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Abstract

Purpose: To investigate temporal frequency sensitivity and the role of blue light on ocular
structures during the emmetropization process in the chick model.

Methods: 4-5 day old chicks were exposed daily for three days (9 AM to 5 PM) to sinusoidally
modulated with blue or without blue light at 80% contrast, at one of six temporal frequencies: 0,
0.2, 1, 2,5, 10 Hz. Mean illumination was 680 lux. Changes in ocular components were
measured before and after the experiment with a non-contact ocular biometer (Lenstar LS 900),
and refractive error was measured with a Hartinger Coincidence Refractometer.

Results: Refraction, eye length, and choroidal changes were dependent on temporal frequency
(P<0.03 all) and the presence of blue light (P<0.03 all). Without blue, refractions were more
hyperopic at higher temporal frequencies, and more myopic at lower temporal frequencies. There
was a hyperopic shift (> 1 D) at 5 and 10 Hz, and a myopic shift (> -0.6 D) at 0.2, 1 and 2 Hz.
With blue light, refraction remained constant (mean change -0.24 D). Without blue light, there
was less eye growth at high temporal frequencies and more at low temporal frequencies. Eyes
were 145 um shorter at 10 Hz than they were at 0.2 Hz (P<0.003), while with blue, they were
only 77 um shorter (P=0.44).

Conclusion: Blue light was protective against myopic eye growth changes and refractive error.
Without blue light, the visual system showed temporal frequency sensitivity during

emmetropization, becoming more myopic at low temporal frequencies.
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Introduction

Emmetropization is dependent upon one’s visual experience. Individuals are born with
refractive errors that signal a compensatory growth signal within the visual system to initiate a
process called emmetropization. When an eye is in a state of emmetropia, the eye maintains
distant images in focus on the retina. When developing eyes are in a state of defocus, the eyes
correct for this defocus to return the eye to an emmetropic state and bring the image closer to the
retina (Smith, 1998; Wildsoet, 1998; Wallman & Winawer, 2004). However, before doing so, the
visual system must determine whether the refractive error is myopic or hyperopic and act
accordingly. This implies that there is visual regulation of growth of the different components of

the eye through the visual detection of the sign of defocus.

Visual regulation in emmetropization

Studies have not determined the precise mechanism for emmetropization, but they have
shown that the eye responds with a compensatory growth signal through several of its ocular
structures. Evidence has shown that chick eyes are able to discern the sign of blur imposed by an
optical lens and can grow in the direction that will allow for emmetropization (Schaeffel &
Diether, 1999; Park et al., 2003). The eye can adjust its axial growth of the vitreous chamber to
bring the image into focus (Troilo, 1991; Park et al., 2003). A hyperopically defocused eye
increases its vitreous chamber growth, while a myopically defocused eye would reduce its
growth. This change in vitreous chamber depth is typically accompanied by an increase or
decrease in eye length. However, the change in the vitreous is not always correlated with the
change in eye length as the choroid layer can thicken or thin to adjust for defocus (Nickla et al.,

1997). Studies have also investigated lens-induced myopia where chicks wear concave or convex



lenses which alter the focal point of the image to be either in front or behind the retina. In
experimental studies in chicks with positive lens-induced blur, the eye responded by thickening
its choroid, whereas with negative lens induced blur, the choroid thinned (Wildsoet & Wallman,
1995; Wallman, et al., 1995), similar results were seen in macaque monkeys (Hung, et al., 2000).
In addition, the anterior segment can reduce the overall power of the eye by decreasing the
curvature of the cornea under constant light (Padmanabhan et al., 2007), and by moving the lens
forward, decreasing the depth of the anterior chamber. Crystalline lens thinning will also reduce
the power of the crystalline lens, but will have the counteractive effect of increasing the anterior
chamber depth (Mutti et al., 2005, Shih et al., 2009). The crystalline lens displays an asymmetric
growth pattern as shown in both monkey and humans; with anterior surface curvature decreasing

comparably more than the posterior surface curvature (Qiao-Grider et al., 2007).

Results from studies investigating the effects of lighting conditions on the cornea have
demonstrated chicks that were raised in constant light expressed a hyperopic refraction within
three weeks due to corneal flattening and anterior chamber depth reduction (Lauber et al., 1970,
Lauber et al., 1987; Li et al., 1995, Stone et al., 1995, Liu et al., 2004). Interestingly, Lauber’s
studies measured a myopic refractive status after 6 weeks as axial elongation continued. Lauber’s
studies used White Leghorn chicks in comparison to the Cornell-K strain used in other studies.
Conversely, Li et al., (1995) reported no myopic measurement, but continuous hyperopia under
constant light within 1-2 weeks with the Cornell-K strain of chicks as a result of corneal
flattening. Li et al., (1995) reported that chicks exposed to constant light had accompanying
vitreous elongation. A flatter cornea produces a lower powered cornea, leading to a more
hyperopic refractive error, and the growth in vitreous chamber depth was not enough to offset

these anterior segment changes. This would suggest that vitreous elongation is compensating for



corneal flattening (Li et al., 1995, Li & Howland, 2003). A disruption to the normal light-dark

cycle clearly causes interruption to corneal curvature in addition to axial length changes.

Mechanisms for visual regulation in emmetropization

Regulation of eye growth appears to be mediated by a local mechanism which relies on
visual signals to guide growth (Wallman & Winawer, 2004). In studies which physically isolated
the retina from the brain, form deprivation myopia still occurred. Form deprivation myopia uses
lid suturing or diffusers to obscure the images on the retina, preventing a clear image to be
focused. Other experiments that have demonstrated this effect used optic nerve sectioning, or
tetrodotoxin to block neural signaling (Troilo et al., 1987; McBrien et al., 1995; Wildsoet &
Pettigrew, 1988; Wildsoet & Wallman, 1995). Furthermore, visual deprivation of a specific area
of the retina such as with hemi-field lenses or occluders, lead to changes in only that part of the
eye, implying local retinal regions are guiding eye growth from visual signals (Hodos &

Erichsen, 1990, Miles & Wallman, 1990, Diether & Schaeffel, 1997).

To determine if the eye is able to detect the sign of defocus, studies have induced blur
with positive and negative lenses in the chick eye. When a plus lens is used, the image of a
distant object is focused in front of the retina (myopic defocus). The eye responds by slowing
down its growth rate. When a negative lens is used, the image of a distant object is focused
behind the retina (hyperopic defocus). The eye responds by increasing its growth rate (Schaeffel,
Glasser, & Howland, 1988; Norton, 1990). These studies clearly demonstrated for the first time

that the eye was able to detect the sign of defocus using visual information encoded in blur.

The negative feedback mechanism has been proposed as a way that the eye could

determine the sign of defocus. The idea of negative feedback proposes that the eye determines its



refractive state by growing in the direction that maximizes luminance contrast and image quality
(Troelstra et al., 1964; Phillips & Stark, 1977; Charman & Tucker, 1978). However, it has been
shown that it is unlikely that the eye uses this mechanism during emmetropization since the
response to defocus occurs before there is time for a change in growth. In a study by Zhu et al.,
(2005), the chick eye was able to detect the sign of defocus in only 10 minutes, and compensate
in the appropriate direction, while showing little change in refractive error. This result signifies
that the eye can rapidly detect the correct sign of defocus without relying on a negative feedback

mechanism.

Researchers have investigated the possibility of a color signal from longitudinal
chromatic aberration to help the eye to detect defocus (Fincham, 1951, Flitcroft, 1990).
Longitudinal chromatic aberration causes dispersion of light such that an object in space creates
a series of images within the eye at different focal planes for each wavelength (Wald & Griffin,
1947; Bedford & Wyszecki 1957, Howarth & Bradley, 1986). For an eye that is emmetropic and
viewing a distant object, long wavelength (red) light will focus behind the photoreceptors, short
wavelength (blue) light will focus in front of the photoreceptors and middle wavelength light will
focus near the retina. Therefore, in a myopic eye that is too large, the red component of the
retinal image will be in better focus, whereas in a hyperopic eye that is too small, the blue
component will have better focus. An improvement in focus increases the sharpness and contrast
of the retinal image. In the human eye, 1.75D of defocus occurs between 440 nm and 680 nm
due to longitudinal chromatic aberration (Mandelman & Sivak, 1983, Marcos et al., 1999). In the
chick eye, 1.25D of longitudinal chromatic aberration has been calculated between 470 nm and
680 nm (Mandelman & Sivak, 1983). It has been extended to include 400 nm to 700 nm, where

1.95 D of longitudinal chromatic aberration was calculated by Wildsoet (2003).
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Figure 1: Changes in cone contrast with defocus in an eye with a 3mm pupil viewing a 3 c¢/d
sinusoidal grating. Color contrast changes with defocus in a hyperopic defocused eye. Initially,
with hyperopic defocus, blue contrast is higher, but towards emmetropia red contrast is higher.
In a myopic defocused eye, color contrast remains constant (red contrast is higher than blue) but
contrast for all three cone types decreases with increasing defocus.

Figure 1 shows how Rucker & Wallman (2012) demonstrated that defocus from
longitudinal chromatic aberration produces changes in color and luminance contrast that differ
with the sign of defocus. Rucker & Wallman proposed that there are three ways the eye can use

the effects of longitudinal chromatic aberration to determine whether it is hyperopically or

myopically defocused. First, as explained earlier, the eye could maximize luminance contrast and



image quality by adjusting its focus through negative feedback and a trial and error method.
Second, the eye could use changes in relative cone contrast that occur with longitudinal
chromatic aberration in order to determine the sign of defocus. In a hyperopically defocused eye,
blue light is in better focus (Figure 1: Points 1 and 2). As the eye grows the relative contrast of
the three cone types change until at some point the contrast for the three cone types is almost
equal. Beyond this point, in a myopically defocused eye, the contrast for the long-wavelength
cone type will become greater than that of the short-wavelength sensitive cone type (Figure 1:
Points 3 and 4). The difference in focus of blue and red light creates a color signal that arises
from the difference in cone contrast of the long (L), medium (M), and short (S) wavelength
cones and which provides instant recognition of the sign of defocus. Lastly, these cone contrast
signals are channeled into the luminance and color neural pathways that carry information
through the retina. As such, it is likely that the eye compares the change in luminance and color
contrast of the retinal images as the eye grows or changes focus. The presence of changes in
color contrast with small changes in focus should indicate that the eye is too small and needs to
grow. The lack of color changes, and a steady reduction in contrast of all three cone types,

should indicate that the eye needs to slow its growth.

Temporal Sensitivity in Emmetropization

Humans are continuously exposed to a wide range of spatial and temporal frequencies in
their daily environments, whether it is in their indoor or outdoor environment (Flitcroft, 2012).
Often during indoor settings, humans are exposed to more low temporal frequency stimulation
such as is found with uniform walls, furniture and fixtures, which are motionless. When they
engage in near work on a uniform background, only the central field is stimulated by changing

characters, while the peripheral visual field remains static, aside from small changes in retinal



stimulation associated with head and eye movements. Conversely, the outdoor environmental
exposure is more dynamic and contains higher temporal stimulation through objects blowing in
the wind, or cars driving down the street, or simply movement through the environment.
Understanding the role of temporal frequency during emmetropization can enhance our
understanding and help to determine modifications needed in our everyday environment to
reduce myopia development.

The chick visual system is sensitive to temporal changes in contrast that are similar to
those of humans (Jarvis et al., 2002, Jarvis et al., 2003). In chickens, there is a peak temporal
sensitivity of 15 Hz, and a low frequency fall off (Jarvis et al., 2002). The chicks have an overall
reduction in sensitivity in comparison to humans except at high temporal frequencies with a
slightly higher critical flicker fusion value, specifically in high luminance lighting conditions.
Chickens have a critical flicker frequency of 105 Hz (Nuboer et al., 1992) compared to humans,
who are sensitive to 58.2 Hz at 500 cd/m* (Jarvis et al., 2002). However, it is unknown whether
the visual system responds to temporal frequency differences during the emmetropization

process.

The temporal response of the human visual system varies depending on the neural
pathways that are stimulated. If the luminance of a stimulus is modulated in time, response of the
human observer is maximal at approximately 10 Hz. For chromatic modulation between two
lights matched in luminance by heterochromatic flicker photometry, response is maximal at low
temporal frequencies and falls off at frequencies greater than SHz. Such differences in temporal
characteristics led to the proposal that separable psychophysical mechanisms are involved in the

detection of chromatic and luminance modulations (Kelly & van Noren, 1977).



Earlier results from studies investigating the effects of flickering light in different species
are inconsistent, finding either a hyperopic or myopic shift or no change at all. Gottlieb &
Wallman (1987) found that an increase in eye growth and myopia, typically found in occluded
chick eyes, was prohibited under a 10 Hz stroboscopic flicker but not in a flicker of 100 Hz.
Another study by Schwahn & Schaeffel (1997) exposed lens-wearing chicks to 150 W Xenon
light pulses, with different duty cycles, at 6 or 12 Hz, and elicited a hyperopic shift in the fellow
eye. Other studies have shown a myopic shift at temporal modulation rates of 2 Hz in cats
(Cremieux et al., 1989) and in C57BL/6 (B6) mice (Yu et al., 2011). The same temporal
frequency of 2 Hz showed no effect on non-lens wearing chicks using a saw-tooth waveform
(Crewther et al., (2006). Di et al., (2013) conducted a study in guinea pigs exposing them to
various sinusoidal frequencies (5, 1, 0.5, 0.25, and 0.1 Hz), finding 0.5 Hz produced an obvious
myopic shift and greater axial elongation. A more recent study, Rucker & Wallman (2012),
compared eye growth in chicks in response to sinusoidal temporal changes in color and
luminance contrast at 2 Hz. Their results showed a 2 D hyperopic shift in chicks exposed to
changes in luminance contrast in comparison to those exposed to change in color contrast.
These results demonstrate that temporal stimulation affects emmetropization, though since these
studies combine various temporal frequencies, waveforms, photoperiods and contrasts; it makes
it difficult to compare results. These results could be better understood if additional temporal

frequencies were tested using a consistent waveform.

Neural pathways for emmetropization

The retina uses two types of photoreceptors, rods and cones, to convert the vast range of
light intensities in the environment. Rods facilitate vision in dim light, whereas cones facilitate

vision in a bright light environment. The color vision system takes photoreceptor input from



three types of cone photoreceptors that have peak spectral sensitivity in the short, medium, and
long-wavelength regions of the visible spectrum. A signal from a photoreceptor is relayed to
retinal ganglion cells via bipolar cells. The cone signals will then pass through the one of three
temporally sensitive pathways consisting of M (magnocellular, or parasol) and P (parvocellular,
or midget) pathways, which are anatomically evident in the lateral geniculate nucleus.
Experiments have shown that magnocellular cells contribute to the perception of motion, firing
action potentials when a stimulus is presented, and fading if the stimulus is not changed. They
elicit a transient response to light stimuli and form the physiological substrate of the luminance
channel (DeValois et al., 1996, Kaier et al., 1990, Kremers et al., 1992, Lee et al., 1988).
Magnocellular cells are more sensitive to luminance contrast compared to P-cells, which prefer
color contrast. They also exhibit little color-opponency. On the other hand, parvocellular cells
give sustained responses to stimuli, and exhibit a color-opponency response which is dependent
on wavelength (Marshak, 2009). Parvocellular cells detect chromatic modulation, in particular at
low temporal frequencies (Lee et al., 1989; Lee et al., 1990). A third type of ganglion cell, the
small bistratified cells, venture to the koniocellular pathways and mediate blue-yellow color

vision (Marshak, 2009).

The parvocellular pathway creates the initial signal of the red/green color pathway,
replying to high contrast stimuli with low pass temporal frequency features. The parvocellular
pathways react to ON and OFF bipolar cell stimulation, receiving antagonistic input from
medium-wavelength sensitive cones (M-cones), and long-wavelength sensitive cones (L-cones)
(DeMonasterio et al., 1975; Dreher et al., 1976; Derrington et al., 1984; Derrington et al., 1984;
Kaplan & Shapley, 1986; Shapley & Perry, 1986; Lee et al., 1990; Schiller et al., 1990). The

blue/yellow ganglion cells project to the koniocellular layer of the LGN, and contains short-
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wavelength cone (S-cone) ON and OFF pathways (Dacey et al., 2013). The S-cone ON pathways
responds to stimulation of large and small bistratified retinal ganglion cells (Dacey et al., 1994;
Dacey, 1996; Dacey et al., 2003). S-cone input to these ganglion cells is through blue ON-
bipolar cells, (Mariani, 1984; Kouyama & Marshak, 1992), with antagonistic signals from L-
cones and M-cones (Dacey et al., 2013; Dacey, 1996, Dacey et al., 1994). S-cone OFF signals
may be carried by midget bipolar cells (Klug et al., 2003; Klug et al., 1993), and large
monostratisfied ganglion cells (Dacey & Packer, 2003). Since these opponent visual pathways
express temporal sensitivity, we hypothesized that the luminance-sensitive emmetropization

mechanism would also show temporal frequency sensitivity.

In this study, chicks are used to examine if emmetropization mechanisms that are
sensitive to changes in luminance contrast show sensitivity to a variation in temporal
frequencies. We measure how the various temporal frequencies influence the posterior
segment—eye length, choroidal thickness, and refractive error—as well as the anterior segment
of the eye—anterior chamber depth, and corneal astigmatism. A change in these ocular
measurements demonstrates that during emmetropization, luminance-contrast-sensitive visual

pathways are utilized and sensitive to temporal frequency.
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Methods

Animals and measurements

White leghorn chicks (Gallus gallus domesticus, Cornell K strain; Cornell University,
Ithaca, NY) were acquired as eggs. After hatching, the chicks were raised in a 12-hour light/12-
hour dark cycle under 300 lux fluorescent bulb lighting conditions with continuous food and
water access in a free range environment.

Ocular component measurements were conducted before and after the 3 day exposure
period with a noncontact ocular biometer (Lenstar LS 900: Haag-Streit AG, Konig, Switzerland),
through a low-coherence reflectometry technique. All measurements were started at the same
time (9am) to prevent interference from diurnal variations. The unanesthetized chicks were fully
awake during measurements and lid retractors were not used (to prevent corneal distortion). The
chicks were stabilized in a holder under dim lighting conditions. Six measurements were made
per eye. Each measurement recorded was an average of sixteen measurements taken by the

Lenstar.

« N I
Figure 2: Noncontact ocular biometer (Lenstar LS 900: Haag-Streit AG, Konig,
Switzerland
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Ocular component measurements included were: anterior chamber thickness, (measured
from the anterior corneal surface to the front of the lens), lens thickness, vitreous chamber depth,
retinal thickness, choroidal thickness, scleral thickness, and corneal curvature. Eye length was
obtained as the distance from the anterior corneal surface to the posterior scleral surface. The
Lenstar produced a reading that was the average of 16 measures that was represented by several
peaks; anterior corneal surface, posterior cornea, anterior lens, posterior lens, anterior and
posterior retina, posterior choroid and posterior scleral surface, respectively. Six measures were
taken for each eye.

The curvature of the cornea was measured using images taken by the Lenstar LS 900,
showing in-focus mires (ring of lights) positioned directly in the center of the pupil. Corneal
images that contained misaligned or out of focus mires were rejected from analysis. Six images
per eye were analyzed with Image J, by drawing a rectangular outline around the mires. Values
of the rectangular dimensions gave the x and y components of the image. These values were then
converted to corneal curvature measures along the horizontal and vertical meridians through
calibration of ball bearings of known diameters. Using the refractive index of 1.33749, corneal
curvatures were converted to corneal powers to use for analysis (Howland and Sayles, 1985).

Corneal powers were analyzed as JO as proposed by Thibos et al. (1997).

Figure 3: Measurement of corneal curvature using Lenstar images.
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Refractive errors were measured with a Hartinger refractometer (Model 110: ausJENA,
Jena, East Germany) (Wallman & Adams, 1987) while chicks were anesthetized with 1.5%
isofluorane in oxygen with a 2L/min oxygen flow rate. Three measurements were taken in each
meridian. Use of animals in this study was in compliance with the ARVO statement for the Use
of Animals in Ophthalmic and Vision Research and was approved by the NECO Institutional

Animal Care and Use Committee.

Figure 4: Hartinger refractometer (Model 110: ausJENA, Jena, East Germany)

Experimental Procedure

Chicks were 4-5 days old at the start of the experiment. During the experimental period,
randomly selected chicks were placed in 32 x 20 inch diameter wire cages with free range access
with both eyes exposed to a lighting condition for three days from the hours of 9AM to 5 PM (2
PM to 5 PM on day 1), with illumination by the modulated light sources placed above the cages.
Chicks from the same batch were randomly assigned an illumination condition. A designated
area was allotted for running the experiments; each condition was screened from the others by

custom-made black-out curtains, and a double door system to separate the area from office area.
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During non-experimental time, chicks were placed in a sound-and-light-proof chamber overnight
with access to food and water at all times. No lenses were worn by the chicks before or during
the experimental period. The number of chicks enrolled in each condition is shown in Table 1.

Twice as many eyes were used, with the data from the two eyes averaged together.

Temporal Frequency (Hz)

INlumination
Condition 0 Hz 0.2 Hz 1 Hz 2 Hz SHz 10 Hz
With Blue light | 15 13 13 17 13 11
Without Blue | 15 13 14 12 15 14
light

Table 1: Number of Chicks in Each Illumination and Temporal Frequency Condition

The experimental design contained two lighting conditions. The first lighting condition
was in-phase modulated light containing red and green light components, the second lighting
condition was in-phase modulated white light containing blue, red and green light components.
Lights were modulated at 0.2, 1, 2, 5, or 10 Hz. Chicks were exposed to one lighting condition at
one temporal frequency.

The illuminants were set to produce 80% contrast with sinusoidal modulation of the red
(615 nm, half-bandwidth 20 nm), green (515 nm, half-bandwidth 35 nm) and blue (460nm, half-

bandwidth 35nm) LEDs. Mean illuminations were measured with a photometer (Newport Model
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818-SL serial number: 6915; Newport, Franklin, MA, USA) and set to 680 lux for all conditions.
Intensity was digitally controlled, with fine adjustments made with neutral density filters.

The illuminants were Lamina Titans RGB LEDs driven by an eight channel, 12-bit
Access /O, USB-DA12-8A digital to analog converter with waveform generator functionality
connected to BuckPucks (LuxDrive: 3021 D-E-500) that provided a linear current output over a
range of 1.6 - 4.3 V. Light output was calibrated and a sinusoidal output was produced digitally
using lookup tables, and confirmed by recording illuminance output (Newport Model 818-SL
serial number: 6915).

Analysis

The effects of the illumination conditions on each of the ocular components
(corneal astigmatism, anterior chamber depth, vitreous, choroidal thickness, eye length) and
refraction were calculated as the change between pre- and post- measurements in both eyes of all
chicks. Measurements for right and left eyes were averaged (Armstrong, 2013). The regression
between the two eyes for all chicks was highly significant (R*=44.2%; p<0.001). The results
between the two eyes for with (R*=48.8%; p<0.001), and without (R*=45.1%; p<0.0001) blue
chicks was highly significant. There were no outliers, due to strict criteria. 5% of subjects did
not fall into the peak criteria. The average initial values for each of the ocular components can be

found in Table 2.



Hz lllumination Ant. Chamber Lens Mean Vitreous Eye Length Refraction
Frequency Mean (mm) (mm) Mean Mean Mean (D)
(mm) (mm)

0 RGB 1.149 1.731 4.408 7.804 0.60
0.2 RGB 1.194 1.814 4.366 7.909 0.17
1 RGB 1.189 1.778 4.369 7.851 0.32
2 RGB 1.142 1.794 4.474 7.913 0.17
5 RGB 1.204 1.826 4.458 7.996 0.09
10 RGB 1.196 1.770 4.456 7.964 -0.10
0 RG 1.167 1.792 4.401 7.842 0.77
0.2 RG 1.161 1.803 4.406 7.852 0.93
1 RG 1.153 1.771 4.416 7.875 0.56
2 RG 1.172 1.815 4.492 8.022 0.49
5 RG 1.142 1.821 4.344 7.875 -0.32
10 RG 1.17 1.786 4.417 7.883 0.26

Table 2: Mean initial values (mm) in ocular components and refraction (D).

16

Changes in refraction and ocular dimensions were compared with regard to frequency (0,

0.2, 1, 5, 10 Hz) and illumination condition (with and without blue light) as well as, the

interaction between frequency and illumination using two-way ANOVA. Unpaired, two-tailed

comparisons were made between birds in different conditions if the F value was significant using

Scheffé post hoc #-tests. Student’s t-test was used for simple comparison at 0 Hz.



17

Results

Effects on Refractive Error

Changes in refractive error are shown in Figure 5. When changes in refractive error from
both illumination conditions were compared, an interaction between frequency and illumination
condition was shown (ANOVA: P=0.012). Initially, chicks presented with hyperopia (with blue:
0.23 £0.11 D; without blue: 0.37 £ 0.15 D). After exposure to the without blue illumination
condition, there was a hyperopic shift at SHz (1.1 £ 0.44 D) and at 10 Hz (1.0 = 0.45 D). This
was in contrast to a myopic shift at 0.2 Hz (-0.93 +£ 0.37 D; P <0.05) and at 1 Hz (-0.67 = 0.44
D; P <0.05). No significant refractive change was found at 2 Hz (-0.59 £ 0.39 D; p=0.11). The
change in refractive error between groups at 5 and 10 Hz were not significant. Thus, temporal

changes in frequency in without blue light produced refractive changes of approximately 2D.

Conversely, when chicks were exposed to with blue light condition, there was almost no
change in refraction over the temporal frequency range tested. There was a mean change in

refractive error of only -0.24 + 0.30 D across the frequencies between 0 and 10 Hz.

In steady light the color of the illuminant had no effect on refractive changes. The
comparison of steady light (0 Hz) showed no difference with (-0.18 + 0.23 D) or without (-0.28 +
0.31 D) blue light (P=0.8; Student’s #-test). Thus, indicating that temporal contrast change is
necessary for illuminant related changes in refraction, regardless of whether the illuminant

contains blue light.
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Figure 5: The change in refraction that occurs with exposure to different temporal frequencies
without (grey bars) or with (white bars) a blue light component. In the absence of blue light,
higher temporal frequencies produce a more hyperopic refraction compared to low temporal
frequencies. Statistical difference is represented by * for P values less than 0.05. Bars indicate
comparisons of refraction of higher temporal frequency 5 and 10 Hz with low temporal
frequency 0.2Hz. Standard error bars are shown.
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Effects on Eye Length

Changes in eye length are shown in Figure 6A. When data for changes in eye length for
both illumination conditions were combined, it was shown that eye length changes were affected
by temporal frequency (ANOVA: P=0.0001; R* of 15%). At 0 and 0.2 Hz, eye growth was
greater (302 + 28 um and 311 + 22 pum, respectively), than at 5 and 10 Hz (217 = 0.15 pm and
201 £ 17 pm, respectively). Eye growth at 0 and 0.2 Hz was significantly greater than at 5 and
10 Hz (P< 0.01 both; Tukey HSD). The biggest effect of eye length on refraction was at 10 Hz
(R*=25%). Higher frequencies produced a reduction in eye growth, which corresponded to the

hyperopic change in refractive error.

When eye length from the illumination conditions were compared, an interaction between
lighting condition and temporal frequency of the stimulus was seen (Fig. 6B: ANOVA:
P=0.034). When chicks were exposed to the with blue illumination condition, there was a much
smaller change in eye growth, with only 77 um more eye growth at 0.2 Hz than at 10 Hz (P =
0.44).. Conversely, when chicks were exposed to the without blue illumination condition, there
was 145 um more eye growth at 0.2 Hz than at 10 Hz (P<0.01; Tukey HSD), and 138 um more
growth at 0 Hz than at 10 Hz (P < 0.01; Tukey HSD). The lighting condition interacts with the
frequency condition to produce differences in eye length. This was most pronounced when the
high frequency with blue condition was compared with the 0 and 0.2Hz without blue condition
(OHz:p=0.016; 0.2Hz: p=0.019). Therefore, the presence of blue light was protective against

temporal frequency sensitive changes in eye growth.

With steady light (0 Hz) in the two illumination conditions, there was no difference in
eye growth with (269 £+ 16 um) or without (336 &+ 31 um) blue light (P = 0.06; Student’s #-test).

However, eyes were on average 67 pm shorter in the illumination condition containing blue
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light. These results are in agreement with the refraction data, where the color of the illuminant

did not significantly affect eye length in steady light.
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Figure 6: (A) Change in eye length in all conditions over a range of temporal frequencies. Eye
length is dependent on temporal frequency of the lighting illuminant. (B) A comparison of the
change in eye length between the two lighting conditions across a range of temporal frequencies.
Without blue light, eyes show a change in eye length dependent on temporal frequency. P values
less than 0.05 and 0.01 are shown as * and **, respectively.
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Effects on Choroidal Thickness

Changes in choroidal thickness are shown in Figure 7. When data for changes in
choroidal thickness were combined for both illumination conditions, changes in choroidal
thickness with frequency was seen (ANOVA: P=0.03). At higher temporal frequencies, there
was more choroidal thinning in comparison to lower frequencies. Specifically, at 10 Hz, there
was 60 £ 9 um of thinning, compared with 28 = 6 um at 2 Hz (10 vs. 2 Hz: P<0.05; Scheft¢). At
0 Hz there was only 40 + 6 um of thinning (p <0.05). At higher temporal frequencies, the

associated reduction in eye length is compensated for by thinner choroids.

When data for the changes in choroidal thickness with exposure to the illumination
conditions were compared, an interaction between frequency and illumination condition was
present (ANOVA: P=0.007). Choroids thinned the most at high temporal frequencies, but when
chicks were exposed to the without blue condition, the choroid thinning increased from low to
intermediate frequencies: SHz (73 = 6 um, P=0.02), 2 Hz (32 £ 7 um, P=0.01) and 1 Hz (56 = 8
um, P=0.053) (Student’s #-test). On the other hand, in the with blue condition the choroid
thickened from low to intermediate temporal frequencies. Without blue light, choroidal thinning
at lower and intermediate frequencies (0 to 2 Hz) was associated with increased eye growth
(Figure 8 A) and myopic shifts in refraction, otherwise choroidal thickness changes maintained a

constant vitreous chamber depth (Figure 8 B).
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Figure 7: Change in choroidal thickness of chicks exposed under illumination conditions with
(white squares) and without (black circles) blue light across a range of temporal frequencies.
There was a significant difference in choroidal thickness change at 5 Hz in the without blue light
condition, compared to choroidal thickness changes at 5 and 2 Hz in the with blue light
condition. Bars and * show P values less than 0.05. Standard error bars are shown.
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Figure 8: Changes in eye length (A) and vitreous (B) against changes in choroid under
illumination conditions with (white triangles) and without (black circles) blue light. Each
temporal frequency is separately plotted on the graph. Data for each illumination condition was
fit with a polynomial function as shown by the solid lines.

Effects on anterior chamber depth

Changes in anterior segment were found to be sensitive to blue light exposure (ANOVA:
p=0.006). Exposure to blue light produced shallower anterior chamber depths (with blue: 35 £ 6
um; without blue: 46 + 13 um). Anterior chamber changes also showed a dependency on
temporal frequency (ANOVA: P=0.003). Anterior chamber depths were found to be significantly
shallower at 10 Hz in comparison to all other temporal frequencies (24-30 um; P=<0.05).
Therefore, particularly at higher temporal frequencies, blue light reduced anterior chamber

depths creating an overall increase in eye power, thus causing a myopic shift.
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Effects on lens thickness

When data for changes in lens thickness was examined, an effect of temporal frequency
was seen (ANOVA: p=0.001), specifically at lower frequencies. Combination of the two
illumination conditions, indicated lens thickness increased by 137 um at 0 Hz, but only by 115
um at 10 Hz, and 108 pm at 5 Hz. The reduction in lens thickness at 5 Hz was significant
compared to 0 Hz (P = 0.003), and may have contributed to a relative hyperopic shift found at

higher temporal frequencies.

Hz A Ant. Chamber A Lens A Choroid A Vitreous A Eye Length Refraction
Frequency Illumination Mean (mm) Mean (mm) Mean (mm) Mean (mm) Mean (mm) Mean (D)

0 RGB 0.037+0.009  0.140+0.006 -0.046 + 0.006 0.130+0.012 0.269+0.016 -0.18+0.23
0.2 RGB 0.040+0.006  0.131+0.007 -0.039 + 0.008 0.146 +0.019 0.284 +0.020 -0.28+0.19
1 RGB 0.048 £ 0.004 0.130 £ 0.005 -0.030 £ 0.008 0.140+£0.016 0.289+0.017 -0.45+0.32
RGB 0.040 £ 0.008 0.115 £ 0.007 -0.026 £ 0.007 0.134+0.014 0.267 £0.011 0.05+0.32

5 RGB 0.030 £ 0.007 0.117 £0.009 -0.026 £ 0.006 0.118 + 0.020 0.241+£0.022 -0.26+0.21
10 RGB 0.015 £ 0.006 0.114 £ 0.006 -0.070+0.010 0.146 £ 0.024 0.207 £0.025 -0.22+£0.53
0 RG 0.050 + 0.004 0.135 +0.006 -0.033 £ 0.009 0.141 +£0.013 0.336+£0.031 -0.28+0.31
0.2 RG 0.057 £0.012 0.123 +£0.009 -0.048 £ 0.008 0.148 £ 0.024 0.343 £0.041 -0.93+0.37
1 RG 0.049 + 0.006 0.120 £ 0.008 -0.056 + 0.008 0.120+0.014 0.239+0.022 -0.67 £ 0.40
2 RG 0.048+0.008  0.127 +0.006 -0.032 +0.007 0.108 £ 0.016 0.256 +0.021 -0.59+0.39
5 RG 0.053+0.004  0.098 +0.006 -0.073 +0.006 0.123+0.014 0.196 +0.019 1.10+0.44
10 RG 0.020+0.006  0.116 +0.007 -0.053 +0.010 0.121+0.018 0.198 + 0.024 1.00+0.45

Table 3: Mean changes (in mm) in ocular components and refraction (in D) During exposure to
flickering light with (RGB) and without (RG) blue Light at each Temporal Frequency

Effects on corneal power and astigmatism

Corneal astigmatism is reduced during emmetropization in the presence of blue light
(Figure 9), but the effect did not show a temporal frequency response. With blue light, Jo was
reduced by -1.51+ 0.09 D. This reduction in neonatal astigmatism was also seen in steady light.
In the absence of blue light, only small changes were noted in Jo (-0.39+ 0.17 D) indicating that
neonatal astigmatism was maintained. There was a significant change in J, between the
illumination conditions (ANOVA: P<0.001). However, there was no effect with temporal

frequency (ANOVA: P=0.436). The spherical equivalent corneal power (M) component was
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similar in both illumination conditions, but, decreased slightly more with blue light (-5.27 + 0.45

D), than without blue light (-4.53 + 0.48 D).
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Figure 9: Change in corneal power (not spectacle correction) along JO after exposure under
illumination conditions with blue (black circles) and without blue (gray circles). Bars and ***
indicate a change in corneal power along JO, with and without blue lighting conditions were
significantly different (p <0.001).
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Discussion

In this present study, we examined how temporal frequency affects emmetropization in
the chick model under two illumination conditions: with and without blue light. The results of
this study support the hypothesis that emmetropization shows a temporal frequency response and
blue light is an important factor for protection against myopic progression with exposure to low
temporal frequencies. High temporal frequencies, which favor the luminance sensitive pathway,
protected the eye against myopia. There was a reduction in eye length and a hyperopic shift in
refraction. Conversely, low temporal frequencies, which favor the color sensitive pathway,
created an increase in eye length and a myopic shift in the absence of blue light. Neonatal
astigmatism also showed dependency on the presence of blue light by showing a reduction of
astigmatism in the developing eye when blue light was present, but failed to do so when blue
light was absent. This study supports the importance of a blue light environment during
childhood development to prevent the development of myopia with exposure to natural sunlight

(without blue light reducing filters).

How could blue light have an effect?

Blue light or UV light suppressive effects against myopia have been reported in recent
studies (Foulds et al., 2013; Torii et al., 2017). However, the protective mechanism of outdoor
light which is rich in blue wavelengths is not fully understood. Previous research on blue light
proposed that the more myopic defocus of blue light provides a stimulus for a reduction in eye
growth (Kroger et al., 1996; Seidemann et al., 2002). We suggest that at low temporal
frequencies, the visual system has time to recognize and process the myopically defocused signal
of blue light. Thus, when blue light is present the eyes respond by reducing growth, and respond

with more growth when blue light is absent.
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At higher temporal frequencies, the discrepancy in eye length was not as apparent
between the two illuminant conditions but there was still a difference in refraction. Under the
“with blue” illumination condition, the less hyperopic refractions could be a result of the visual
system’s inability to correctly detect the myopically defocused blue light, or from the
introduction of the color signal due to signals from the S-cones progressing slower than signals
from L- and M- cone through the visual system (Stromeyer et al., 1991; McKeefry et al., 2003,
Smithson & Mollon, 2004; Rabin et al., 1994; Robson & Kulikowski, 1998; Lee et al., 2009; Lee

& Sun, 2004; Stockman et al., 1991).

Comparison with previous studies-Posterior Segment:

Various studies have shown consistent results that a reduction in eye length and
hyperopic shifts in refraction could be induced by exposure to high temporal frequencies
(Gottlieb & Wallman, 1987; Schwahn & Schaeffel, 1997; Rucker et al., 2012; Rucker et al.,
2017). Studies by Schwahn & Schaeftel (1997) exposed lens-wearing chicks to 150 W xenon
light pulses (rich in blue light), with different duty cycles, at 6 or 12 Hz, and elicited a hyperopic
shift and a reduction in eye length in both conditions. This present study extended temporal
frequency parameters from earlier experiments in our lab (2 Hz; 100% modulation), for a
sinusoidal waveform, by measuring over a range of temporal frequencies, 0, 0.2, 2, 5 and 10 Hz.
Hyperopic refractive responses were found with exposure to 5 and 10 Hz with 80% modulation

but not 2 Hz. This is most likely due to the reduction in modulation in the current experiment

Studies using various animal models: chicks (Crewther et al., 2006), mice (Yu et al.,
2011), guinea pigs (Zhi et al., 2013) and cats (Cremieux et al., 1989), have found myopic

refractive changes at low temporal frequencies. Crewther et al., exposed chicks to luminance
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flicker in a slow on/fast off profile. Myopic refractions at 1 and 2 Hz were present in chicks
wearing plano lenses, similar to the results of the present study. Chicks without lenses
experienced no refractive changes. The study setup was designed with a halogen light source,
which contains low illuminance levels (1.5 -180 lux) and limited illumination at the blue end of
the spectrum. The reduction in blue light levels likely simulated a condition more comparable to

the “without blue” condition in the current study, and support the study’s similar results.

Comparison to previous studies- Corneal Astigmatism

Upon hatching, chicks present with against-the-rule astigmatism (Schmid & Wildsoet,
1997). This study’s findings verify this and show a decrease in the amount of against-the-rule
with development, similar to that found by Schmid & Wildsoet (1997), but only in chicks
exposed to light containing a blue component. This finding signifies that the corneal

emmetropization process was disrupted without blue light.

Howland et al., (1978) suggested that astigmatism may play a positive role during the
emmetropization process. This study’s results would support this hypothesis and suggest that
blue light is necessary for the corneal emmetropization process to function normally. These
findings can supplement earlier studies that show corneal flattening and shallowing of the
anterior chamber occurs under continuous lighting conditions (Lauber & Oishi, 1987; Li et al.,
1995; Stone et al., 1995), as well as with an increase in the intensity of ambient light (Cohen et
al., 2008). Flattening of the cornea has the same effect as placing a negative lens in front of the
eye, where the eye responds with vitreous elongation. In previous studies, when chicks were
exposed to constant light and then were placed back in normal lighting conditions, the cornea

was able to regain its normal curvature. Padmanabhan et al., (2007) and Wahl et al., (2015) both
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presented evidence of recovery of emmetropia in refraction with the adjustment of corneal
curvature and axial length when chicks were exposed to normal light after constant light
conditions. However, restoration of normal ocular morphology was limited if original exposure
to constant light exceeded 11 weeks. Earlier work by Troilo & Wallman (1991), reported similar
findings of recovery of large eyes after dark induced hyperopia, where emmetropia was restored

by increasing the size of an already enlarged eye.

This brings up an interesting area of research considering there is a debate as to whether
the emmetropization mechanism is dependent upon a compensatory relationship between
anterior and posterior segments or if they are independent mechanisms. Research presented by
Lauber & Oishi (1987) suggest that they are independent processes contrary to what is suggested
by Liu et al. (2004) who suggested that the changes found in anterior and posterior segment
share a compensatory relationship. The present study’s results support previous research that
they share a compensatory relationship, with sensitivity to temporal frequency changes, as well

as the importance of blue light exposure for proper emmetropization.

Clinical Relevance

With the introduction of digital devices, people’s lifestyles and levels of light exposure
have changed. People are spending more time indoors than they were before. For adults, this can
be contributing to the increase in sleep disorders due to the reduction in sunlight and blue light
exposure (Change et al., 2015; Czeisler, 2013). For children, a reduction in natural light can
influence the emmetropization process. Several studies have shown support for spending time

outdoors, where blue illumination is strongest, as a protective feature in delaying the onset of
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myopia (French et al., 2013, Guggenheim et al., 2012, Jones-Jordan et al., 2012, Rose et al.,

2008, Dirani et al., 2009).

In clinical practice many researchers are developing myopia control strategies to slow
down progression. Clinical options include prescribing spectacles, multifocal contact lenses,
orthokeratology, pharmaceutical agents, and lifestyle modifications. Many of these treatments
are implemented once at least -0.50D of myopia has been identified. However, myopic
progression may be detected earlier if a difference in refraction has exceeded the average 0.50D
reduction in hyperopia over the course of one year. This may occur up to two years before the
onset of myopia (Xiang et al., 2012). It is now well recognized that there is a genetic and
environmental component to myopia. Genetic cases are characterized by high levels of myopia,
very early onset, and identifiable chromosomal locations (Morgan & Rose, 2005). Of course,
environmental conditions influence gene expressions, and upon expression, they can influence
biochemical pathways of eye growth (Feldkdmper & Schaeffel, 2003). Environmental factors
have been shown numerous times in the chick model to influence axial length and refractive
errors, through studies with lenses and various lighting conditions. There is strong evidence that
the current increased incidence of myopia is due to the adaptation of environmental induced
change (Wojciechowski, 2011). Indeed, Pan et al., (2015) showed that when the same
environmental conditions were imposed on various ethnic groups, there was a mutual level of

myopia despite significant genetic differences.

Many clinicians would find it hard to justify initiating treatment options before myopia
has been diagnosed. This, as well as, the understanding of the influence of environmental aspects
in myopia contributes to the importance of lifestyle changes in these patients. Lifestyle changes

can be put in place at the start of the emmetropization process to promote proper
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emmetropization. Prolonging the onset of myopia until later in childhood can reduce the
likelihood that a patient becomes highly myopic. Holden et al., (2015) has identified high
myopia as >6.00 D. At this diopter level and higher, a patient is more at risk for ocular disease
such as cataracts, retinal detachment, glaucoma, maculopathy (Tano, 2002). A patient’s quality
of life in completing daily visual tasks with increasing myopia, as well as, candidacy for
refractive surgery should also be considered. The results of this study as well as that of Rucker
et al. (2017), would suggest that an important lifestyle modification would be exposure to natural
sunlight (without any use of blue light reducing filters), or artificial lighting containing sufficient

blue light as a protective measure against myopia.

Summary and Conclusions

In the absence of blue light, the mechanism of emmetropization in chick’s eye is
responding to temporal frequency of the lighting, becoming more myopic at lower frequencies
and more hyperopic at higher frequencies. Blue light is, therefore, protective for normal
emmetropization performance and against abnormal myopic (or hyperopic) changes at low (or
high) temporal frequency of lighting conditions. These results are important for the clinical
application of myopia control strategies, as well as understanding the possible effects the

environment poses on visual development.
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