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Intrinsically photosen- Purpose: The intrinsically photosensitive retinal ganglion cells (ipRGCs) regulate pupil size and
sitive retinal ganglion circadian rhythms. Stimulation of the ipRGCs using short-wavelength blue light causes a sustained
cells; pupil constriction known as the post-illumination pupil response (PIPR). Here we examined the
Axial length; effects of ipRGC stimulation on axial length changes to imposed optical defocus in young adults.
Melanopsin; Materials and methods: Nearly emmetropic young participants were given either myopic (+3 D,
Optical defocus; n = 16) or hyperopic (-3 D, n = 17) defocus in their right eye for 2 h. Before and after defocus, a
Myopia series of axial length measurements for up to 180 s were performed in the right eye using the IOL

Master following exposure to 5 s red (625 nm, 3.74 x 10'* photons/cm?/s) and blue (470 nm,
3.29 x 10" photons/cm?/s) stimuli. The pupil measurements were collected from the left eye
to track the ipRGC activity. The 6 s and 30 s PIPR, early and late area under the curve (AUC), and
time to return to baseline were calculated.

Results: The PIPR with blue light was significantly stronger after 2 h of hyperopic defocus as indi-
cated by a lower 6 and 30 s PIPR and a larger early and late AUC (all p<0.05). Short-wavelength
ipRGC stimulation also significantly exaggerated the ocular response to hyperopic defocus, caus-
ing a significantly greater increase in axial length than that resulting from the hyperopic defocus
alone (p = 0.017). Neither wavelength had any effect on axial length with myopic defocus.
Conclusions: These findings suggest an interaction between myopiagenic hyperopic defocus and
ipRGC signaling.
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Introduction

The intrinsically photosensitive retinal ganglion cells
(ipRGCs) are a distinct subtype of ganglion cells that consti-
tute only about 0.2 — 2.5% of all ganglion cells across spe-
cies, with widespread dendritic coverage across the entire
retina, except the fovea.' These cells contain a blue light
sensitive photopigment, melanopsin, with a peak sensitivity
at ~482 nm.*3 ipRGCs respond to light directly through mel-
anopsin,® and indirectly through synaptically-mediated
input from rod and cone photoreceptors.®” The ipRGC axons
project to several brain centers and regulate non-image
forming functions, such as photoentrainment of circadian
rhythms, regulation of pupillary light reflex (PLR), sleep,
and alternes,”® "% as well as contrast and color detection,
and pattern vision.""""® It is unclear if melanopsin signaling
influences refractive development of the eye.

The ipRGCs regulate visual functions either through their
intrinsic light response or via synaptic connections with outer
retinal photoreceptors and other retinal neurons (such as
dopaminergic amacrine cells or DACs).””"™ Studies have
shown synaptic connections between DACs and ipRGCs in the
inner plexiform layer of the retina®'® and evidence that these
melanopsin cells may affect retinal dopamine release.'®'”
Alterations in retinal dopamine production and release may
influence refractive development, as shown in animal models
of myopia (see reviews).'®'? In a recent study, the absence of
the melanopsin photopigments in Opn4~'~ mice resulted in
abnormal refractive development and greater susceptibility to
form-deprivation myopia.”’ The increased susceptibility to
myopia in Opn4~'~ mice was found to be associated with
lower dopaminergic activity in the retina and was partly
attenuated with L-DOPA treatment, suggesting that proper
ipRGC function may be essential for normal refractive devel-
opment, protection from myopia progression, and for main-
taining intact retinal dopaminergic signaling.

In vivo ipRGC activity can be measured indirectly through
the pupil response to short wavelength light.*?" Following
short wavelength stimulation offset, the intrinsic response
of ipRGCs produces a sustained pupil constriction, also
known as the post-illumination pupil response (PIPR).*?"%3
The PIPR redilation dynamics have been shown to correlate
with the sustained firing pattern seen in single cell record-
ings,* and are a robust marker of ipRGC activity. Impaired
ipRGC function and PIPR are associated with several ocular
diseases.?” Despite some evidence of a possible link between
melanopsin function and refractive error development, pre-
vious studies,?**>"?¢ including our own study,’’” found no sig-
nificant association between refractive error and the ipRGC-
driven PIPR in young adults and children.

It is noteworthy that these studies have all investigated
the PIPR under ‘natural’ defocus state (i.e. with the actual
refractive error) and not with ‘imposed’ defocus. Previous
studies have shown that brief periods (1—2 h) of imposed
defocus results in small, but significant changes in axial
length (measured from the anterior corneal surface to the
retinal pigment epithelium or RPE) and choroidal thickness
of human subjects, which represents the effects of short-
term optical blur to the eye.?®*° Furthermore, visual proc-
essing of imposed optical defocus can be considerably
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different from natural defocus in human eyes.>' The goal of
this study was to examine the effects of melanopsin stimula-
tion on axial length changes to imposed hyperopic and myo-
pic defocus in young adult eyes to understand the
interaction between melanopsin signaling and optical blur
at the retina.

Materials and methods
Participants

Young adult participants between the ages of 18 and 25 years
(mean + SD, 21.67 + 2.13) were recruited to examine the
effects of melanopsin stimulation upon axial length changes
to myopic (n = 16; male=7, female=9) and hyperopic (n = 17;
male=8, female=9) defocus. 12 subjects participated in both
defocus experiments. Prior to participation, all subjects
underwent a comprehensive eye examination to assess their
refractive status and ocular health. The mean spherical
equivalent refraction (SER) was -0.26 + 0.35 and
—0.23 £+ 0.31 DS for participants in myopic and hyperopic
defocus experiments, respectively. All subjects had normal
logMAR visual acuity of 0.00 or better, and astigmatic refrac-
tive error of <0.75 DC. No participants had ocular pathology
or history of any major eye or refractive surgery.

None of the participants were taking any prescription
medication known to affect the pupil size or sleep (such as
melatonin). In addition, participants were asked to refrain
from alcohol, caffeine and nicotine 12 h prior to the pupil
measurements. All participants were tested between 9:00
am and 1:00 pm to minimize the effects of circadian varia-
tion on ipRGC function and the PIPR.*? Approval from the
Southern Adelaide Local Health Network (SALHN, ID: 156.17)
was obtained, and all participants provided written
informed consent prior to their participation. All subjects
were treated in accordance with the Declaration of Helsinki.

The optical system for pupil measurements

The PIPR was measured using a custom-built optical system,
as described previously?” and shown in Fig. 1A and B and.
The optical design was inspired by a previous publication by
Kankipati et al.?® Briefly, the illumination system consisted
of a set of red and blue light-emitting diodes (LEDs). The
light from the red and blue LEDs was transmitted to the right
eye via two Fresnel lenses; F1 and F2, each of a 10.16 cm
diameter and a 10.16 cm focal length (Edmund Optics, Bar-
rington, NJ). The blue (470 nm, 3 mm diameter, full width at
half maximum [FWHM] 22 nm) and red LEDs (625 nm, 3 mm
diameter, FWHM 20 nm) (Jaycar Electronics, Rydalmere,
Australia) were positioned at the focal length of the first
Fresnel lens, F1. The two Fresnel lenses were kept 20.32 cm
apart (i.e. separated by twice their focal length). A holo-
graphic diffuser of 5-degree diffusing angle (Edmund Optics,
Barrington, NJ) was placed in front of the second Fresnel
lens (F2), and the participant’s right eye was positioned at
the focal point of F2. During the PIPR measurement, the
right eye was presented with the light stimulus, and the
effect of light stimulation was measured in the contralateral
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Overview of the optical system used in the study; animated (A) and real image (B). Two fresnel lenses, F1 and F2 (both

10.16 cm focal length and diameter), were placed at twice their focal length apart. Red and blue LEDs were placed at one end of the
optical system. The subject’s right eye was aligned at the other end, while the left eye was recorded by the infrared camera (IR cam-
era) attached to the computer. The diffuser had a 5 deg diffusing angle. The hot mirror and the two achromatic doublet relay lenses
(L1 and L2, both 10 cm focal length) enabled axial length measurements using the IOL Master to be performed during red and blue

light stimulation to the eye.

left eye using an infrared camera. A modified Logitech C920
HD Pro-webcam (Logitech, Newark, CA) with illuminating
infrared LEDs (940 nm, 5 mm diameter, Core Electronics,
NSW, Australia) was used to record the pupil responses from
the left eye at a rate of 15 frames/s. The presentation of
light stimulus and the duration of PIPR recording were con-
trolled via a small single-board computer, Raspberry Pi 3
Model B (Core Electronics, NSW, Australia). During the
experiment, the participants were positioned in a chinrest
and instructed to look straight ahead at a small red laser
spot on the wall at a 4 m distance to induce minimal accom-
modation.

For concurrent measurements of axial length and PIPR
under natural binocular viewing conditions, a relay lens sys-
tem, involving a 5 x 5 cm hot mirror and a pair of achromatic
doublet lenses (L1 and L2) with focal lengths of 10 cm
(Edmund Optics, Barrington, NJ), was used (Fig. 1). Briefly,
the I0OL Master 500 (Carl Zeiss, Jena, Germany) was kept at
the focal point of the first lens L1 (close to 10 cm from L1).
The two lenses L1 and L2 were separated by 20 cm to main-
tain the afocal optical system at 1x magnification.>* Finally,
the infrared measurement beam travelling from the I0L Mas-
ter through the relay lens system was redirected towards the
subject’s right eye by a wide band hot mirror placed 5 cm in
front of the subject’s right eye at an angle of 45°. The opti-
cal system allowed the IOL Master’s infrared beam (780 nm)
as well as light from the red and blue LEDs to reach the right
eye simultaneously, enabling the IOL Master measurements
to be performed during red and blue light stimulation to the
eye.

Pupillometry

The red and blue LEDs illuminating the eye were flickering at
10 Hz with a duty cycle of 80%. The corneal irradiance levels,
measured using an optical power meter (Newport Corpora-
tion, Irvine, CA), were 3.29 x 10" photons/cm?/s for the
blue stimulus (470 nm) and 3.74 x 10" photons/cm?/s for
the red stimulus (625 nm). These corneal irradiances have
previously been shown to induce a significant PIPR in young
humans (27). The individual photoreceptor excitation
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(a-optic lux) with the red and blue light stimuli are shown in
Table 1.3*

In order to induce myopic and hyperopic defocus, partici-
pants wore a + 3.00 or —3.00 DS Proclear® 1 day daily dispos-
able contact lens (CL, CooperVision, Pleasanton, CA) in their
right eye for a period of two hours. For subjects with low
refractive errors, the defocus was combined with the refrac-
tive correction into the CL power. Only emmetropic (or near
emmetropic) participants were recruited so that partici-
pants can clearly view the distant target at 4 m from their
uncorrected left eye and accurate pupil recordings can be
captured from the left eye (without CL). The CL induced
desired level of optical defocus in the right eye only, while
the left eye had clear vision. On the day of the experiment,
all participants reported to the laboratory between 9 - 9:30
am. Prior to any ocular measurement, participants were
required to perform a binocular distance viewing task for
10 min (sitting and viewing an object at 6 m) in dim light of
<10 lux to wash out any residual effects of previous visual
tasks on measurements, as previously described.** Following
the 10-minute wash out period, CLs were introduced, and
the participants were dark adapted for 5 min. Immediately
after dark adaptation, a series of axial length and PIPR
measurements were performed in the defocused right eye
over the CL (Fig. 2). More specifically, the right eye was

Table 1 Individual photoreceptor excitation («-optic lux)
with 470 nm 3.29 x 10 photons/cm?/s and 625 nm
3.74 x 10" photons/cm?/s light stimuli (based on Lucas
etal.>).

a-optic lux
Photoreceptor class Prefix 470 nm 625 nm
S cone Cyanopic 952.98 0
Melanopsin Melanopic 995.4 0.62
Rod Rhodopic 684.3 4.49
M cone Chloropic 329.1 88.93
L cone Erythropic 162.83 334.11
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Protocol for axial length measurements. Participants were given 5 min of dark adaptation before axial length and pupil

measurements. Axial length measurements were obtained during 10 s pre-stimulus baseline period, and then 6s, 30s, 60s, 120 s and
180 s after 5 s red stimulation. After another 10 s baseline, the same protocol was repeated for 5 s blue stimulation.

exposed to a 5 s pulse of red and blue light, and the consen-
sual pupil responses were measured in the left eye for 100 s
following light offset. The stimulus duration was chosen
based on our previous study in which we found that a 5 s
blue stimulus induced a much stronger melanopsin response
compared to a 1 s stimulus of same wavelength.?’ For this
experiment, the right eye was undilated to keep the magni-
tude of imposed defocus consistent throughout the experi-
ment.

Following exposure to red and blue stimuli, a series of
axial length measurements were obtained at baseline, and
then at 6, 30, 60, 120 and 180 s after stimulus offset from
the right eye, using the I0L Master 500 (Fig. 2). The IOL Mas-
ter and pupil measurements were repeated after 2 h of
exposure to defocus to examine the interaction between
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Fig. 3 Normalized pupillary changes for red and blue stimuli

before and after 2 h of hyperopic or HD (A) and myopic or MD (B)
defocus. Pupil metrics include baseline pupil diameter, peak
constriction, 6 s post-illumination pupil response (PIPR), 30 s
PIPR, early area under the curve (AUC), late AUC, and time to
return to baseline. Shaded regions represent 95% confidence
intervals. Stimulus is shown in yellow.
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melanopsin stimulation and axial length changes to short-
term optical blur. For this experiment, the PIPR measure-
ments were collected until the pupil returned to baseline or
end of the ipRGC activity (100 s, Fig. 3) to record the
changes in axial length corresponding to different phases of
ipRGC activation; including immediately after, during, and
after cessation of the ipRGC stimulation. During the 2-hour
defocus period, subjects watched a greyscale movie binocu-
larly at 6 m while remaining seated in a dimly lit room
(<10 lux). Under these binocular conditions with +/- 3 D
defocus in one eye, the vergence and accommodation cues
have been shown to maintain defocus in the intended
eye.>®*” Both defocus conditions were completed within a
week for all participants. Two repeats for each stimulus
(470 nm and 625 nm) were recorded for each stimulus dura-
tion and were averaged for further analysis.

Data analysis

The change in pupil diameter in response to red and blue
stimuli was measured from the pupil camera recordings
using a custom Matlab program (Matlab 2017b, version 9.3,
MathWorks, Natick, MA). For both 1 and 5 s trials, the Matlab
program analysed each frame to calculate the change in
pupil area relative to the average baseline pupil area for
each wavelength (i.e. the average of 10 s pre-stimulus
period before red and blue stimulation). The program then
generated a time-stamped series of relative pupil responses
for further analysis. Data were automatically filtered to
remove blinks, and artefacts due to poor fixation during
pupil measurements. The PIPR was described by 6 metrics;
the peak constriction, the 6 and 30 s PIPR, and the early and
late area under the curve (AUC), and time to return to base-
line (Table 2).2"22:2527:38 All pupil metrics are shown as
“normalized change” to the average baseline pupil diameter
(expressed in percent). Whilst peak pupil constriction repre-
sents both rod/cone and inner retinal activity, the other
four metrics are commonly used to describe the ipRGC
activity.2""?2

Two measurements of axial length (i.e. an average of 10
readings) for each subject at each time point were averaged
for further analysis. Axial length measurements could not be
collected for one participant with myopic defocus. The
mean change in axial length with optical defocus was calcu-
lated from the difference between the first baseline axial
length measurement (prior to 5 s red stimulation), collected
before and after 2 h of defocus exposure for all participants.
Both pre-and-post-defocus changes in axial length with light
stimulation (as shown in Figs. 4 and 5) are normalized to the
baseline axial length measurement for individual wave-
lengths. A sub-analysis of axial length changes was per-
formed on 12 participants that participated in both defocus
conditions, and the results were found to be generally
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Table 2

Pupil metrics used to quantify photoreceptor contributions to the post-illumination pupil response (PIPR). Metrics

include baseline pupil diameter (%), peak constriction (% of baseline), 6 s and 30 s PIPR (% of baseline), early and late area under

the curve (AUC, unitless), and time to return to baseline (seconds).

Metric Definition Unit

Expected change Photoreceptor

contribution

Baseline pupil
diameter

10 s pre-stimulus period before
long-and-short-wavelength
stimulation

Peak constriction Maximum pupil constriction

% of the average base-
line pupil diameter

Percent (%)

Combination of
rod/cone and inner
retinal activity

Smaller value indi-
cates greater
constriction

6 s PIPR Mean pupil diameter 6—7 s after % of the average base- Smaller value indi- ipRGC activity
stimulus offset line pupil diameter cates greater ipRGC
activity
30 s PIPR Mean pupil diameter 30—31 s % of the average base- Smaller value indi- ipRGC activity
after stimulus offset line pupil diameter cates greater ipRGC
activity
Early AUC Log of trapezoidal approxima- Unitless Larger value indicates ipRGC activity
tion of the integral of 100% greater ipRGC activity
baseline minus the inter-
polated?% pupil diameter, 0—10 s
after stimulus offset
Late AUC Log of trapezoidal approxima- Unitless Larger value indicates ipRGC activity
tion of the integral of 100% greater ipRGC activity
baseline minus the inter-
polated% pupil diameter,
10—30 s after stimulus offset
Time to return to Time taken for the pupil to Seconds Longer time indicates Combination of

baseline return to baseline after long-
and-short-wavelength

stimulation

rod/cone and
ipRGC activity

greater ipRGC activity

similar to the final analysis on 16—17 participants (data not
shown). Finally, as all axial length measurements were col-
lected over the contact lens, an assumed lens thickness was
later subtracted to account for the additional optical path
length (https://coopervision.net.au/).

Statistical analyses were performed using commercial
software (SigmaStat 3.5, Aspire Software International, Ash-
burn, VA). For both hyperopic and myopic defocus, the
change in pupil metrics before and after defocus were ana-
lysed using two-way ANOVA with “wavelength” and “defocus
state” as within-subjects factors. To examine the changes in
axial length with red and blue light stimuli for each defocus
condition, the two-way repeated-measures ANOVA was used
with “time” and “wavelength” as within-subjects factors. To
determine the within-subject variability of the PIPR metrics,
the intrasession coefficient of variation (CV or SD/mean) was
calculated,?” which has previously been shown to be a reli-
able measure of variability as it is dimensionless and is not
affected by the changes in measurement units.>® A p-value
of less than 0.05 was considered to be statistically signifi-
cant. All data are expressed as mean =+ standard error of
mean (SEM).
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Results

Effect of ipRGC stimulation on ocular response to
hyperopic defocus

Fig. 3 shows the changes in pupil response to red and blue
stimuli before and after 2 h of hyperopic and myopic defo-
cus. Compared to the 5 s red stimulus, the blue stimulus
induced a strong melanopsin pupillary response both before
and after exposure to hyperopic defocus (Fig. 3A). Impor-
tantly, the strength of the PIPR with blue light was signifi-
cantly greater after 2 h of hyperopic defocus, as indicated
by significant differences in the 6 s PIPR (pre-defocus,
46.48 + 3.90%; post-defocus, 38.02 + 2.29%), 30 s PIPR (pre-
defocus, 74.22 + 4.04%; post-defocus, 57.48 + 3.67%), early
AUC  (pre-defocus, 1.37 + 0.04%; post-defocus,
1.63 &+ 0.03%) and late AUC (pre-defocus, 1.31 + 0.04%;
post-defocus, 1.42 + 0.03%) (two-way ANOVA wavelength by
defocus state interaction, all p<0.05, Table 3). Exposure to
hyperopic defocus attenuated the pupil response to red
stimulus as indicated by a decrease of 0.13 units in the late
AUC (pre-defocus, 0.82 + 0.04; post-defocus, 0.69 + 0.05,
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Fig. 4 Change in axial length associated with 5 s red and blue light stimulation before (A) and after 2 h of hyperopic defocus (B). (A)
Exposure to red and blue stimuli had no effect on axial length before the introduction of hyperopic defocus (two-way repeated meas-
ures ANOVA time by wavelength interaction F(5, 203) = 0.379, p = 0.862). (B) Following 2 h of hyperopic defocus, compared to long-
wavelength red stimulus, exposure to short-wavelength blue stimulus resulted in a significant increase in axial length, particularly at
60, 120 and 180 s after stimulus offset (two-way repeated measures ANOVA time by wavelength interaction F(5, 203) = 2.957,

p =0.017). Significant interactions from post-hoc tests are indicated by asterisks.

Holm-Sidak multiple comparisons, p<0.05). There were no
significant changes in any other pupil metrics with red light
stimulation following defocus treatment (Table 3).

2 h of hyperopic defocus resulted in a significant increase
in axial length of +0.012 + 0.006 mm [two-tailed t-test, t
(16) = —2.112, p = 0.048]. As shown in Fig. 4A, exposure to
red and blue stimuli had no effect on axial length before the
introduction of hyperopic defocus (two-way repeated meas-
ures ANOVA time by wavelength interaction F(5203) = 0.379,
p = 0.862). Following 2 h of hyperopic defocus, melanopsin
stimulation with short-wavelength blue light exaggerated
the ocular response to defocus, causing a further increase in
axial length, which was statistically significant at 60, 120
and 180 s after stimulus offset (two-way repeated measures
ANOVA time by wavelength interaction F(5, 203) = 2.957,
p=0.017, Fig. 4B).
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Fig. 5

Effect of ipRGC stimulation on ocular response to
myopic defocus

The 5 s blue stimulus induced a strong PIPR both before and
after 2 h of myopic defocus; however, there was no signifi-
cant interaction between the state of defocus and pupil-
lary changes for either wavelength (two-way ANOVA
wavelength by defocus state interaction, all p>0.05,
Fig. 3B and Table 3).

Two hours of CL induced myopic defocus led to a signifi-
cant reduction in axial length of —0.014 + 0.006 mm [two-
tailed t-test, t (15) = 2.458, p = 0.037]. However, unlike
hyperopic defocus, exposure to 5 s red and blue stimuli had
no significant effect on axial length either before or after
2 h of myopic defocus (two-way repeated measures ANOVA
time by wavelength interaction, p>0.05, Fig. 5).
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Change in axial length associated with 5 s red and blue light stimulation before (A) and after 2 h of myopic defocus (B). (A)

Exposure to red and blue stimuli had no effect on axial length before the introduction of myopic defocus (two-way repeated measures
ANOVA time by wavelength interaction F(5, 179) = 2.102, p = 0.075). (B) Similarly, neither of the two wavelengths had any effect on
axial length following 2 h of myopic defocus (two-way repeated measures ANOVA time by wavelength interaction F(5, 179) = 0.267,
p =0.930).
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Table 3  Pupil metrics for 5 s red and blue stimuli during axial length measurements before and after 2 h of hyperopic and myopic defocus, along with p-values from two-way
ANOVA comparing the main effect of wavelength, defocus state and wavelength by defocus state interaction for each defocus condition. Metrics include baseline pupil diameter
(%), peak constriction (% of baseline), 6 s and 30 s post-illumination pupil response (PIPR,% of baseline), early and late area under the curve (AUC, unitless), and time to return to
baseline (s). Time to return to baseline was measured until the pupil returned to baseline or end of the ipRGC activity. Significant p values (p<0.05) are highlighted in bold.

Defocus Pupil metrics Wavelength Defocus state p-values
Pre-defocus Post-defocus Wavelength Defocus state Wavelength *
defocus state
Hyperopic defocus Baseline Red 99.91 + 0.20% 100.77 £+ 0.32% 0.098 0.550 0.219
Blue 101.28 + 0.54% 100.98 + 0.68%
Peak constriction Red 18.91 4+ 1.05% 18.95 4 1.44% <0.001 0.705 0.676
Blue 12.12 £ 1.07% 11.25 + 0.59%
6s PIPR Red 72.20 & 1.90% 77.25 +1.32% <0.001 0.504 0.0107
Blue 46.48 + 3.90% 38.02 + 2.29%
30s PIPR Red 94.58 + 1.03% 98.65 + 0.57% <0.001 0.027 <0.0011
Blue 74.22 4 4.04% 57.48 + 3.67%
Early AUC Red 1.20+0.02 1.16 +0.02 <0.001 <0.001 <0.0017
Blue 1.37 £ 0.04 1.63 +0.03
Late AUC Red 0.82 +0.04 0.69 £ 0.05 <0.001 0.932 0.007%#
Blue 1.31+£0.04 1.42 +0.03
Time to return to baseline Red 33.73+£2.77 29.54 £ 2.25 <0.001 0.582 0.083
Blue 76.38 4+ 4.27 84.41 +4.16
Myopic defocus Baseline Red 100.43 + 0.24% 100.34 + 0.16% 0.078 0.792 0.936
Blue 101.36 £ 0.50% 101.19 + 0.82%
Peak constriction Red 20.68 + 2.30% 18.12 + 1.46% <0.001 0.099 0.915
Blue 14.17 £ 1.53% 11.26 +0.91%
6 s PIPR Red 79.79 +2.23% 69.05 + 2.22% <0.001 0.008 0.254
Blue 53.40 + 3.31% 49.05 + 3.14%
30sPIPR Red 99.48 4+ 0.74% 96.47 4+ 0.92% <0.001 0.121 0.654
Blue 78.74 +2.98% 73.33 +4.29%
Early AUC Red 1.09 +0.03 1.20 +0.03 <0.001 0.050 0.890
Blue 1.32 +0.04 1.42 +0.09
Late AUC Red 0.62 + 0.05 0.69 +0.03 <0.001 0.078 0.577
Blue 1.16 = 0.09 1.29 +0.05
Time to return to baseline Red 25.20 £+ 1.78 32.14+1.99 <0.001 0.165 0.659
Blue 71.69 +5.02 75.30 +4.90

# Holm-Sidak post-hoc test showed significant differences in the pre-and-post-defocus pupillary changes for the red stimulus (p<0.05).
¥ Holm-Sidak post-hoc test showed significant differences in the pre-and-post-defocus pupillary changes for the blue stimulus (p<0.05).
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Table 4

Summary of the intrasession coefficient of variation (CV) for each of the PIPR metrics for the myopic and hyperopic

defocus experiments (average of pre-and-post defocus). Intrasession CV (expressed in%) was calculated as standard deviation/
mean of the two long-wavelength (red) and two short-wavelength (blue) trials. Metrics include baseline pupil diameter, peak con-
striction, 6 s and 30 s post-illumination pupil response (PIPR), early and late area under the curve (AUC), and time to return to

baseline.
Pupil metrics Intrasession CV (%) for myopic Intrasession CV (%) for hyperopic
defocus experiment defocus experiment
Red (625 nm) Blue (470 nm) Red (625 nm) Blue (470 nm)
Baseline 1.11 2.73 1.75 1.87
Peak constriction 11.64 13.67 10.19 12.77
6 s PIPR 5.85 8.27 4.81 7.93
30sPIPR 6.46 10.01 5.21 9.06
Early AUC 11.75 13.9 11.19 14.48
Late AUC 31.15 33.63 28.82 35.61
Time to return to baseline 16.14 17.84 18.63 18.52

Intrasession variability

To quantify the within-subject variability in the PIPR met-
rics, we calculated the intrasession coefficient of variation
(CV) for each of the pupil metrics (Table 4). The intrasession
CV for the peak constriction and the 6 and 30 s PIPR were
generally greater for the blue stimulus compared to the red
stimulus, but they were all <20%, which is considered low
and acceptable for PIPR measurements.??"?” The intrasession
CV was significantly greater for AUC parameters and time to
return to baseline measurements, particularly for the late
AUC with CV >20% for both wavelengths (Table 4). The intra-
session variability was generally similar between the two
defocus conditions (Table 4).

Discussion

In the current study, we found that melanopsin stimulation
with blue light exaggerated the ocular response to hyperopic
defocus, causing a further increase in axial length above
that resulting from the defocus alone. Conversely, melanop-
sin stimulation had no effect on axial length following myo-
pic defocus. Overall, these findings support a number of
recent reports suggesting a possible interaction between
melanopsin function and the eye's response to myopiagenic
stimuli, 204041

Similar to our study, a number of previous studies using
narrowband short-wavelength blue light (wavelength used
across different studies, 448 — 470 nm) and similar irradi-
ance levels to our study have reported a strong PIPR in young
healthy subjects.?'?**>"?:3% We observed a slower pupil re-
dilation after blue stimulation compared to red stimulation
independent of the presence or absence, or type of defocus
(myopic or hyperopic, Fig. 3). This is indicated by the
smaller 6 and 30 s PIPR and larger early and late AUC values,
as well as longer time for the pupil to return to baseline fol-
lowing blue light stimulation (Fig. 3 and Table 3).

In our study, the mean change in axial length with hyper-
opic (+0.012 mm) and myopic defocus (—0.014 mm) were
very small. Whist there was no effect of red or blue light
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stimulation on axial length prior to exposure to defocus,
melanopsin stimulation with short-wavelength light follow-
ing 2 h of hyperopic defocus doubled the ocular response,
causing a further increase of approximately +0.018 mm in
axial length, particularly at 120 and 180 s after stimulus off-
set. Although the axial length change with hyperopic defo-
cus represents a small refractive change of ~0.03 D after
defocus and 0.05 D after defocus and short-wavelength stim-
ulation, these values were in close agreement with previ-
ously reported changes of approximately 10—15 um in young
human eyes in response to short-term optical
defocus.?®2%3%37 These findings suggest a potential interac-
tion between the myopiagenic hyperopic defocus and ipRGC
signaling in young subjects. More specifically, we found that
melanopsin stimulation exaggerates the ocular response to
hyperopic defocus. Whilst a recent study has found that mel-
anopsin signaling plays a key role in protection against form-
deprivation myopia in mice through dopaminergic mecha-
nisms,?° the relationship between melanopsin signaling and
ocular growth is more complex. There is a reciprocal inter-
action between the ipRGCs and DACs, where ipRGCs provide
excitatory input to DACs for dopamine release'®*** and in
turn, dopamine inhibits the ipRGC function and conse-
quently retinal dopamine release through D1 receptors.'®*
Furthermore, the synaptic connection between ipRGCs and
DACs may not drive global retinal dopamine release.***®
Because retinal dopamine is critical in regulating ocular
growth and myopia, '®'? if or how our findings relate to lon-
ger-term axial elongation and myopia development warrants
further research. Interestingly, melanopsin stimulation had
no significant effect on axial length after 2 h of myopic defo-
cus (all axial length changes <0.010 mm).

We found that the strength of the PIPR with blue light was
significantly greater after 2 h of hyperopic defocus (Fig. 3A),
indicating an increased retinal melanopsin activity following
sustained exposure to hyperopic defocus. Consequently, it is
possible that the increase in axial length with short-wave-
length stimulation following hyperopic defocus may be asso-
ciated with increased melanopsin activity of the retina.
These findings suggest that sustained exposure to myopia-
genic stimuli (such as minus lens defocus or form-
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deprivation) may alter the ipRGC function. Along the same
lines, a transcriptome analysis of 6 h of hyperopic defocus
with a —15 D lens found altered expression of the melanop-
sin gene (Opn4) in the chick retina, along with altered
expression of other intrinsic circadian clock genes, including
Clock (circadian locomotor out-put cycles kaput), Cryf
(cryptochrome 1), Npas2 (neuronalpas domain protein 2),
Per3 (period homolog 3) and Mtnria (melatonin receptor
1A).%° Interestingly, these genes were unaffected by myopic
defocus with a + 15 D lens. Our results combined with the
gene studies provide a strong link between hyperopic defo-
cus, melanopsin, and retinal circadian clock signaling.

These findings are interesting because previous studies
have found no effect of refractive error on ipRGC-mediated
pupil responses in young human subjects.?>%>"?’ |t is impor-
tant to note that these studies have all examined the PIPR
under ‘natural’ defocus state (i.e., with the actual uncor-
rected refractive error). Our study, on the other hand,
imposed refractive errors in near emmetropic subjects using
defocusing CLs, which mimics the effects of short-term reti-
nal blur experienced during different visual tasks (for e.g.,
hyperopic defocus experienced during reading or near
work). The visual processing of imposed optical defocus can
be considerably different from natural defocus in human
eyes. For instance, diurnal rhythms of axial length in myopic
eyes (experiencing natural myopic defocus) are similar to
emmetropic eyes,*” but exposing the eye to myopic defocus
with plus lenses (or imposed myopic defocus) leads to signifi-
cant changes in the mean amplitude and peak timing of the
diurnal rhythms in axial length.>® Therefore, our results
reflect the changes in melanopsin function associated with
myopiagenic visual environment (i.e., sustained hyperopic
defocus) and not myopic refractive error, as reported previ-
ously.

In this study, we used a dark and quiet room for measure-
ments, presented a distant fixation target to induce minimal
accommodation, excluded subjects on prescription medica-
tion that may affect the pupil size, and performed measure-
ments at a consistent time of the day to avoid any undue
influence of accommodation, psychological state, lighting,
drugs and autonomic input on pupil measurements.*®
Although autonomic innervation to the pupil cannot be elim-
inated completely, our measurement protocol ensured that
pupillary changes closely represent the ipRGC activity of the
eye.
We found that the greatest change in axial length with
hyperopic defocus ‘plus’ blue light stimulation occurred
shortly after cessation of the melanopsin activity (i.e. after
the pupils had returned to baseline). It took 84 s for the pupil
to return to baseline after short-wavelength stimulation fol-
lowing hyperopic defocus; whereas the maximum change in
axial length was recorded at 120 and 180 s. This is consistent
with intrinsic ipRGC response characteristics of a longer
latency and sustained firing during stimulation, and continu-
ous firing following stimulus offset.'? Nevertheless, as shown
in Fig. 4B, the change in axial length with blue stimulation
was just noticeable even at 30 s after stimulus offset
(although not statistically different from the red stimulus).
Based on this, we conjecture that the change in axial length
had begun during the melanopsin activation phase (i.e.,
between 30 and 60 s), but was not captured due to inade-
quate sampling. It should be noted the strength of
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melanopsin response, and consequently the magnitude of
axial length change may vary with different stimulus irradi-
ance levels, wavelengths and stimulus durations.?' Future
studies looking into the effects of melanopsin stimulation on
ocular parameters should consider these factors in their
experimental design.

The time lag between melanopsin activation and the
greatest axial length changes at 120 and 180 s possibly rep-
resents the delay in transduction of visual signals from
ipRGCs to other ocular structures, downstream of the retina,
that facilitate the changes in axial length. Whilst the pres-
ent study did not measure changes in any other biometric
parameters, it is likely that axial length changes, at least in
part, were modulated by changes in choroidal thickness.
Previous human studies have reported a significant negative
correlation between axial length and choroidal thickness
changes with different optical manipulations?®*” that were
evident as early as 5 min after exposure to defocus.>” Mela-
nopsin phototransduction has been shown to influence cho-
roidal thickness in murine eyes through nonretinal neuronal
mechanisms (such as projections to the paraventricular
nucleus of the hypothalamus or PVN).*%-*°

In our study, the introduction of CLs could potentially
introduce very small errors in axial length measurements.
However, the CLs were worn only for a short duration of two
hours and any changes in axial length due to CL wear are
likely to be very small. We also checked the corneas for all
participants at the end of the study and didn’t find any sig-
nificant changes in corneal health. Therefore, any variations
in axial length measurements due to CL wear (such as
changes in corneal hydration levels) are likely to be small
and insignificant. Furthermore, majority of our participants
were emmetropic (or near emmetropic) and required the
same +3.00 DS (14/16 participants or 88%) and —3.00 DS
(14/17 participants or 82%) of CLs. Therefore, any variations
related to CL thickness, base curve or other physical param-
eters between participants were negligible, and would have
uniformly influenced all participants in each defocus group.

Similar to previous reports,?'*?> we found that the 625-
nm light primarily stimulated the L cones, whereas stimula-
tion with the 470-nm light resulted in excitation of melanop-
sin cells, rods, and S cones. (Table 1). This happens because
all photoreceptors have distinct but overlapping spectral
tuning, and even a monochromatic light matched to the
peak spectral sensitivity of a given photoreceptor will stimu-
late other photoreceptors with similar spectral tuning.”’
Therefore, axial length changes with short-wavelength stim-
ulation following hyperopic defocus may be attributed to
excitation of melanopsin cells as well as other photorecep-
tors (rods and S cones). However, based on the relative dif-
ferences in the individual photoreceptor excitations to red
and blue stimuli, we can deduce a significant contribution of
melanopsin cells to short-wavelength stimulation. Although
beyond the scope of the current research, some studies use
the method of silent substitution to specially stimulate the
ipRGCs in the living human retina while leaving other classes
unstimulated to examine their contribution in the pupillary
light response.”"

Although we reported some significant findings, our study
also had limitations. Firstly, it was done on a relatively small
sample size consisting of young adults (n = 16—17), so the
results may not represent the effects of melanopsin
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stimulation on defocus induced axial length changes in other
age groups. Secondly, we only recruited near emmetropic
subjects with low myopia in the study. Although a previous
study found no associations between the ipRGC-driven pupil
response and refractive status in children,?® future studies
should examine the effects of melanopsin stimulation on
short-term axial length changes in younger populations with
high and progressive myopia.

In conclusion, exposure to hyperopic defocus led to a sig-
nificant increase in the PIPR with blue light. Melanopsin
stimulation with blue light exaggerated the ocular response
to hyperopic defocus, causing a further increase in axial
length than that caused by the defocus alone, which was evi-
dent shortly after the cessation of the melanopsin activity.
On the contrary, melanopsin stimulation had no effect on
axial length associated with myopic defocus. These findings
suggest a potential interaction between the myopiagenic
hyperopic defocus and the ipRGC system in young human
subjects.

Note

Aspects of the article have been presented at the Interna-
tional Myopia Conference (IMC), September 2019 in Tokyo,
Japan.
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