion criteria included ocular
pathology, including cataracts, prescription or over-the-counter medications known to
affect sleep or the pupil, sleep aids such as melatonin, and shift work or travel across time
zones during the previous month. Methods were approved by the University of Houston
institutional review board and carried out in accordance with relevant guidelines. The
research followed the tenets of the Declaration of Helsinki. Informed consent was
obtained after explaining the nature of the study to subjects.

The experimental protocol is shown in Figure 3-1A. As described in detail below,
melatonin level and the PIPR were measured before and after 2 weeks of wearing short
wavelength-blocking glasses before bedtime. In addition, light exposure, activity, and
sleep were objectively and continuously monitored before and during the experimental

period.

Objective light exposure, activity and sleep monitoring
Subjects wore an Actigraph device (Actiwatch Spectrum,
http://www.usa.philips.com) for one week prior to the first lab visit and during the 2

week experimental period for objective and continuous measurements of activity, light

72



A Experimental protocol:

1 week Baseline Lab Visit: 2 week treatment Final Lab Visit:
baseline: pm saliva am saliva collection period: pm saliva am saliva collection
Actiwatch — collection [ PSQl — Actiwatch wear | collection [ PsQl

wear pupil measurements nighttime glasses wear pupil measurements

B Pupil measurements:

5min dark 60s pupil 60s pupil 5min dark 1s blue 60s pupil 5s blue 60s pupil

adaptation | baseline measurement |stimulus| measurement |adaptation |baseline |stimulus | measurement |stimulus | measurement

Figure 3-1. (A) Flow chart of the three week experimental protocol (B) For pupillometry,
subjects dark adapted for 5 min. Baseline pupil diameter was recorded for 10 s, thena 1 s
long wavelength (red) stimulus was presented followed by 60 s recording, and a 5 s long
wavelength stimulus was presented followed by 60 s recording. Subjects dark-adapted
again, and the protocol was repeated with a short wavelength (blue) stimulus.
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exposure, sleep quality, and sleep duration. The Actiwatch Spectrum is a wrist worn
Actigraph device that measures ambient light exposure and activity continuously at 32
Hz, and was set to average over 1 minute epochs. The light sensor consists of a
photodiode that measures the illuminance of broad band light in units of lux (range 0.1 -
200,000 lux). Additionally, three color sensitive diodes measure the irradiance of red
(600-700 nm), green (500-600 nm) and blue (400-500 nm) spectral components. The
battery life and memory allow for continuous wear over the entire three week study
period. Subjects were asked to not remove the device for the entire experimental period,

and compliance was monitored by an off-wrist sensor in the device.
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Melatonin analysis

A saliva sample was collected the night before each lab visit, just before the
subject’s habitual bedtime, and the morning of the lab visit, for subsequent melatonin
analysis;** samples were collected within 15 minutes of each other for baseline and final
time points. Prior to collection, subjects were instructed not to eat, drink any liquids other
than water, or brush their teeth within an hour of collection. In addition, subjects were
asked to abstain from alcohol and nicotine 12 hours prior to collection. Subjects collected
approximately 1 ml of saliva, and the vial was immediately placed in the freezer. For
nighttime collections that were done at the subject’s home, the sample was brought into
lab in a provided thermos and insulated bag. Samples were stored at -20° C for
subsequent analysis using a melatonin ELISA kit (Salimetrics,

https://www.salimetrics.com). All samples were run in duplicate.

Subjective sleep quality

The Pittsburg Sleep Quality Index questionnaire (PSQI) was administered as a
subjective measure of sleep quality. PSQI scores distinguish “good” vs “poor” sleepers
based on seven different sleep components, with lower scores indicating better sleep
quality.”** A score of 5 or greater indicates poor sleep quality. Subjects answered the
questionnaire at baseline, with respect to their habitual sleep over the last month (as the
survey indicates), and after 2 weeks, with the latter survey being answered with respect to

the 2 week experimental period.
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Pupillometry

The ipRGC-driven PIPR was measured at the baseline lab visit and repeated at the
2 week follow up visit. The left eye was dilated with 2.5% phenylephrine and 1%
tropicamide, and a frame mounted binocular eye tracker with infrared illumination
(ViewPoint EyeTracker, http://www.arringtonresearch.com) was used to record the pupil
size of the right eye at 60 Hz. The IR LED light source has a lambda max of 943 nm with
a half-max width of 46 nm (Ocean Optics Spectrometer, https://oceanoptics.com,
spectrum provided in Figure 3-2). Pupil diameter was calibrated for each subject by
capturing an image of a 5 mm printed black circle approximately placed at the cornea
plane. Following calibration, subjects dark adapted for 5 minutes (< 0.1 lux), then placed
their head in a chinrest with an LED-driven Ganzfeld system (Color Burst, Espion,
Diagnosys LLC, http://diagnosysllc.com) centered in front of the left eye at 10 mm,
providing full field stimulation. The subject viewed a red fixation point with the right eye
during measurements, which was on the wall 10 feet away.

Stimuli presented to the left eye consisted of 1 second (s) and 5 s pulses of either
long wavelength (red) or short wavelength (blue) light (Figure 3-1B). Long wavelength
stimuli were 651 nm with a half-max width of 25 nm (Spectroradiometer CS1W,
http://sensing.konicaminolta.us, spectral output provided in Figure 3-3 and 3-4), set to
33.3 cd/m’, and with a measured corneal irradiance of 5.58 x 10"* photons/cm?/s (Power
Meter, https://www.newport.com). Short wavelength stimuli were 456 nm (half-max
width of 20 nm), set to 16.67 cd/m?, with a measured corneal irradiance of 5.85 x 10"
photons/cm?/s. At this irradiance, with full field ganzfeld stimulation at a distance of 10

mm, the intensity was above the melanopsin threshold,'* *** as indicated by reduced pupil
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Figure 3-2. Output from the infrared light source. The output from the infrared light
source is shown in figure 2-2. The IR LED light source had a lambda max of 943 nm
with a half-max width of 46 nm (Ocean Optics Spectrometer, FL, USA).
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Figure 3-3: Normalized spectral output for the short wavelength stimulus
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Figure 3-4: Normalized spectral output for the long wavelength stimulus
Figure 3-3 and 3-4. The normalized spectral output is shown for the short wavelength

stimulus (3) and long wavelength stimulus (4), as measured with a Minolta
Spectroradiometer CSIW.
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Figure 3-5. Short wavelength stimulus alpha optic lux equivalent. The toolbox provided
by Lucas, et al, 2014, was utilized to determine the alpha-opic luminance of the long and
short wavelength stimuli used here. The short wavelength stimulus alpha-opic lux
equivalent is shown in figure 2-5, and the long wavelength stimulus is shown in figure 2-
6 (see table 3-1), where sc =s cone z=melanopsin r=rod mc=mcone Ilc=1cone
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Table 3-1. Alpha-optic lux for the short and long wavelength stimuli used in this study

a-opic lux
Sensitivity Imax
. long A
short A stimulus .
stimulus
S cone 419.0 1,136.66 0.00
Melanopsin | 480.0 537.75 0.06
Rod 496.3 362.40 0.42
M cone 530.8 154.82 10.63
L cone 558.4 77.72 72.57
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diameter measured at 6 s and 30 s following short wavelength stimulus offset compared
to long wavelength stimuli. Excitation for each photoreceptor class is estimated using the
toolbox provided by Lucas et al, which shows that the differential melanopsin activation
between short and large wavelengths is large.**

Stimulus parameters included 2 durations, 1 s and 5 s. Previous studies have used

79:204 and while it has been concluded that

a range of stimulus durations from 4 ms to 30 s,
a 1 s stimulus is sufficient to stimulate the melanopsin pathway, the 5 s stimulation was
included here to understand if PIPR metrics would be different for longer stimulations, as
the ipRGCs have been shown to continue firing for the duration of a stimulus,”® while rod
and cone activity decays over time.**’ The order of stimulus presentation was consistent
from baseline to follow up so that direct comparisons could be made. Following dark
adaptation, the baseline pupil size was recorded in the dark for 10 s. A long wavelength 1
s pulse was presented to the left eye, and the pupil diameter of the right eye was
measured for 60 s. Then a long wavelength 5 s pulse was presented to the left eye and the
response of the right eye was again measured for 60 s. The subject dark adapted for 5
minutes, and the protocol was repeated with short wavelength light. Previous evidence
suggests that prior long-wavelength light exposure enhances short-wavelength induced
pupil constriction.”* Therefore, both long wavelength stimuli were presented, followed
by a dark adaptation period, and then blue stimuli were presented, similar to previously
published experiments.® One measure was recorded for each stimulus duration, as the

. . . 204 .
melanopsin response can persist for up to 3 minutes,”** and attempts were made to avoid

potentiation of the response.”*® This portion of the protocol took 16 minutes, including
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the two 5 minute adaptation periods. Because of the short length, subject fatigue was not

a concern.

Experimental period

Short wavelength-blocking glasses (Ultraspec 2000, https://www.uvex.com/en)
were dispensed for the subjects to wear in the evenings for 2 weeks. The transmission
spectrum of the glasses was confirmed, showing that the lenses absorb approximately
99% of light shorter than 540 nm, and transmit approximately 90% longer than 540 nm
(Humphrey Lens Analyzer, https://www.zeiss.com, transmission spectrum provided in
Figure 3-7). All experiments took place in the summer and fall, in which sunset occurred
prior to 8:00 pm (Earth System Research Laboratory, https://www.esrl.noaa.gov/gmd).
Subjects were asked to wear the glasses from 8:00 pm until the lights were turned off in
their home for bedtime, unless they habitually went to bed prior to 11:00 pm, in which
case they were asked to put them on 3 hours before bedtime. Therefore, all subjects wore
the glasses for at least 3 hours, although some wore them longer based on their habitual
bedtime. In addition, subjects were asked to wear the glasses if they awoke during the
night (any time before sunrise), before using any electronic devices or turning on a light.
Subjects were advised to set an alarm reminding them to wear the glasses each night, and

compliance was monitored by subject report.

Data Analysis

Pupil data were analyzed off line using custom written software (MATLAB,

https://www.mathworks.com). Pupil diameter measurements were sampled at 60 Hz. The
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Figure 3-7. The transmission spectrum of the blue-blocking glasses is shown in figure 3-
5, as measured with a Humphrey Lens Analyzer (https://www.zeiss.com).
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raw data included extreme, fast excursions of pupil diameter due to blinks, when the
video frame of the ViewPoint system was not able to capture the pupil. The samples that
the ViewPoint system identified as poor quality were removed. This strategy did not
remove all extreme excursions, so additional filtering was applied. Samples were
removed if they were less than 1 mm, if the rate of change was outside 1 standard
deviation from the mean, or if the recorded pupil aspect ratio was outside 1 standard
deviation from the mean. This strategy left very few excursions in the data.

Three metrics were used to evaluate the PIPR, which have been used in previous
studies, and are useful in describing various parameters of the PIPR. Metrics included the
6 s PIPR, 30 s PIPR, and area under the curve (AUC). The PIPR 6 s after stimulus offset
1s commonly used in the literature to describe pupil redilation and takes into account
inter-subject variability and age related effects in baseline pupil size, as values are
normalized to each subject’s baseline pupil diameter.”** The 30 s PIPR provides further
information on duration of ipRGC activity, as the PIPR can be sustained up to 83-180 s

depending on stimulus duration.”**

We found that the pupil diameter oscillated during
redilation following short wavelength stimulation, and the 6 s PIPR value could fall on an
oscillation, increasing the noise inherent in PIPR measurements. Therefore, the AUC was
also calculated,® which captures the influence of these “melanopsin oscillatory

responses (mORs),” or hippus, in pupil diameter seen during the redilation phase. Pupil

metrics were calculated as follows (Table 3-2, Figure 3-8):

6 s and 30 s PIPR: Pupil diameter was normalized to baseline, setting the average

baseline pupil diameter during the 10s prior to stimulation to 1. Relative pupil diameter
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was averaged over 6-7 s after stimulus offset and 30-31 s after stimulus offset for the

retained samples following filtering.
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Table 3-2. Pupil metrics. Key. s: seconds; PIPR: post illumination pupil response; AUC:
area under the curve.

Metric Calculation

Baseline pupil diameter Average pupil diameter 10s prior to light stimulation

Maximum constriction Minimum pupil diameter during light stimulation

6 s PIPR Pupil diameter averaged over 6-7 s after stimulus
offset, relative to the baseline pupil diameter

30 s PIPR Pupil diameter averaged over 30-31 s after stimulus
offset, relative to the baseline pupil diameter

AUC Trapezoidal sum of the interpolated normalized trace
for 20s after light offset
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Figure 3-8. Pupil diameter of the right eye during a 1 s long wavelength stimulus (red
trace) presented to the left eye, overlaid with the pupil diameter during a 1 s short
wavelength stimulus (blue trace) for one representative subject. I indicates the maximum
pupil constriction, dotted and dashed lines show where the 6 s and 30 s PIPR (post
illumination pupil response) are measured, + indicates the melanopsin oscillatory
responses. The area under the curve (AUC) for the blue stimulus is shaded grey, and is
calculated with respect to the normalized pupil size.
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Area under the curve (AUC): AUC was computed as the trapezoidal
approximation of the integral of the interpolated, normalized trace for 20 seconds
following light offset. The units are normalized pupil diameter times seconds.

For each of these metrics, a lower number indicates slower redilation following light
offset and hence, increased melanopsin-driven ipRGC activity.

Data from the Actiwatch were downloaded and analyzed with Actiware software
(Actiware 6.0.4, http://www.usa.philips.com), which calculated mean daytime activity
(counts per minute, CPM) and sleep latency, duration, and efficiency for each day.
Values were averaged separately for the baseline week and for the 2 week experimental
period. Ambient illumination values greater than 1000 lux were classified as outdoors, as

202, 218, 251

in previously published studies, and light exposure analyses were performed

using log average daily illumination.'®®

Statistical analyses were performed with R (R Core Team 2105, https://www.r-
project.org). For PIPR metrics, analyses were performed on normalized values. Shapiro-
Wilk test showed that melatonin levels, PIPR metrics and log light exposure values were
normally distributed and therefore, were analyzed with simple linear regressions. Outlier
analyses for melatonin levels and light exposure were performed with a modified
Thompson tau test. Melatonin levels, pupil diameters, and Actigraph parameters from
baseline and the experimental period were analyzed with paired two-tailed t-tests. P

values less than 0.05 were considered statistically significant. Values are expressed as

mean =+ standard deviation.
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3.3 Results

Of the 22 subjects, one subject was excluded due to non-compliance wearing the
Actiwatch and the glasses. Actiwatch data indicated that the remaining subjects did not
remove the watch during the experimental period, and hence, 21 were included in
analyses. Subjects consisted of 10 females and 11 males, with an average age of 26.7 +
7.8 years (range 17.4 — 39.7 years). Mean wear time of the glasses was 3:57 £+ 1:03 hours

per night.

Actigraphy, Melatonin and Sleep Analysis

During the baseline week, subjects spent an average of 93.6 + 44.7 minutes
outdoors per day, which was not significantly different from the 2 week experimental
period, 93.1 £ 43.0 minutes outdoors (p = 0.93). Subjects received a similar amount of
daily light exposure during the baseline week and experimental period (1.4 x 10° lux per
day, p = 0.83). For salivary melatonin analysis, three subjects did not provide sufficient
saliva volume for nighttime analysis, and one subject for morning analysis. One subject
was determined to be an outlier using the modified Thompson tau test based on very low
light exposure and excluded in regression analyses. For the remaining subjects, baseline
morning melatonin, but not nighttime melatonin, was statistically significantly associated
with time spent outdoors, total daily cumulative broad band light exposure (Figure 3-9),
blue light exposure, and red light exposure (p < 0.05 for all, see Table 3-3 for statistics).

Nighttime melatonin at baseline was 16.1 = 7.5 pg/mL (Figure 3-10). After the 2
week experimental period, nighttime melatonin statistically significantly increased 58%

to 25.5 = 10.7 pg/mL (effect size r =-0.44, t stat =-3.95, df = 19, p = 0.0005). Morning
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melatonin decreased from 5.3 + 2.8 pg/mL to 4.5 + 2.6 pg/mL (not significantly different,
p=0.16).

PSQI scores decreased (i.e. improved) or remained the same for all subjects after
the experimental period, with an average score of 5.6 + 2.9 at baseline, and a score of 3.0
+ 2.2 after wearing blue blocking glasses (effect size r = 0.43, t stat = 7.23, df =20, p <
0.0005). Objectively measured sleep duration statistically significantly increased by 24
minutes, from 408.7 &+ 44.9 minutes to 431.5 + 42.9 minutes (effect size r =-0.25, t stat =
-3.77,df =20, p=0.001). Average baseline time of sleep was 12:24 am + 1:04, and
during the experimental period was 11:57 pm £ 1:03, which was statistically significantly
earlier by 27 minutes (effect size r = 0.22, t stat = 3.33, df = 19, p = 0.004). Average
morning wake time was similar between baseline, 7:18 am + 0:38, and during the
experimental period, 7:12 am % 0:44 (p = 0.34). Sleep efficiency was not significantly
different between baseline, 83.0 £ 9.2%, and the experimental period, 84.0 £ 6.1% (p =
0.37). Sleep latency was not significantly different between baseline, 12.4 £ 8.7 min, and
the experimental period, 16.3 + 10.6 min (p = 0.12). Mean daily activity in counts per
minute was 260 + 64 during the baseline week, and 266 + 65 during the experimental

period (p = 0.42).
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Figure 3-9. For the baseline week, (a) night melatonin was not significantly associated
with total daily log white light exposure (P = 0.32). (b) Morning melatonin levels were
statistically significantly associated with total daily log white light exposure during the
baseline week (P < 0.05). Circled points are outliers and were not included in regression
analyses.
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Table 3-3. Linear regression statistics for morning melatonin and objectively measured
time outdoors, and total daily broadband light exposure, and short and long wavelength
light exposure.

R’ df F p-value
Time outdoors 0.25 19 5.85 0.02
fiﬁiﬁﬁiﬂd HERt 026 19 8.97 0.008
Short wavelength
(blue) light exposure 0.34 19 9.46 0.007
Long wavelength
(red) light exposure 0.30 19 7.89 0.01
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Figure 3-10. Melatonin levels measured via salivary assay at night and in the morning
before (solid bars) and after (open bars) wearing blue blocking glasses at night-time for 2
weeks. Error bars denote standard deviation. * indicates P < 0.05
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Pupil analysis

Resting pupil diameter at baseline following dark adaptation was 6.01 £+ 0.86 mm.
After the experimental period, resting dark adapted pupil diameter was 6.18 = 1.1 mm
(not significantly different, p = 0.65). Baseline resting pupil diameter was statistically
significantly correlated with age (R* = 0.34, df = 20, F = 9.85, p = 0.005). Minimum
pupil diameter during 1 s and 5 s short wavelength light stimulations at baseline were
2.87 £0.6 mm and 2.18 £+ 0.39 mm, respectively. This increased, but was not statistically
different, following the experimental period to 3.05 = 0.76 mm and 2.32 £+ 0.69 mm (p =
0.41 and 0.28).

Several parameters of the pupil response showed statistically significant changes
following the experimental period (Table 3-4). Figure 3-11 shows the mean pupil traces
for all subjects to 1 s long and short wavelength stimuli before and after the experimental
period, illustrating a delayed redilation period following short wavelength stimulus offset
after the experimental period. The 30 s PIPR to a 1 s short wavelength stimulus increased
and the AUC for 1 s and 5 s short wavelength stimuli decreased, suggesting increased
ipRGC activity (Figure 3-12). Observed increases in the 6 s PIPR following the
experimental period did not reach statistical significance. There were no significant
differences in any pupil metrics to long wavelength light before and after the

experimental period.
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Figure 3-11. Mean normalized pupil diameter for all subjects (n =21) during a 1 s long
wavelength and a 1 s short wavelength stimulus at baseline (dark red and blue,
respectively) and after wearing blue blocking glasses at nighttime for 2 weeks (light red
and blue, respectively). 95% confidence intervals are shown in light gray for mean
baseline pupil diameter and dark gray for 2 week mean pupil diameter.
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Table 3-4. Statistical analysis for changes in pupil metrics toa 1 s and 5 s short
wavelength stimulus before and after the experimental period. * indicates p < 0.05

Stimulus PIPR Effect size r df t stat p
metric
6 s PIPR 0.22 19 1.68 0.06
ls 30 s PIPR 0.31 19 3.17 *0.005
AUC 0.34 19 3.68 *0.002
6 s PIPR 0.09 20 -0.08 0.53
5s 30 s PIPR -0.04 20 -0.94 0.82
AUC 0.23 20 2.51 *0.02
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Figure 3-12. PIPR metrics to 1 s and 5 s long wavelength (red) and short wavelength
(blue) stimuli before (solid bars) and after (open bars) wearing blue blocking glasses at
nighttime for 2 weeks. A) normalized minimum pupil diameter, B) area under the curve
(AUC), C) 6 s PIPR, D) 30 s PIPR. Error bars denote standard deviation.

* indicates p < 0.05
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3.4 Discussion

This study demonstrates that the PIPR, which is driven primarily by direct
activation of melanopsin in the ipRGCs, is subject to modulation by attenuating short
wavelength input at night. The ipRGC-driven pupil response has been shown to undergo
circadian variations.” Zele et al., showed that the PIPR increases throughout the
morning, with increased redilation dynamics towards the peak at 14:58 hours. Our results
suggest that by attenuating short wavelength light approximately four hours prior to
subjects’ habitual bedtime, induced either an advance in the phase of circadian rhythm, or
an increase in sensitivity of the ipRGCs, so that some metrics of the PIPR, measured at
the same time of day as baseline measures, increased following the experimental period
compared to the baseline period. Based on observed changes in sleep parameters and
increase in nighttime melatonin, we speculate that circadian phase was advanced. The
blue blocking glasses likely prevented the circadian delay that has been shown to occur
with exposure to light in the evening.**?

Blocking artificial short wavelength light at nighttime resulted in a statistically
significant subjective improvement in sleep quality and an objective increase in sleep
duration of 24 minutes per night. Subjects went to sleep 27 minutes earlier during the
experimental period compared to baseline. Additionally, the PSQI score improved from
poor sleep quality to good sleep quality. While no subjects had diagnosed sleep
abnormalities at baseline, the mean PSQI score of 5.6 indicates that some subjects did
have poor quality sleep at baseline, which improved following the experimental period.
Melatonin levels, as measured through a salivary assay, statistically significantly

increased 58% at nighttime following approximately 4 hours of blue blocking glasses
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wear (from approximately sunset to bedtime) for 2 weeks. Altered pupil dynamics
following the experimental period suggest that demonstrated improvements in sleep and
increases in melatonin are potentially mediated by the ipRGCs.

We showed statistically significant changes in the 30 s PIPR as well as the AUC
following 2 weeks of blocking short wavelength light at nighttime. An increase in the 6 s
PIPR was observed, but the change did not reach statistical significance. Some studies
have suggested that the 6 s PIPR is the most sensitive metric, at least in terms of intra-
and inter-individual variation.”® Perhaps with a larger sample size, observed changes in
the 6 s PIPR would have reached statistical significance. The increase in 30 s PIPR and
decrease in AUC suggest that the firing of ipRGCs following light offset is potentially
sustained longer following decreased nighttime input. Alternatively, there could be
modifications in signal gain of the pupil control pathway. The change in measured
activity could be due to a shift in the diurnal variation previously demonstrated in the
PIPR.” In a similar study in which subjects with delayed sleep phase disorder wore blue
light-blocking glasses from 9:00 pm to bedtime, dim light melatonin onset was shown to
advance by 78 minutes.”>® While the previous study did not measure pupil responses,
circadian shifts in melatonin suggest that the ipRGCs may also be undergoing circadian
changes, as the ipRGC pathway ultimately leads to the pineal gland to control the release
of melatonin. The increase in PIPR seen here suggests that a clinically significant change
was induced in the ipRGCs as seen by the subsequent downstream increase in nighttime
melatonin and increase in objectively measured sleep duration.

Previous studies have evaluated circadian photoentrainment and sleep following

implantation of blue-blocking intraocular lenses (IOLs).?>*?** The authors reported that
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patients with blue-blocking IOLs showed no differences in any ipRGC-driven pupil
responses, sleep-specific Actigraph measures, melatonin onset or PSQI scores compared
to subjects with neutral IOLs after one year. The authors did find that peak melatonin
concentration was 50% lower in the blue-blocking IOL group compared to the neutral
IOL group. The study design of the IOL studies is very different than that of the current
study, in that IOL subjects were viewing blue blocking conditions at all times, i.e. the
subjects never had the opportunity to view full intensity blue light in the environment.
The number of hours of light and dark were not altered, whereas here, blue-blocking
lenses were only used at a particular time of the day, which increased the number of
hours that blue light was not available, while not eliminating blue light at all hours of the
day. By increasing the hours without blue light stimulation, “darkness” was effectively
shifted earlier in the evening, resulting in alterations to nighttime melatonin
concentration, increases in sleep duration and an increase in the PIPR as measured in the
morning.

Here, the Actiwatch Spectrum was employed to measure subjects’ habitual sleep
and light exposure patterns over a three week period. The Actiwatch Spectrum is ideal
because in addition to continuous activity and sleep measures, ambient illumination is
recorded in terms of broad band light exposure and spectral composition. Modern sensor

technology now allows these types of sleep studies to be carried out in subjects’

256, 257 241, 258, 259

homes, in some cases, replacing the need for overnight stays in sleep labs.

The Actiwatch has been shown to be similar to polysomnography, the gold standard for
261,262

monitoring sleep,”® and has been actively used in sleep related studies.

Specifically, the Actiwatch-derived sleep duration was demonstrated to be strongly
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correlated to that derived from polysomnography.”®® Actigraphy has been shown to be a
reliable and cost-effective method to obtain continuous measurements of sleep and
activity.””’ However, home monitoring does present some limitations. Subjects were
instructed to go about their daily routine, without a specification of when they should go
to bed or wake up, or how to set their environmental illumination, which may have
introduced variability to the data that could have been controlled within a sleep facility.
We also utilized the Actiwatch for measuring light exposure.*** In order to measure light
exposure, the device must be unobstructed by clothing. If the data indicated that the
device was obstructed, the data were not included in the analysis. Additionally, the device
is located at wrist level as opposed to eye level, which could potentially result in a
discrepancy between measured and actual light exposure. However, the correlation
between light exposure measured at eye level versus the wrist has been reported to be
0.76.%%

Intrinsic stimulation of ipRGCs is most sensitive to short wavelength light with a
peak at ~482 nm, although the spectral sensitivity spans a wider range.'® The ipRGCs

. . 26, 32,264
also receive input from rod and cone photoreceptors.*® % ¢

The majority of direct input
to the ipRGCs was blocked via short wavelength absorbing glasses; however, the ipRGCs
continued to receive synaptic (extrinsic) stimulation from long wavelength light via the
rod and cone pathway. Unless subjects are in complete darkness, it is not possible to
block all input to the ipRGCs. However, input from the rod-cone circuitry does not
activate melanopsin, and these extrinsic responses have different temporal properties than

intrinsic signals,” suggesting that demonstrated changes in dynamics were a function of

successfully reducing melanopsin-driven ipRGC signaling at nighttime.
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In this study, a control group with clear lenses was not utilized, potentially
introducing a placebo effect. The blue blocking glasses used here (Uvex) are yellow
tinted, and therefore, it would have been difficult to blind subjects as to which condition
they were in. As opposed to many narrow spectrum blue blocking lenses that appear
clear, the Uvex lenses block 99% of blue light, and the goal of this experiment was to
decrease short wavelength stimulation to the highest degree possible. To minimize a
placebo effect, we sought to use objective measures of sleep, melatonin and the pupil at
baseline for each subject as a control. Additionally, subjects were not made aware of the
changes we expected to observe in sleep following glasses wear. The increase in
nighttime melatonin and increased sleep duration afforded from the Uvex glasses was
robust, and it is possible that these increases would remain if lenses that decrease, rather
than block, blue light are utilized. Therefore, to expand on the results found here, a
randomized controlled experiment could be performed in the future in which clear lenses
are utilized and subjects are blinded to whether the lenses filter blue light or not.

A potential limitation for the use of orange tinted glasses before bedtime as a
therapeutic method to improve sleep is the yellow tinted percept induced by the lenses.
Subjects reported that they adapted to the yellow tint after wearing the glasses for about
ten minutes. However, the tint may cause concern during some activities such as night
driving. Additionally, some individuals might be self-conscious about wearing the lenses
outside of the home. These limitations could be combatted in the future through the
development of clear blue blocking lenses that can block close to 100% of the short
wavelength light. Moreover, it may not be necessary to wear the glasses every night to

appreciate beneficial effects.
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In conclusion, attenuating input to the ipRGCs via short wavelength-blocking
glasses at night is a practical method to increase endogenous melatonin before sleep,
improve sleep duration and help regulate circadian rhythm by combatting the abundance
of nighttime blue light exposure, while allowing the continued use of artificial light and
electronic devices after sunset. Evidence suggests that these demonstrated improvements

in sleep are mediated by melanopsin-driven ipRGC activity.
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Chapter Four

Discussion
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The first study investigated potential relationships between the ipRGC-driven
pupil response, light exposure, and refractive error as well as downstream relationships
between light exposure, sleep metrics, and melatonin in myopic and emmetropic
individuals. Increased time outdoors during the previous week was associated with higher
morning melatonin concentration. Morning melatonin concentration was significantly
associated with white light exposure over the previous 7 days, but not the previous 1, 3,
or 5 days. Similarly, morning melatonin concentration was also associated with red and
blue light exposure over the previous 7 days. Myopes reported poorer sleep quality than
emmetropic subjects indicated through the PSQI (P = 0.036). Scores 5 or greater indicate
poor sleep quality, and emmetropic subjects reported good sleep quality on average (4.2
+ 2.3) while myopic subjects reported poor sleep quality on average (5.6 £ 2.2) with the
overall average PSQI being 5.2 + 2.7. There was no significant difference in sleep quality
between subjects with low myopia (> -0.50 to -4.75) and high myopia (> -4.75). For the
subset of subjects that wore an Actiwatch for objective measures of sleep prior to ipRGC
measurement, mean daily sleep duration between refractive error groups somewhat
trended towards emmetropes having a greater nightly sleep duration with emmetropes
sleeping 457.2 £ 38.1 minutes per night, and myopes sleeping 421.7 + 43.1 minutes per
night, but this difference did not reach statistical significance (P = 0.09). Sleep efficiency
was not statistically significant between refractive error groups. Trends suggested that the
6 s PIPR to 1 s short wavelength stimulation was associated with white light exposure
over the previous day (P = 0.05) and blue light exposure over the previous day (P =
0.03). However, these relationships were not significant following Bonferroni correction

to a significance level of p < 0.006. There was no relationships found between any
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subjectively or objectively measured light exposure, over any length of time, in any
particular wavelength with any PIPR metric and light stimulus. Additionally, no
significant differences in pupil metrics were found between refractive error groups after
Bonferonni correction.

Our second study investigated if alleviation of short-wavelength light exposure in
the evening hours would result in alterations to sleep and pupil responses, such as
melatonin levels, sleep metrics, and PIPR. Nightime melatonin was significantly higher
during the experimental period than during the baseline period, while morning melatonin,
though not significant (p=0.16), showed tendencies to be lower in the morning after the
experimental period when compared to the baseline period. Nighttime melatonin
increased 58% on average from 16.1 £ 7.5 pg/mL to 25.5 + 10.7 pg/mL. PSQI scores
improved (decreased) or remained the same for all subjects with an average score of 5.6 +
2.9 at baseline and 3.0 & 2.2 after the experimental period. Sleep duration, measured
objectively through the Actiwatch, increased on average 24 minutes, from 408.7 + 44.9
minutes to 431.5 £ 42.9 minutes. Additional sleep was gained through earlier bedtimes,
where sleep onset averaged 27 minutes earlier during the experimental period, from
12:24 am £ 1:04 to 11:57 pm + 1:03. Average morning wake time was not significantly
different, 7:18 am + 0:38 during the baseline week and 7:12 am + 0:44 during the
experimental weeks. Sleep efficiency, sleep latency, time outdoors, daily light exposure,
and activity levels were similar between the baseline and experimental periods.
Suggestive of increased ipRGC activity following blue-blocking glasses wear, the 30 s
PIPR to a 1 s short wavelength stimulus increased and the AUC for 1 s and 5 s short

wavelength stimuli decreased. Differences in PIPR were only found with short-
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wavelength light, which directly stimulates ipRGCs, and not for long-wavelength light.
As expected, baseline pupil diameter was significantly correlated with age. Resting pupil
diameter was not significantly different between baseline and experimental periods. Our
findings suggest that by decreasing nighttime input to the ipRGCs, the circadian rhythm
shifted and therefore, sensitivity was altered when measured at the same time of day
before and after the experimental period.

Despite not reaching statistical significance, our results displayed trends that
increased light exposure over the previous day was associated with the amplitude of the
PIPR to a 1 s short wavelength light stimulus, as measured at one consistent time point in
the morning, suggesting increased morning ipRGC activity, or a shift in circadian phase,
with increased habitual light exposure. This trend is in accordance with a previous study
that showed slowed pupillary redilation (i.e. increased ipRGC activity) to 0.1 Hz flashing
stimuli with greater habitual light exposure.**

The most likely explanation for the changes observed in melatonin levels as well
as PIPR is the inhibition of circadian delay which has been show to occur when
individuals are exposed to light in the evening.>* A similar study demonstrated the
advance of dim light melatonin onset by 78 minutes through the wearing of blue-blocking
glasses from 9:00pm until bedtime.”>* Previous studies have found similar results
demonstrating that wearing of blue-blocking glasses in the evening can lead to increased
nighttime melatonin and improvements in sleep quality.'® '°® Our study was the first to
demonstrate the alteration of melatonin levels with a clinically significant increase in
PIPR suggesting that ipRGCs were responsible for the downstream increase in nighttime

melatonin and increase in objectively measured sleep duration. By alleviating blue light
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stimulation in the evening hours, perceived nighttime was effectively shifted earlier in the
evening, resulting in alterations to nighttime melatonin concentrations, increases in sleep
duration, and an increase in the PIPR as measured in the morning. Similar to the results in
our second study, a recent study reported higher morning melatonin concentrations in the
elderly with increased daytime light exposure.””” Despite our average age being much
younger, the methodology in this study was similar.

Previous studies have conflicting results as to whether PIPR is associated age.
With normalization to baseline pupil size, Zele, et al, found PIPR to be independent of
age, while Herbst, et al, suggested some ipRGC driven pupil response metrics may be
associated with age, presumably due to increased light scatter from the lens in older
patients. **°° Our population was limited to subjects under the age of 40, but our results
were consistent with the prior study in which PIPR was found to be independent of age.

Despite not reaching statistical significance, trends for higher morning melatonin
levels in myopic subjects were observed, which is similar to a recent study."" This could
partially explain our finding that individuals with myopia reported poorer sleep quality,
potentially due to a delayed circadian cycle where melatonin levels peak later in the
evening thus resulting in higher morning melatonin levels.

This research demonstrates the remarkable capability to manipulate circadian
rhythm by altering melatonin levels through diminishing short-wavelength light
exposure. Implications for such ability could prove to be useful in a wide array of sleep
disorders and circadian rhythm dysfunctions. One application is through the use of blue-
blocking tints in the evening hours to improve nighttime sleep duration and quality. Such

lenses offer a more potent and effective circadian rhythm modulator and, in the long-
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term, a cheaper option than melatonin supplements.**> Melatonin modulation could also
prove useful in cases of nightshift workers whose ambient light cues the biological clock
to a different sleep cycle than needed or people traveling abroad who must adjust to a
new light cycle. With the increase in use of LED screens on electronic devices, which
largely emit blue light, sleep dysfunction is becoming more prevalent and blue-blocking
tints are a tool to combat such a problem.

This research also is a step forward in the understanding of environmental factors
affecting refractive error and eye growth. With myopia rapidly becoming a societal and
ocular health concern, modifiable life factors contributing to axial elongation are of
increasing importance. While genetics are uncontrollable, environmental cues such as
light exposure are modifiable and known to affect both eye growth and circadian rhythm.
This research also began to explore relationships between refractive error, sleep quality,
and melatonin levels. Hormones and neurotransmitters affected by environmental factors
could partially explain development of refractive error through eye growth. Some
potential explanations for the effect of light exposure on axial elongation include,
dopamine or melatonin levels, sun-derived vitamin D levels, or even changes in optical
aberrations with pupillary constriction. However, much more research is necessary to
understand any potential relationships.

In our studies, sleep and light exposure were not controlled for, but measured
objectively using wearable sensors in the subject’s habitual environment. Home
monitoring of sleep metrics presents challenges in accurate data collection. While a major
advantage includes the subject continuing their habitual routines, controlling for lifestyle

variability and the most consistent conditions among subjects would have been
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conducting the entire experiment in a sleep facility. Use of an amber tint in the blue-
blocking glasses alters color and visual perception of the subjects, therefore not allowing
for a randomized control and potentially allowing for a placebo affect, although subjects
were not told of the expected changes to circadian rhythm. An ideal study would include
two sets of clear glasses, one with blue-blocking capability and the other with a placebo.
While subjects reported excellent compliance with the wearing of the blue-blocking
glasses, it is conceivable that some subjects may have disregarded wear in social settings
due to cosmetic concerns.

In both studies, an Actiwatch was utilized in the collection of light exposure data.
This device being worn at wrist level is somewhat limited in the determination of light
exposure at eye level. Ideally, a device would allow for measurements of light exposure
to be collected at eye level. Also, in both studies additional melatonin sample collections
throughout a 24 hour period would have been beneficial. In the first study melatonin was
only collected at one time point. The second study included four total collections; two
morning and two evening collections, one set in the control week and the other after
wearing blue-blocking glasses for two weeks.

Future research directions should include a blind and randomized controlled
experiment where clear lenses are utilized to mask which subjects are using blue-
blocking lenses versus non-absorbing lenses. Additionally, research could begin to be
performed examining the use of alleviating short wavelength light exposure at specific
times to readapt circadian rhythms for nightshift workers or even for intercontinental
flights. Our first project should be expanded to children to investigate relationships

between melatonin, dopamine, axial elongation, refractive error, activity levels, and light
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exposure separated by wavelength. An additional study of melatonin, sleep metrics, time
outdoors, light exposures comparing not only emmetropes and myopes, but also
hyperopes would be beneficial as our study did recruit a sufficient amount of hyperopes
to obtain this data.

In conclusion, ipRGCs possess the capability of remarkable visual and non-visual
forming roles, which may be susceptible to manipulation through attenuation of specific
wavelengths thus resulting in behavioral and physiological modulation. Similarly, light
exposure of varying wavelength, duration, and intensity may influence circadian rhythms
through melatonin release modulated by ipRGCs. There also exists a complex
relationship between light exposure, ipRGCs, sleep, and refractive error that may
someday contribute to the understanding of how modifiable environmental factors

influence refractive error development and axial elongation.
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