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Abstract

A previous experiment showed that blue light (as a component of white light) protected against 

low temporal frequency dependent eye growth. This experiment investigated the role of temporal 

contrast. White leghorn chicks were exposed to white (with blue) or yellow (without blue) LED 

lighting modulated at either low (0.2 Hz) or high (10 Hz) temporal frequencies. Four cone contrast 

conditions were used: low (16%), medium (32%), medium-high (60%) and very-high (80%). 

Chicks were exposed to the lighting condition for 3 days (mean 680 lux). Exposure to high 

temporal frequencies, with very high temporal contrast, reduced eye growth, regardless of spectral 

content. However, at low temporal frequencies, eye growth was dependent on the illuminant. At 

lower temporal contrast levels, eye growth increased regardless of temporal or spectral 

characteristics. To conclude, very high temporal contrast, white light, provides a “stop” signal for 

eye growth that overrides temporal cues for growth that manifest in yellow light.
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1. Introduction

During the first months of development, neonates undergo a critical period of eye growth 

called emmetropization. If the processes that underlie emmetropization are successful, the 

result is an emmetropic eye; one in which the refractive power of the eye results in a focused 

retinal image. The processes involved in emmetropization are guided by a variety of cues, 
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including retinal defocus [1–6] and changes in color and luminance contrast [7–12]. Each of 

these cues are dependent on the spatial [10, 11, 13, 14], temporal [13, 15–22] and spectral 

[23] properties of the stimulus. When emmetropization fails to match the axial length of the 

eye to its refractive power, and the eye grows too long for its optics, myopia arises.

1.1 Dependence on spatial contrast

Form-deprivation experiments demonstrate that spatial frequency cues regulate eye growth. 

When eyes are occluded or sutured shut, spatial contrast and structure are reduced, and this 

results in a dramatic increase in eye growth leading to form-deprivation myopia [24–32]. 

Surprisingly, exposing form-deprived chicks to intermediate (0.86 cycles deg−1), high (4.3 

cycles deg−1), and mixed spatial-frequency environments for as little as 20 minutes a day 

can reduce this form-deprivation myopia [11]. A similar reliance on intermediate spatial 

frequencies for lens compensation has been found by Diether & Wildsoet [33]. This 

dependence on spatial frequency implies an innate dependence on spatial contrast.

Several papers support the view that spatial contrast is an important cue for guiding eye 

growth. In the experiment mentioned above, Schmid and Wildsoet [11] examined the effect 

of 20 minutes of exposure to different levels of spatial contrast in form-deprived chicks. 

They found that restricted spatial contrast environments (9–78%) produced the same 

inhibition of form-deprivation myopia as normal cage environments, which suggests that 

even low spatial contrast influences emmetropization. Two related experiments, which used 

a cone apparatus and lenses to manipulate defocus, support this hypothesis and provide 

measures of spatial contrast required for normal emmetropization. Schmid [12] found that 

targets with spatial contrast of only 4.2% prevented the development of high myopia, with 

normal emmetropization occurring at a contrast level of 47.5%. Similarly, Diether & 

Wildsoet [33] noted that spatial contrast of at least 65% was required to produce the 

anticipated refractive shifts when an animal wore positive lenses (focusing the image in front 

of the retina). Considered together, these results support the idea that while low spatial 

contrast influences emmetropization, more moderate contrast in the retinal image is required 

for normal emmetropization, and even higher spatial contrast is required for lens induced 

defocus.

1.2 Dependence on temporal contrast

Temporal characteristics can differentially affect eye growth. For example, high temporal 

frequency stroboscopic illumination produces less myopic (more hyperopic) refractions in 

form-deprived chicks [20, 21, 34, 35]. It has been suggested that high temporal frequency 

stimulation of the retina signals that the eye is in focus and that the optimal eye length has 

been achieved [34, 36]. If detection of high temporal frequencies provides a cue to slow eye 

grow, then the detection of low temporal frequencies could indicate that the eye is 

hyperopically (image behind the retina) defocused and encourage growth. Longer eyes are 

associated with the development of myopia.

Previous research supports that temporal stimuli can influence eye growth. Crewther [17] 

examined the effects of lower temporal frequencies, by exposing chicks to temporal 

frequencies of 1, 2, and 4 Hz and found that exposure to low temporal frequencies lead to a 
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myopic shift in refraction. Di [22] also found a myopic shift when guinea pigs were exposed 

to temporal frequency modulations of 0.5 Hz and 5 Hz. The guinea pigs exposed to the 0.5 

Hz flicker stimulus were more myopic than those exposed to 5 Hz. Mice also became 

myopic when exposed to 2 Hz flicker [37]. In addition, a recent study from our laboratory 

has shown that chicks eyes grow 145 μm more at low temporal frequencies than at high 

temporal frequencies and become almost 2D more myopic after only 3 days [23]. Thus there 

is mounting evidence that exposure to low temporal frequency flicker produces more myopic 

refractions.

Several experiments [17, 20, 22, 38] have investigated how temporal information is used in 

emmetropization, but interpretation is complicated with use of a variety of illuminants. 

Schwahn & Schaeffel [20] used a Xenon light source with a square-wave that varied in its 

temporal frequency and duty cycle, Crewther [17] used a halogen light source that was 

pulsed for 250 ms, and Di [22], in one experiment, used a narrow band, monochromatic, 

green light of 505 nm, with a square-wave temporal profile (duty cycle 50%), and in a 

second experiment used stroboscopic white light [38]. Gawne et al. [39] used 

monochromatic red (628 ± 10 nm) and blue (464 ± 10 nm) light with a pseudo-random 

temporal profile and Rucker et al [23] used white and yellow LEDs (both consisted of red 

(615 ± 20 nm) and green (515 ± 35 nm) components, with a blue component (465 ± 35 nm) 

present in white). These different light sources have different spectral profiles. Xenon light 

sources have a strong blue component, while Halogen lights have a warm white color 

spectrum, and monochromatic lights and LEDs have particular hues depending on their 

wavelength and the combinations of LEDs used.

Interpretation of how frequency affects emmetropization is also complicated by the use of 

different waveforms some sinusoidal some non-sinusoidal. The non-sinusoidal temporal 

stimulation used in prior experiments has the drawback that the stimulation is not narrow-

band at the modulation frequency presented but contains other temporal frequencies that 

stimulate the retina at lower and higher frequencies than experimenters report. For example, 

square-wave stimuli provide ample stimulation at higher harmonics (three and five times the 

frequency of the square wave) and pulsed stimuli contain a broad range of temporal 

frequency information. A sinusoidally modulated stimulus does not have the issues 

mentioned above; the stimulus energy of a sinusoidal waveform is concentrated at the 

stimulus frequency and little to no information is present outside of the signal frequency. It 

is known that the vertebrate retina responds linearly to sinusoidally flickering light [40] and 

that linearity holds for both horizontal cells [41] and retinal ganglion X cells, but Y cells 

show non-linear responses that increase with input temporal contrast [42]. Our choice of a 

sinusoidal input in this experiment over other types of temporally varying input minimizes 

non-linear responses in the retina.

In a previous experiment, Rucker et al., [23] examined the effect of exposing chicks to light 

modulated sinusoidally at different temporal frequencies, with fixed temporal contrast 

(80%). Two spectral conditions were used: 1) A White spectral condition that was a mixture 

of all the LED sources (red, green and blue light); 2) A Yellow spectral condition that 

contained red and green light but did not contain blue light. The illuminance of the white 

and yellow light sources was matched at 680 lux. In the Yellow condition, the results were 
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consistent with previous research, low temporal frequency stimulation (0.2, 1, and 2 Hz) 

produced longer eyes while high temporal frequencies shorter eyes (5 and 10 Hz). At high 

temporal frequencies the spectral content of the light source did not affect eye growth, but at 

low temporal frequencies exposure to white light protected against the increase in eye length 

seen with exposure to yellow light. The current experiment will investigate the temporal 

contrast level required to achieve these protective effects on eye growth at high and low 

temporal frequencies.

1.3 Chick as an animal model for the role of color in emmetropization

In this paper we used the chick as a model system to study the stimulus dependent 

mechanisms in emmetropization following a tradition of nearly forty years of research. 

Among the animals models of myopia described by Schaeffel and Feldkaemper [43] the 

chick is notable for its practical benefits and for the translation of results to other animal 

species. Chicks are easy to breed and relatively inexpensive to keep, thus making relatively 

large sample sizes economical and allowing for the detection of experimental manipulations 

with small effect sizes. The chick choroid responds to lens-induced defocus in only 15 

minutes [44], with measurable changes in eye length in three days. The chick has a visual 

acuity of about double that of other non-primate species used in myopia research [43, 45] 

and a spatial contrast sensitivity function comparable to 2–3 month-old children [11, 45, 46]. 

In addition, the temporal vision of the chick is qualitatively similar to humans [47], unlike 

other alternative animal models for myopia such as the tree shrew or guinea pig [48, 49] that 

have a temporal sensitivity function that is skewed towards high temporal frequencies. The 

temporal sensitivity of the chicks is of particular importance to the experiment presented 

here, given that temporal stimulation was a key variable manipulated in this experiment.

Because the spectral composition of the stimulus was a key variable in our experiment, it is 

worth considering how the chick color system differs from that of other animal models used 

for myopia research and the human visual system. Humans possess trichromatic vision, so 

the most general findings would be produced if researchers used an old-world, trichromatic, 

higher-order primate or ape as an animal model. However, using higher-order primates or 

apes adds complex ethical issues and practical concerns, such as the time required for 

rearing primates, slow responses to defocus, and the expenses associated with higher-order 

primate or ape care. Chicks are at least tetrachromatic [50] but there are differences between 

chick and human photoreceptors that include the presence of oil droplets, double cones, a 

short-wavelength sensitive photoreceptor (peak sensitivity: 460 nm), and an ultraviolet 

sensitive photoreceptor (peak sensitivity: 420 nm). Nevertheless, the avian oil-droplet 

absorption and photoreceptor sensitivity have been characterized precisely [8, 51] and there 

is evidence that double-cones do not contribute to chromatic vision [52]. Alternative animal 

models, such as tree shrew and guinea pig, are dichromatic, making their use in color vision 

studies more limited. Taken together, the richness of color signals from the chick retina, 

combined with their practicality, fast response to defocus, and translatable results, make 

chick a good choice for studying the role of color vision in emmetropization.

It is well documented that the chick, guinea pig, and tree shrew eye can emmetropize in 

monochromatic light without a signal from longitudinal chromatic aberration (LCA) [39, 
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53–59]. In monochromatic light, cone contrast is the same in all cone types, increasing and 

decreasing in tandem with focus and defocus, despite differences in absolute values of cone 

excitation with the different colored lights. There are two hypotheses regarding ways that 

monochromatic stimuli could signal that the eye is in focus. A simple emmetropization 

mechanism could aim to maximize spatial contrast (luminance contrast) in the retinal image 

by modulating the growth rate to retinal contrast [60]. From this perspective, eye growth 

would decrease gradually as retinal spatial contrast (luminance contrast) increases. In 

support of this idea, several studies have shown that the level of form-deprivation myopia is 

dependent on the degree of visual occlusion [60–62]. However Tran et al. have disagreed 

[10] and have suggested that defocus could trigger an “all-or-none” response or a threshold 

for inducing eye growth from image degradation.

There is also evidence that a signal from longitudinal chromatic aberration provides a color 

cue for emmetropization in chicks [8, 63]. First, Wallman & Rucker [8] showed that lens 

compensation in white light was more accurate than in monochromatic red or blue light, 

evidence the chromatic dispersion of white light provides a defocus cue for 

emmetropization. Second, Wallman & Rucker [63] showed that the chick eye can 

compensate for chromatic simulations of hyperopic and myopic defocus. Chick eyes grew 

more when spatial contrast was greater for the blue component of the image than for the red 

component. This provided evidence that the chick eye was responding to the signed changes 

in color contrast created by chromatic dispersion in the presence of defocus.

The experiment presented in this paper builds upon previous results that showed that blue 

light as a component of white light [23] protects against increased eye growth with exposure 

to light modulated with very high temporal contrast at low temporal frequencies. The results 

also showed that exposure to very high temporal contrast, at high temporal frequencies 

reduced growth. The primary goals of this experiment are to determine the threshold 

temporal contrast levels for these protective effects and their spectral dependency.

Methods

2.1 Animals

White leghorn chicks (Gallus gallus domesticus, Cornell K strain; Cornell University, Ithaca, 

NY) were hatched in-house. Before being exposed to experimental conditions, the birds 

were kept in a 12-hour light/12-hour dark cycle; animals were maintained under fluorescent 

lighting (Sylvania Soctron XP 4100K 30 W) at an intensity of approximately 300 lux. The 

birds were supplied with food and water ad libitum. In these experiments, chicks were 12 

days of age at the start of the experiment. 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.

2.2 Stimuli

During the experiment, chicks were exposed to one of four temporal contrasts, one of two 

temporal frequencies, and one of two spectral conditions. The numbers of chicks in each 

condition is shown in Table 1.
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The four temporal contrast conditions were: low (16%), medium (32%), medium-high 

(60%) and very-high (80%). The two temporal frequency conditions were: low (0.2 Hz) or 

high frequency (10 Hz) sinusoidal waveforms.

The White (with blue) and Yellow (without blue) illumination conditions were set at a mean 

illumination level of 680 lux (controlled digitally with minor adjustments being made with 

neutral density filters) when measured with the light source placed on the wire mesh roof of 

the cage and the light sensor on the floor. Stimuli were generated by a modulated light 

source using light emitting diodes (LEDs) that contained red, green and blue components 

(White) or only red and green components (Yellow). The term “stimulus” refers to the 

spectral and temporal characteristics of the background illumination. The mean irradiances 

were 50 μW/cm2 for the red, green and blue components of each light source, which is 

equivalent to 214 “chick lux” for red, 191 “chick lux” for green, and 64 “chick lux” for blue 

as in an earlier experiment [23]. Since chicks have different wavelength sensitivities (Figure 

2) to humans we refer to illuminance corrected for the chick photopic sensitivity function 

[64] as “chick lux”, which differs from “human lux” as a function of wavelength.

A follow up temporal contrast condition of 70% at 10Hz in White light was added to the 

experiment after the main data collection to test a specific hypothesis suggested by the 

results.

2.3 Illuminants

The illuminants were Lamina Titans RGB LEDs (Lamina Ceramics) driven by an eight 

channel, 12-bit Access I/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 produced digitally using lookup tables, and confirmed by measurement of 

illuminance output (Newport Model 818-SL serial number: 6915). Luminance flicker was 

produced with in-phase sinusoidal modulation of red (615 nm half-bandwidth 20 nm), green 

(515 nm half-bandwidth 35 nm), and blue (465 nm half-bandwidth 35 nm) LEDs in the 

White condition and only the red and green LEDs in the Yellow condition.

Figure 1 shows the spectral sensitivity of the five chick cone types [8]. From this figure we 

can see that all three LEDs stimulate the double- (D) cones by varying amounts. Since the 

double cone has a broad spectral sensitivity, it is not thought to contribute to detection of 

color only to detection of brightness [65]. In addition to stimulating the double cone, the red 

LED (615 nm) stimulates long (L)-wavelength sensitive cones, the green LED (515 nm) 

stimulates medium-(M) and short- (S-) wavelength sensitive cones, and the blue LED (465 

nm) stimulates S- and ultraviolet- (UV) sensitive cones to some degree. As a result, both the 

Yellow and White conditions stimulate all cone types (except UV-cones in Yellow) but the 

White condition excites the S-cones much more than the Yellow condition.

An important factor in the design of the stimuli is that White and Yellow are designed to 

produce equal temporal contrast at the cone level to each of the cone types. This is achieved 

despite the shorter focal length of blue light in White that arises as a result of longitudinal 

chromatic aberration. In this way, the stimuli are similar to monochromatic stimuli; they 
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provide no color signals for defocus from longitudinal chromatic aberration. However, 

unlike stimuli with monochromatic spatial contrast, stimuli with temporal contrast are not 

affected by blur, temporal contrast will not increase as focus improves. As a result, these 

temporal contrast stimuli lack both color and luminance contrast cues for emmetropization 

and are therefore open-loop stimuli.

For the purposes of this experiment, temporal cone contrast was calculated as Michelson 

Contrast comparing the maximum cone excitation (Lmax) and minimum cone excitation 

(Lmin) produced by the temporal stimulus [(Lmax-Lmin)/(Lmax+Lmin)].

2.4 Procedures

Chicks were randomly assigned to a stimulus condition and while in this condition they 

experienced the assigned temporal modulation of the illuminant for eight hours per day. The 

experimental data collection used a block-randomized design. Typically, chicks were 

exposed to a stimulus condition with five to eight birds to a cage. Cages were made of wire 

mesh with a plastic base (29″x17″x 17″). When not in the experimental environment, the 

chicks were in the dark in a light- and sound-proof chamber for 16 hours overnight. Both 

eyes were exposed to the temporally modulated illuminant and no lenses were used at any 

point during the study. This cycle continued for a period of 72 hours, after which the chicks 

were placed back into their brooders.

2.5 Measurements

At the beginning and end of the exposure period refraction and ocular biometry were 

measured. For both instruments, birds were placed under anesthesia using 1.5% isoflurane in 

oxygen with a 2 L/min oxygen flow rate. Measurements of the ocular components were 

made using a Lenstar biometer (Lenstar LS 900: Haag-Streit AG, Konig, Switzerland). For 

each bird, the Lenstar measurement was obtained from the average of five measurements. 

Three measurements of corneal curvature were made for each eye using calibrated images of 

the Lenstar mires as described previously [23] and below. Refraction was measured with a 

Hartinger Refractometer (Zeiss, Jena, Germany). Measurements were excluded if clear 

mires could not be imaged. For refraction each bird’s refractive error was estimated from the 

average of three measurements.

Measurements of corneal curvature were made using images of the Lenstar alignment rings, 

taken during the measurements of the ocular components. The images collected show the 

circular alignment mires positioned directly in the center of the pupil. These images were 

uploaded into Image J. A rectangular outline was drawn around the mires, and the 

dimensions of the rectangle were used to determine the radius of curvature in the horizontal 

and vertical meridians. Corneal curvature was calibrated using ball bearings of known 

radius, and the refractive index of 1.33749. These calibrations were used to convert the 

dimensions of the rectangle into corneal radii and corneal power measures [66]. Finally, 

corneal power was described by Fourier decomposition (rectangular form) with spherical 

power component M and power vectors J0 (cosine Jackson cross cyl [JCC]) and J45 (sine 

JCC) as described by Thibos et al. [67]. This method of analysis enabled us to compare 

changes in meridional power among birds. Changes in corneal power (not refractive 
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correction) along these meridians were calculated as the difference in the pre- and post- 

measures of corneal power.

2.6 Analysis

The effects of the illumination conditions on the dimensions of the ocular components 

(anterior chamber depth, lens, vitreous chamber depth, choroidal thickness, eye length), 

refraction and corneal curvature were calculated as the mean change between pre- and post-

measurements. Measurements were made in both eyes and the average change in the two 

eyes was used in analysis. Eye length was calculated as the distance from the anterior cornea 

to the posterior surface of the posterior sclera.

The statistics program R [68] was used to compute a three-way ANOVA with Type III sums 

of squares [69]. Type III sums of squares were used to protect against the effects of the 

modest imbalance in our design. Frequency (0.2, 10 Hz), temporal contrast (low: 16%, 

medium: 32%, high: 60%, and very high: 80%) and the spectral content of the light (White 

and Yellow) were factors in the ANOVA. We looked at the effect of each of these factors on 

refraction, corneal curvature and ocular dimensions (axial length, vitreous depth, choroid 

thickness, and anterior chamber depth). Partial Eta-squared (η2
partial) was computed [70] to 

provide a measure of effect size; η2
partial provides an estimate of the variance explained by a 

given factor after the variance explained by the other predictors is excluded. As a guideline, 

a η2
partial effect size of 0.06 is considered a medium effect, 0.14 is considered a large effect. 

Tukey’s HSD test [71] or Scheffe post hoc tests were used to compare pair-wise differences 

of frequency, temporal contrast and spectral content.

3.0 Results

Changes in ocular components in each of the temporal frequency, contrast, and lighting 

conditions are shown in Table 2.

3.1 Effect of Temporal Contrast

Higher temporal contrast decreased eye growth (Figure 2A: ANOVA: Eye length: 

F(3,189)=7.01, p<0.001,η2
partial = 0.101). An example of this effect is seen at 10 Hz, when 

the eye grew less (0. 205 ± 0.024 mm; p < 0.01) with exposure to high contrast white light 

(80%) than with exposure to medium contrast (32%) white light (0.279 ± 0.014 mm). 

Exposure to very high temporal contrast makes the eye grow less.

Higher temporal contrast produced less vitreous chamber growth (Figure 2B: ANOVA: 

Vitreous: F(3,189)=7.33, p <0.001, η2
partial = .098). Temporal contrast did not show either a 

three-or two-way interaction with either frequency or illumination. One post-hoc 

comparison is worth considering. Collapsing the data across frequency and lighting, an 

increase in temporal contrast from 60% to 80% caused the vitreous chamber to grow less by 

0.022 ± 0.6 mm (p < 0.001). This result shows that there is a very high temporal contrast 

threshold necessary for the eye to slow its vitreal growth.

Higher temporal contrast produced shallower anterior chambers (Figure 2D: ANOVA: Ant. 

Chamber: p < 0.001, F (3,189) = 6.877,η2
partial = 0.096). The anterior chamber depth was 
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the only ocular component that showed a temporal frequency by temporal contrast 

interaction (ANOVA: F(3,189)=2.87, p < 0.05, η2
partial = 0.043). Collapsing the data across 

lighting conditions, the anterior chamber was 0.043 ± 0.008 mm shallower at 80% contrast 

than it was at 32% contrast in the 10 Hz condition (p < 0.001). A reduction in anterior 

chamber growth can be seen with other very high temporal contrast/high temporal frequency 

combinations (80% contrast [10 Hz] v 32% contrast [0.2 Hz]: p < 0.01; 80% v 16% contrast 

[0.2 Hz]: p < 0.001). Shallower anterior chamber depths produced by very high temporal 

contrast and high temporal frequency combinations tend to make the eye less myopic.

To explore the threshold for temporal contrast that is required to influence eye growth and to 

see if the transition is graded we used a 70% temporal contrast, 10Hz, White light condition. 

We found that the 70% temporal contrast condition produced 0.280 ± 0.015 mm eye growth, 

almost the same as the eye growth with exposure to 60% temporal contrast (0.295 ± 0.029 

mm; p = 0.66). Thus, there was a sharp threshold for eye growth at very high temporal 

contrast levels. To explore the threshold for temporal contrast that is required to influence 

vitreous chamber depth and to see if there is any grading of the transition between 60 and 

80% temporal contrast we used a 70% temporal contrast stimulus, at 10Hz, in the White 

light condition. There was a small decrease in vitreous chamber growth at 70% temporal 

contrast in White (0.136 ± 0.022 mm; 60% v 70%) that was intermediate between that with 

exposure to 60% (0.152 ± 0.008 mm) and 80% (0.120 ± 0.007 mm) temporal contrast. 

Although the contrast threshold for change in vitreous chamber depth was high, the vitreous 

chamber showed a gradual decrease in depth with increasing temporal contrast as temporal 

contrast increased from 60 to 80%.

3.2 Effect of Frequency

High frequency temporal stimulation produced less eye growth than low frequency temporal 

stimulation but there was an interaction with the spectral content of the illuminant (Figure 

2A: ANOVA: Eye length: F(1,189)=6.13, p<0.05,η2
partial = 0.033). Collapsing the data 

across temporal contrast conditions, the eye grew more in Yellow at 0.2 Hz than at 10 Hz 

(0.055 mm; p < 0.01). Post-hoc comparisons at 80% temporal contrast, showed that the eye 

grew more in Yellow at 0.2 Hz than at 10 Hz (Difference: 0.106 ± 0.033 mm; Scheffe post 

hoc: p = 0.02), and more than in White at 10Hz (Difference: 0.098 ± 0.032 mm; p < 0.05). 

There was no difference in eye growth with exposure to White at 10 and 0.2 Hz (Difference: 

0.026 mm; p = 0.9). At very high temporal contrast levels, exposure to yellow light at low 

temporal frequencies caused more eye growth than exposure to yellow light at high temporal 

frequencies or white light at any frequency.

High frequency temporal stimulation produced less vitreous chamber growth than low 

frequency temporal stimulation and there was an interaction with the spectral content of the 

illuminant (Figure 2B: ANOVA: Vitreous: F(1,189) = 7.01, p<0.01,η2
partial = 0.026). 

Collapsing the data across contrast conditions, the vitreous grew more with exposure to 

yellow light at 0.2 Hz than at 10 Hz (Difference: 0.026 ± 0.005 mm: p < 0.001). Post-hoc 

comparisons showed that with exposure to yellow light, at 80% temporal contrast, the 

vitreous chamber depth grew more at 0.2 Hz than at 10 Hz (Difference: 0.045 ± 0.012 mm 

Scheffe post hoc: p < 0.01). There was no difference in vitreous chamber growth with 
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exposure to white light at these frequencies (Difference: 0.006 ± 0.005 mm; p = 0.58). In 

summary, yellow light caused greater vitreous chamber growth at low temporal frequencies; 

a result not seen with exposure to white light.

3.3 Choroidal Thickness

Figure 2C shows that the choroid tends to thin in response to temporal frequency 

stimulation, though there was no evidence of a difference in choroidal thinning between 

conditions (ANOVA: Temporal Contrast: p = 0.34; Frequency: p = 0.84; Light: p = 0.42). At 

10 Hz, choroids thinned with exposure to white and yellow light at all contrast levels (apart 

from 60% White) (Scheffe: p < 0.01 to p < 0.001). At 0.2 Hz, choroids thinned with 

exposure to white and yellow light at all temporal contrasts (apart from 80% Yellow) 

(Scheffe: p < 0.01 to <0.001). Choroidal thinning tends to make the eye more myopic.

3.4 Effects of Light on Refraction

Figure 3 presents the refraction data. In addition to the expected myopic shift with 

emmetropization, birds exposed to yellow light became slightly more myopic (-0.24 D; p < 

0.05) than those exposed to white light. When the effect of frequency is considered, the 

myopic shift is particularly noticeable at low temporal frequencies with exposure to yellow 

light. The cause of this effect was due to changes in corneal power. Corneal astigmatic (J0) 

and corneal spherical power (M) was reduced with exposure to white light (Tukey HSD: p < 

0.05 both) compared to that with exposure to yellow light (see Figure 4) making the eye less 

myopic.

4.0 Discussion

Temporal frequency and temporal contrast operate as cues to control eye growth that are 

dependent on the spectral characteristics of the lighting. Consistent with the results from 

prior experiments [16, 20, 21, 23], we showed that eye growth reduction could be induced 

by high temporal frequency stimulation, with stimuli with very high temporal contrast. The 

key finding in this experiment is that these protective effects of retinal stimulation on eye 

growth only occur at very high temporal contrast levels of around 80%. In addition, 

consistent with the results of an earlier experiment [23], exposure to very high temporal 

contrast white light protected the eye from increased growth at low temporal frequencies. 

Increased eye growth is seen with exposure to low temporal frequency yellow light, even 

when the eye is exposed to very high temporal contrast. When temporal contrast is reduced 

from this optimal level, the eye grows more, irrespective of the spectral and temporal 

characteristics of the illuminant. Thus, in white light, high temporal contrast stimulation 

might be construed as an all or nothing “stop” signal that overrides frequency cues.

4.1 Temporal Frequency and Spectral Dependence

The design of our experiment allowed us to investigate whether the effect of temporal 

frequency depends on the temporal contrast and spectral characteristics of the light source. 

We can interpret our results in terms of an eye that is too small at birth, but emmetropization 

can also occur when the eye is too large at birth as in ostrich [72] and falcons [73, 74]. This 

means that the eye must be able to detect whether it is too small or too big, and a coherent 
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theory on how the sign of defocus is detected must be part of any explanation of the 

emmetropization mechanisms.

A signal for the sign of defocus may arise from longitudinal chromatic aberration as 

described in several manuscripts [7, 63, 75]. As a result of the shorter focal length of blue 

light, hyperopic defocus produces a color signal that arises from an increase in retinal spatial 

contrast available to the short-wavelength sensitive-cones compared to long-wavelength 

sensitive-cones. Change in myopic defocus produces a change in luminance contrast arising 

from retinal spatial contrast available to the long- and middle-wavelength sensitive cones. 

However, in this experiment, all cone types were exposed to the same temporal contrast and 

temporal contrast is unaffected by defocus, so there was no color contrast or luminance 

contrast signal available to the emmetropization mechanism in either the White or Yellow 

conditions. Nevertheless, in White, the presence of the shorter-focal plane of blue light 

provides a signal that slows growth. This result confirms previous findings [23].

4.1 Temporal Contrast Dependence

The threshold temporal contrast growth response found in this experiment and that of Tran et 

al. [10] is inconsistent with the graded spatial contrast response found in other form-

deprivation experiments [60–62]. Even in the vitreous, the temporal contrast threshold was 

high, with a graded response only being seen between 60 and 80% temporal contrast. There 

are two possible explanations. First, an increase in spatial contrast sensitivity with spatial 

contrast adaptation may have played a role, as suggested in other experiments [76–78]. It is 

possible that the “stop” signal is activated at lower spatial contrast levels with spatial 

contrast adaptation increasing as spatial blur increases. In this way, an eye wearing a dense 

diffuser would become more sensitive to lower levels of spatial contrast when the diffuser is 

removed for brief periods. Alternatively, the emmetropization mechanism may respond 

differently to spatial and temporal contrast showing a graded response to spatial contrast and 

a threshold response to temporal contrast. Further work is required to clarify these options.

These results suggest that very high temporal contrast, high temporal frequency stimulation 

is an indicator that the eye is in focus, even in the absence of color cues from longitudinal 

chromatic aberration and luminance contrast cues. In the natural world, these results imply 

that when a chick eye is too small at birth, and the retinal image is defocused, the eye will 

grow in response to low temporal frequency retinal stimulation until temporal contrast 

reaches a level of around 80% as image sharpness increases with focus. As the retinal image 

becomes clearer, higher spatial frequencies are detected, along with higher frequency 

temporal stimulation, and a signal to “stop” growth is produced. In white light, the signal to 

“stop” eye growth will be present at lower temporal frequencies (when the eye is smaller) 

than in yellow light, though 80% temporal contrast is still a threshold requirement.

In white light, the shorter focal plane of blue light provides a signal for myopic defocus 

(image focused in front of the retina), which appears to override the low temporal frequency 

signal for growth. Since retinal temporal contrast was equal and constant for all cone types 

in this experiment, and there was no color signal or luminance contrast signal that could be 

used to detect the optimal plane of focus. These results suggest that longitudinal chromatic 

aberration provides a light vergence cue for emmetropization. Light vergence is the degree 
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of convergence or divergence of rays at edges that are blurred by defocus. This vergence 

signal arises through the ability of the eye to detect the myopic vergence of blue light on the 

retina, as it does in accommodation [79, 80]. Although most animals have eyes that are too 

small at birth, some animals have eyes that are too large. In this case, the eye will be 

dependent on the detection of myopic vergence of light to slow eye growth.

In more general terms, these results suggest that it is important that the developing child is 

exposed to white light, such as natural sun light (without blue light reducing filters) or 

artificial lighting that is rich in blue light (daylight bulbs). A light source containing blue, 

green and red components will provide both color contrast, luminance contrast, and 

vergence cues for the emmetropization mechanism, and increase the probability that the eye 

will emmetropize normally and prevent the development of myopia.

4.3 Choroidal Effects

We found that choroidal changes were not dependent on temporal frequency, temporal 

contrast, or the color of the light and were not associated with eye length changes. 

Experiments that used lenses to induce defocus have shown highly predictable changes in 

choroidal thickness with defocus [4, 5, 81, 82]. Nevertheless, it is clear that these 

correlations between choroidal thickness and eye length changes can be disassociated [8, 19, 

83]. Our experiment shows that temporal exposure can be added to this list of experimental 

conditions that dissociate changes in choroidal thickness from eye length changes. One 

possible explanation for this dissociation is that the relatively small changes we measured 

(43 μm) may reflect observed changes in choroidal blood flow with flicker [84, 85] ( but not 

by [86]), rather than changes in choroidal lacunae volume [87] in response to defocus.

5. Conclusion

In conclusion, emmetropization mechanisms are sensitive to the temporal frequency, 

temporal contrast, and spectral properties of the stimulus. Exposure to high temporal 

frequencies and temporal contrast reduces eye growth, regardless of spectral content, 

providing an inhibitory “stop” signal and protecting the eye against myopia. However, 

exposure to low temporal frequencies increases eye growth, in yellow but not white light, 

even when the stimulus is of high temporal contrast, thereby increasing the risk of myopia. 

Temporal contrast below the optimal level increases eye growth and increases the risk of 

myopia, regardless of temporal or spectral characteristics of the stimulus. White light 

provides both color contrast, luminance contrast and light vergence cues for the sign of 

defocus that enable accurate emmetropization and prevent myopia development.
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Figure 1. 
Graph of chick cone spectral sensitivity showing long- (L), middle- (M), short- (S), 

ultraviolet- (UV) sensitive and double- (D) cones (Rucker & Wallman, 2008). Peak spectral 

output of the red, green and blue LEDs are indicated by arrows of the relevant color.
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Figure 2. 
Change in ocular components over three days with exposure to white (solid white or black/

white hatched) or yellow (solid yellow or yellow/black hatched) light modulated at 0.2 Hz 

(solid) or 10 Hz (hatched) with temporal contrast of 16, 32, 60 or 80%). *, **, indicate p 

levels < 0.05 and 0.01, respectively. Error bars indicate ± standard error.

A: At 10 Hz the eye length grew less with 80% temporal contrast with exposure to both 

white and yellow light, but at 0.2 Hz this effect was only seen in white light. B: At 10 Hz the 

vitreous chamber grew less with 80% temporal contrast with exposure to both white and 

yellow light, but at 0.2 Hz this effect was only seen in white light. C: Choroids thinned with 

exposure to temporal modulation. D: Growth of the anterior chamber decreased with high 

temporal contrast and high temporal frequencies. With exposure to white light with 80% 
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temporal contrast there was no change in growth of the anterior chamber at 10 Hz (bar is 

only just visible on the graph) compared to the large increase seen at lower temporal contrast 

levels. Statistics are provided for when data is collapsed across lighting conditions in the 10 

Hz condition.
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Figure 3. 
Change in ocular refraction over three days with exposure to white (left) or yellow (right) 

light modulated at 0.2 (solid) or 10 Hz (hatched) with temporal contrast of 16 %, 32 %, 

60 % or 80 %. Overall, refractions became more myopic with exposure to yellow light than 

with exposure to white light. Error bars indicate ± standard error.
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Figure 4. 
Change in corneal refractive components over three days with exposure to white (solid black 

or white) or yellow (solid yellow or yellow/black cross) light modulated at 0.2 (solid black 

or yellow/black cross) or 10 Hz (solid white or yellow) with temporal contrast of 16, 32, 60 

or 80 %. Temporal contrasts of outlying conditions are indicated. Corneal power (M) and 

astigmatic power (J0) was reduced with exposure to white light making the eye less myopic. 

Error bars indicate ± standard error.
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