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PURPOSE. Longitudinal chromatic aberration can provide luminance and chromatic signals for
emmetropization. A previous experiment examined the role of temporal sensitivity to
luminance flicker in the emmetropization response. In the current experiment, we
investigate the role of temporal sensitivity to color flicker.

METHODS. Five-day-old chicks were exposed to sinusoidal color modulation of blue/yellow (N
¼ 73) or red/green LEDs (N ¼ 84) at 80% contrast for 3 days. The modulation frequencies
used were as follows: 0, 0.2, 1, 2, 5, and 10 Hz. There were 5 to 16 chicks per condition. Mean
illumination was 680 lux. Changes in ocular components were measured using Lenstar, and
refraction was measured with a Hartinger refractometer.

RESULTS. Eyes grew less when exposed to high temporal frequencies and more at low
temporal frequencies. With blue/yellow modulation, the temporal variation was small; eyes
grew 268 6 15 lm at 0 Hz and 224 6 12 lm at 10 Hz, representing a 16.4% growth
reduction. With red/green modulation, eyes grew 336 6 31 lm at 0 Hz and 218 6 20 lm at
10 Hz, representing a 35% growth reduction. Choroidal and anterior chamber changes
compensated for eye growth, reducing refractive effects; blue/yellow refraction changes
ranged from �0.63 to 1.04 diopters.

CONCLUSIONS. At high temporal frequencies, color is not a factor, but at low temporal
frequencies, red/green modulation produced maximal growth. The pattern of changes
observed in each ocular component with changes in the temporal frequency and/or the color
of the stimulus was consistent with the idea that the natural sunlight spectrum may be
optimal for emmetropization.
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Time spent outdoors during childhood is positively associ-
ated with reduced myopia prevalence.1–6 This positive

association is not affected by near work7 nor levels of physical
activity engaged in while outdoors.8 With this in mind, a
previous study using the chick model9 examined how short-
wavelength light interacts with the temporal sensitivity of the
visual system during emmetropization. The results showed that
when a temporally modulated light source lacked a blue
component, the eye grew more when presented with low
temporal frequencies than high temporal frequencies. Thus,
the presence of blue light prevented temporal frequency
dependent increases in eye growth. Given that typical indoor
illuminants have lower energy at the blue end of the spectrum
than the red, it was inferred that this paucity of short-
wavelength light in indoor illumination may increase the
likelihood of human childhood myopia development.

LCA as a Signal for Defocus

The hypothesis driving the experiments reported in this paper
is that the shorter focal length of blue light, produced as a result
of the aberration called longitudinal aberration (LCA), may
provide signals for emmetropization.10–12 LCA produces a
difference in the focal planes at different wavelengths and
introduces a nonsigned signal at each wavelength for defocus

that the emmetropization process can use to maximize the
clarity of the retinal image at each wavelength.

Many previous studies have suggested that the more myopic
defocus of blue light produces a stimulus that results in reduced
eye growth in a large number of different species including
chick, Cichlid fish, guinea pig, rhesus monkeys, and humans
(UV).13–22 Also, long-wavelength light tends to generally
increase eye growth; however, there are exceptions, such as
the tree shrew and rhesus monkey, which, when reared in
monochromatic red light for prolonged periods (tree shrew: 13
days; rhesus monkey: 121 days), show less eye growth than
normal.23–26

In addition to an unsigned signal from LCA, a signed
chromatic signal arises from the relative clarity of the different
wavelengths. This signed signal provides information on the
direction and amplitude of defocus irrespective of the color of
the illuminant with a broadband light source.27 For example,
when long wavelengths are in focus and the retinal image
contrast is greater for red than for blue, then the eye responds
by slowing its growth.

Spatial Contrast Signals From LCA

Rucker and Wallman12 demonstrated that the emmetropization
system uses predictable differences in the relative clarity of
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different wavelength components of the retinal image to
identify the sign of defocus. Chick eyes were alternately
exposed to printed patterns of two or five cycles/degree sine-
wave gratings that simulated myopic defocus (that occurs
when the eye is too big for its optics) or hyperopic defocus
(when the eye is too small), whereas the other eye was
patched. Early eye growth was monitored through measure-
ment of proteoglycan (GAG) synthesis in the sclera. Chick eyes
showed greater scleral proteoglycan synthesis, a measure of
growth, when the blue component of the printed pattern was
clearest and less when the red component was clearest. The
results indicated that the chick eyes were able to infer whether
they were hyperopically or myopically defocused using the
relative chromatic signal arising from LCA.

Temporal Contrast Signals From LCA

An analysis of how blurred the retinal image becomes with
defocus12,27 showed that, whereas changes in myopic defocus
affected the clarity, or luminance contrast, of the retinal image,
it was only when the eye was exposed to changes in hyperopic
defocus that the color of the retinal image was affected. To test
this hypothesis, eyes were exposed to 2-Hz temporal simula-
tion of myopic defocus via exposure to luminance modulation
and to 2-Hz temporal simulations of hyperopic defocus via
color modulation. Temporal modulation ensures that the chick
eye is stimulated continuously with a constant level of contrast.
Temporal contrast modulation has the benefit that, unlike
spatial contrast, it is not dependent on the chick’s gaze or
attention to a spatial stimulus (e.g., patterned wallpaper) nor is
it affected by defocus.28 The results showed that luminance
modulation slowed eye growth, whereas color modulation
increased eye growth. These results were taken to be evidence
that the emmetropization mechanism uses the presence of
luminance and color temporal modulations to determine the
direction of defocus.

Temporal Frequency Dependence of the Signal
From LCA

The ability to detect color and luminance modulation is
dependent on the temporal frequency of the light source (the
ability to detect red/green or blue/yellow color modulation
disappears at high temporal frequencies). The macaque and
human eyes are most sensitive to luminance modulation at
high temporal frequencies and to color modulation at low
temporal frequencies.29,30 Because of the dependence on
temporal frequency sensitivity, we hypothesized that the
combination of color and temporal frequency could influence
the emmetropization process.

Examining the temporal sensitivity of the emmetropization
response, Rucker et al.9 exposed chicks to high contrast (80%)
luminance flicker, in white or yellow light conditions, for 3
days, at a range of temporal frequencies from 0 to 10 Hz. The
white and yellow conditions tested the effect of adding
modulated blue light to an equally modulated yellow base.
Chicks that were reared in yellow showed a difference in
growth of 145 lm across frequencies and a refractive change of
more than 1.6 diopters (D). Those that were kept in white
showed only a 77-lm difference in growth across frequencies
and minimal refractive change (�0.24 D). In both white and
yellow light, eyes grew less when presented with high
temporal frequencies (i.e., those that favor the detection of
luminance contrast rather than color contrast), supporting the
hypothesis that detection of changes in luminance contrast
indicates that the eye is too small. In yellow, eyes grew more
than in white when presented with low temporal frequencies
that favor detection of color, supporting the hypothesis that

the eye can detect and respond to the shorter focal length of
blue light at low temporal frequencies. The protective effects
of white light disappeared with contrast levels below 80%.31

Association of Temporal Modulation and
Refraction

Hyperopic shifts in refraction have been observed in chick
with high-frequency luminance flicker, including stroboscopic
flicker, at approximately 10 to 15 Hz. Flicker was found to
reduce deprivation myopia (or negative lens response) in the
experimental eye32–34 and induce hyperopia in the control
eye.33

Myopic shifts in refraction have been found at low temporal
frequencies in other luminance flicker experiments in
chicks,35 mice,36 and guinea pigs.37 Myopic shifts in refraction
have also been seen with low temporal frequency (2 Hz) red/
green color flicker in chick.10

In this experiment, our aim is to test how temporal
frequency affects emmetropization when chicks are exposed
to color flicker and compare this with the results of a previous
study that tested the effects of luminance flicker. As in the
earlier experiment, we will test stimuli with and without blue
light, exposing them to red/green and blue/yellow color
modulated light, thereby testing the role of color and blue light
in the emmetropization response.

METHODS

Animals

One hundred and fifty-seven, mixed-sex White Leghorn chicks
(Gallus gallus domesticus, Cornell K strain; Cornell University,
Ithaca, NY, USA) were randomly selected for this experiment.
Five to 16 chicks were used in each condition (Table), and
chicks were exposed to only one illumination/frequency
condition. After hatching, the chicks were raised in 12-hour
cycles of light and dark until they were 5 to 6 days old when
they were placed in the illumination condition for 3 days. They
had a continuous supply of food and water during all stages of
the experiment. Illumination levels the chicks experienced
during the preliminary period ranged from 50 to 350 lux (the
exact value depended on the location of the chick within the
cage at any moment). Care and use of the animals adhered to
the ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research.

Measurements

Refraction measurements were made with a Hartinger Refrac-
tometer (Zeiss, Jena, Germany). Measurements were made
before and after exposure, in the horizontal (1808) and vertical
(908) meridians. Lid retractors were used to hold the eyelids
open during measurement. Chicks were anesthetized with
1.5% isoflurane in oxygen,38 which causes cycloplegia.

Measurements of the ocular components were made with a
low-coherence reflectometry technique with a noncontact
ocular biometer (Lenstar LS 900; Haag-Streit AG, Konig,
Switzerland). A total of six measurements were made per eye
(16 recordings were averaged to give a single measurement). A
peak in the A-scan trace corresponds to each of the eye’s
components. The chicks were awake and held in a specially
designed holder without lid retractors (to prevent corneal
warping). The holder allows movement in three planes to allow
orientation of the head and alignment of the pupil with the
circular pattern of lights produced by the Lenstar. Measure-
ments were made between 10:00 AM and 2:00 PM to avoid
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diurnal variation,39 and each chick was measured at approxi-
mately the same time of day before and after the experiment.

Light Source

As in Rucker et al., lighting conditions were produced with
LEDs that consist of independently controlled red, green, and
blue components (Lamina Ceramics, Westhampton, NJ, USA:
Atlas Light Engine; peak wavelengths: 619 6 20, 515 6 35,
and 460 6 35 nm). The lights were placed above the center of
the cage and had a beam spread of 368. Lamina Titans RGB
LEDs 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; LED Dynamics, Randolf, VT, USA) were used to create the
stimuli.

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; Newport Corp., Irvine, CA, USA). Because we
were interested in the role of blue light, which does not
contribute significantly to luminance measures, the irradiance
of the light source was used to equate the lighting compo-
nents. The red, green, and blue components of each light
source had a mean irradiance of 50 lW/cm2. Small adjustments
were made to the mean illuminance for both conditions using
neutral density filters so that they were equivalent to 680
human lux. In a previous study,9,11 a unit of Illuminance ‘‘chick
lux’’ (Ec) was calculated as the irradiance of the light source
multiplied by the chick photopic spectral sensitivity function
(Vc).

40 The irradiance value above is equivalent to 214 chick
lux for red, 191 chick lux for green, and 64 chick lux for blue.

The modulated lights produced 80% contrast in the red,
green, and blue components of the illuminants. Contrast was
calculated as Michelson contrast: Contrast % ¼ (Lmax � Lmin)/
(Lmax þ Lmin) 3 100. For the experiments reported in this
paper, the relative contrast of the RGB components and mean
illumination levels were kept constant in all conditions to test
the hypothesis that a color signal was temporal frequency
dependent. Temporal contrast is unaffected by defocus, and a
temporal stimulus does not affect the modulation transfer
function of the eye with regard to spatial frequency.28

Illumination and Frequency Conditions

There were two illumination conditions (blue/yellow or red/
green) and six temporal frequency conditions (0, 0.2,1, 2, 5,

and 10 Hz). The highest frequency used, 10 Hz, falls within the
range of flicker sensitivity for chicks.41,42 The 0-Hz conditions
produce steady white and yellow light. Bird numbers in each
experimental group are shown in the Table.

1. Blue/yellow condition (B/Y) was produced with equal
amplitude, counter-phase, sinusoidal modulation of the
red (615 nm, half-bandwidth 20 nm) and green (515 nm,
half-bandwidth 35 nm) with blue (465 nm, half-
bandwidth 25 nm) LEDs to produce 80% blue/yellow
color contrast.

2. Red/green condition (R/G) was produced with equal
amplitude, counter-phase, sinusoidal modulation of the
red (615 nm, half-bandwidth 20 nm) and green (515 nm,
half-bandwidth 35 nm) LEDs to produce 80% red/green
color contrast.

Procedure

Five- to 8-day-old chicks were randomly selected and assigned
to one of the lighting conditions (R/G or B/Y) at one temporal
frequency (0 to 10 Hz). Chicks were kept free-roaming in a 32-
3 20-inch wire cage for 8 hours/day from 9:00 AM to 5:00 PM.
On day 1, measurements were made between 12:00 PM and
2:00 PM and again at the same time on day 4 (3-day exposure).
The light sources were located on the top of the cage. Both
eyes were exposed to the lighting condition and lenses were
not used. Two illumination conditions were run concurrently
in two separate cages. Batches of birds were run in blocks in
the two cages, until each condition reached a cutoff number
for birds in that condition. The conditions were randomly
assigned within blocks. During the day, the chicks were
exposed only to the experimental light, whereas at night, the
chicks were kept in the dark in a sound- and light-proof
chamber.

Analysis

The change in ocular components between pre- and post-
measurements was calculated. The average of the two eyes was
used in the analysis as recommended by Armstrong.43 Eye
length was calculated as the distance from the anterior cornea
to the posterior sclera.

A 2-way ANOVA (on frequency and illumination condition)
was performed followed by post hoc tests using the Tukey’s
honestly significant difference (HSD).

TABLE. Mean Changes (mm) in Ocular Components

Freq. N EL EL_SE Vit Vit_SE Chor Chor_SE Lens Lens_SE CAC CAC_SE RE RE_SE

Blue/yellow

0 15 0.269 0.016 0.130 0.012 �0.046 0.007 0.140 0.006 0.037 0.009 �0.18 0.236

0.2 13 0.176 0.022 0.068 0.020 �0.058 0.009 0.149 0.010 0.019 0.007 �0.63 0.325

1 14 0.240 0.018 0.094 0.014 �0.035 0.009 0.135 0.011 0.037 0.008 0.36 0.340

2 13 0.212 0.015 0.081 0.020 �0.048 0.015 0.131 0.011 0.029 0.011 0.13 0.363

5 13 0.266 0.020 0.124 0.014 �0.010 0.012 0.106 0.008 0.045 0.009 1.03 0.388

10 5 0.224 0.012 0.149 0.018 �0.077 0.016 0.126 0.009 0.021 0.008 0.52 0.597

Red/green

0 15 0.336 0.031 0.130 0.012 �0.033 0.010 0.140 0.006 0.050 0.005 �0.28 0.311

0.2 11 0.328 0.045 0.159 0.037 �0.019 0.024 0.129 0.012 0.062 0.011 0.14 0.332

1 15 0.214 0.019 0.100 0.018 �0.051 0.009 0.129 0.006 0.044 0.006 �0.18 0.457

2 11 0.259 0.023 0.136 0.009 �0.065 0.020 0.124 0.005 0.057 0.007 �0.23 0.374

5 16 0.245 0.020 0.161 0.026 �0.069 0.013 0.096 0.006 0.074 0.006 0.33 0.311

10 16 0.218 0.020 0.083 0.013 �0.039 0.010 0.121 0.006 0.048 0.007 0.14 0.448

SEs are shown for each component. Also shown are the number of birds in each condition (N). EL, eye length; Vit, vitreous chamber depth;
Chor, choroid; CAC, anterior chamber depth; RE, refraction (in diopters); Freq, temporal frequency of the flicker.
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To determine the correlation between choroidal changes
and eye length changes, correlations were performed in
SigmaPlot using a least-squares approach. For Figure 7, we
used a second-order polynomial fit that includes a linear term;
the full model is y ¼ ax

2 þ bx þ c. This model generally fits a
parabola; however, if a the weight for the second-order term
approaches zero, the fit will appear to be a linear function.

RESULTS

The Table shows results from both illumination conditions, B/
Y and R/G, at the six temporal frequencies used. The number
of birds in each condition is shown (N). The mean changes and
SE of the ocular components and refraction are shown for eye
length, vitreous chamber depth, choroid, lens, anterior
chamber depth, and refraction.

Eye Length

Figure 1A shows that the mean increase in eye length was
reduced when the birds experienced high temporal frequency
stimuli (ANOVA, P¼ 0.003). Eye growth at 10 Hz was only 220
6 0.16 lm, whereas at 0-Hz growth was 302 6 28 lm.
Temporal frequencies of 10, 2, and 1 Hz produced significantly
less eye growth than 0 Hz (10 and 1 Hz: P < 0.01; 2 Hz: P <
0.05; Tukey’s HSD).

Figure 1C shows that when data were pooled across the six
frequency conditions, mean change in eye length was reduced
in the B/Y condition compared with the R/G condition
(ANOVA, P ¼ 0.03). Eyes exposed to B/Y only grew 232 6 8
lm, whereas those exposed to R/G grew 263 6 12 lm. The
blue component in the light source reduced eye growth.

There was an interaction effect between frequency and
illumination for eye length (Fig. 1B; ANOVA, P ¼ 0.002). With
exposure to B/Y, eye length did not change significantly across
frequency; eyes grew 269 616 lm at 0 Hz and 224 6 12 lm at
10 Hz. However, exposure to R/G produced greater growth at
0 Hz than at 10 or 1 Hz (both P < 0.01; Tukey’s HSD). At 0 Hz,
eyes grew 336 6 31 lm, whereas at 10 Hz, eyes only grew 218
6 20 lm. Results were similar for comparisons of 10 Hz with
0.2 Hz.

B/Y exposure produced less growth at low temporal
frequencies than R/G exposure when the light was modulated.
Eyes grew more when presented with 0 or 0.2 Hz in R/G than
they did at 0.2 or 2 Hz B/Y (Tukey’s HSD, P < 0.01 all).

Choroidal Thickness

When the illumination conditions were pooled, there was little
to no evidence of differences in choroidal thinning across
frequencies (Fig. 2A). However, changes in choroidal thickness

FIGURE 1. (A) Mean changes in eye length during the 3-day exposure over a range of temporal frequencies when the data for both illumination
conditions (R/G and B/Y) are pooled. The increase in eye length decreases with increasing temporal frequency. (B) Mean change in eye length after
3 days of exposure to R/G and B/Y. In R/G, the eye shows a greater temporal frequency-dependent increase in eye length than in B/Y. (C) Changes in
eye length during the 3-day exposure in the two illumination conditions when frequency conditions are pooled. *P < 0.05 and **P < 0.01. Error

bars denote SEM.
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showed an interaction between condition and frequency
(ANOVA, P ¼ 0.001; Fig. 2B).

In general, relative thinning of the choroidal tissue
compensated for smaller changes in eye length (Fig. 2C; R

2 ¼
0.26). Figure 2B shows that choroids thinned in all conditions
but significantly more at intermediate temporal frequencies in
R/G, thinning 69 6 13 lm at 5 Hz, 51 6 9 lm at 1 Hz, and 65
6 20 lm at 2 Hz (5 Hz: P ¼ 0.02; 1 Hz: P ¼ 0.053; 2 Hz: P ¼
0.01; t-tests with H0 ¼ 0 or no thinning). Choroids thinned
more at 5 Hz in R/G (69 6 13 lm) than in B/Y (10 6 12 lm; P

<0.03).

Vitreous Chamber

The change in vitreous chamber depth showed an interaction
between the frequency and illumination conditions (ANOVA, P

¼ 0.02), but main effects of illumination (ANOVA, P¼ 0.07) or
frequency (ANOVA, P¼ 0.13) were marginal. When data were
pooled, the variation in vitreous chamber across frequency was
only 26 lm (Fig. 3A).

Figure 3B shows the changes in mean vitreous chamber
depth for each illumination condition. There was an increase in
vitreous chamber depth with B/Y from 0.2 to 10 Hz, but the

increase in depth was more variable with R/G and decreased at
high temporal frequencies. Exposure to B/Y increased vitreous
chamber depth at 10 Hz to 149 6 18 lm from 68 6 20 lm at
0.2 Hz. Conversely, exposure to R/G increased vitreous
chamber depth at 10 Hz to only 83 6 13 lm compared with
159 6 37 lm at 0.2 Hz. There was significantly less change in
vitreous chamber depth at 0.2 Hz B/Y than in R/G at 5 Hz
(Tukey’s HSD, P < 0.05) and marginally less at 0.2 Hz (P ¼
0.08).

Lens Thickness and Anterior Chamber Depth

Overall, the lens thickened more at low temporal frequencies
(ANOVA, P < 0.001; Fig. 4A). Combining data from the two
illumination conditions, the lens increased by 140 lm at 0 Hz
but only by 110 lm at 5 Hz. Low (0, 0.2 Hz) and intermediate
temporal frequencies (1, 2 Hz) induced greater lens thickening
than 5 Hz (Tukey’s HSD, P < 0.001 and P < 0.02, respectively).

Overall, the lens thickened less with R/G than B/Y (ANOVA,
P¼ 0.02). The lens thickened 132 6 4 lm in B/Y but only 121
6 3 lm in R/G.

As a result of greater lens thickening in B/Y there was a
relative decrease in the anterior chamber depth compared to

FIGURE 2. (A) Mean change in choroid thickness during the 3-day exposure over a range of temporal frequencies when the data for both
illumination conditions are pooled. Choroidal thinning was not dependent on temporal frequency. (B) Mean change in choroidal thickness when
the two illumination conditions, R/G (red) and B/Y (blue), are considered separately. *P < 0.05. Choroids thinned more in birds exposed to
intermediate frequencies in R/G than in B/Y. (C) Changes in eye length and choroidal thickness in individual eyes in R/G (white circles) and B/Y
(black circles). Error bars denote SEM.
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R/G. When the data is pooled, exposure to B/Y produced
smaller increases in anterior chamber depth than R/G (mean:
B/Y: 316 4 lm; R/G: 56 6 4 lm).

Changes in anterior chamber depth varied with frequency
(ANOVA, P¼ 0.02) particularly in R/G (ANOVA, P < 0.001; Fig.
4B). Differences were most marked when comparing low
frequency B/Y to low/intermediate frequencies R/G (B/Y 0,
0.2, or 2 Hz versus R/G 5 Hz; Tukey’s HSD, P < 0.05).

Changes in anterior chamber depth showed a strong
positive correlation with change in vitreous chamber depth

in R/G (Fig. 5A). In the R/G condition, 72% of the variance in
the depth of the anterior chamber was dependent on the depth
of the vitreous chamber (Fig. 5A). However, in B/Y, only 7% of
the variance in the depth of the anterior chamber was
dependent on the depth of the vitreous chamber.

In both conditions, the increase in anterior chamber depth
was correlated with a more hyperopic change in refraction
(Fig. 5B). In R/G, anterior changes accounted for 43% of the
variance in refraction, whereas in B/Y, anterior changes
accounted for 59% of the variance in the change in refraction.

FIGURE 3. (A) Mean change in vitreous chamber depth during the 3-day exposure over a range of temporal frequencies when the data for both
illumination conditions (R/G and B/Y) are pooled. There was no overall effect. (B) Mean change in vitreous chamber depth when the R/G and B/Y
conditions are considered separately. Vitreous chamber depth depends on an interaction between illumination condition and temporal frequency.
*P < 0.05. Error bars denote SEM.

FIGURE 4. Mean changes in lens thickness and anterior chamber depth with frequency during the 3-day exposure to a range of temporal
frequencies. (A) Birds exposed to R/G (black symbols) show less lens thickening than those exposed to B/Y (white symbols). The lens thickens
more at low temporal frequencies in both illumination conditions. (B) Anterior chamber depth increased more in R/G than in B/Y. Error bars

denote SEM.

Temporal Sensitivity to Color in Emmetropization IOVS j December 2018 j Vol. 59 j No. 15 j 6008



From a refractive perspective, an increase in anterior chamber
depth counteracts the effect of an increase in vitreous chamber
depth.

Refraction

Figure 6A shows that when data were pooled, refraction did
not change with temporal frequency and/or the color of the
illuminant. There was no effect of illumination condition on
refraction (ANOVA: Cond, P¼0.42) and the effect of frequency
was marginal (Freq, P ¼ 0.09). There was no evidence of an
interaction between frequency and illumination condition (Fig.
6B; ANOVA, P ¼ 0.48).

Increases in choroidal thickness and anterior chamber
depth compensated for increases in eye length and vitreous
chamber depth and resulted in small refractive changes. As
shown in Figure 6C, there was a positive correlation between
the change in vitreous chamber depth and the change in
refraction in B/Y (R2 ¼ 0.60) but not in R/G (R2 ¼ 0.08).
Relative choroidal thickening in B/Y was associated with more
hyperopic refractions (Fig. 6D; R

2 ¼ 0.24) but was not
associated in R/G (R2 ¼ 0.001). In both conditions, increases
in anterior chamber depth were associated with more
hyperopic refractions (Fig. 5B).

DISCUSSION

Temporal Effects of Color Flicker on Eye Growth

In this experiment, animals exposed to high temporal
frequencies showed less eye growth, regardless of the color
condition. One possible explanation is that high temporal
frequency visual stimulation favors the detection of luminance
contrast for the emmetropization system for both color and
luminance modulated light. At high temporal frequencies, the
emmetropization mechanism, like perceptual mechanisms,
may be unable to distinguish between the R/G and B/Y color
conditions.44–51 At low temporal frequencies, which could
favor the use of color for the emmetropizing eye, eyes showed
increased growth compared with eyes exposed to high

temporal frequencies, particularly in the R/G, blue-deficient
condition.

Relationship Between Changes in Ocular
Components and Refraction

Vitreous chamber depth typically mirrors the changes in eye
length. Smaller changes in eye length are usually associated
with smaller changes in the vitreous chamber. However, the
stimuli used in this experiment modified this association. In
both conditions, choroidal thickening compensated for an
increase in eye length reducing the vitreal changes. However,
only in B/Y did choroidal changes account for a proportion of
the variance in the association between refractive error and
frequency.

Consistent with the idea of a compensatory response in the
anterior chamber, we observed that the changes in anterior
chamber depth accounted for 43% to 59% of the variance in
refractive error in the R/G and B/Y conditions, respectively.
Thus, increases in anterior chamber depth counteracted
refractive changes due to increases in vitreous chamber depth
in R/G. Increases in anterior chamber depth have also been
observed in lens induced myopia or form deprivation myopia
in chick52 and monkey.53 This compensatory activity among
ocular components remains speculative given our data
collection time points, but nevertheless demonstrates the
resilience of the emmetropization mechanism.

The positive association of choroidal thinning with a
decrease in eye growth has been a persistent finding across
many flicker experiments.9,10,12,31 The current belief is that
choroidal thinning is a precursor to eye growth,54,55 but these
results suggest the choroid can respond to defocus produced by
eye growth (as with lens induced defocus) to improve clarity of
the image. However, because we only measured two time
points, there is possibility that the choroid changed appropri-
ately during the experimental period and then rebounded.
Disassociations between eye length and choroidal thickness
have also been demonstrated by several others56–60 as discussed
in Rucker and Wallman.10 This does not deny the fact that
choroids thicken in response to myopic lens–induced defocus

FIGURE 5. (A) Relationship between changes in vitreous chamber depth and anterior chamber depth. In R/G, an increase in vitreous chamber
depth was associated with an increase in anterior chamber depth. (B) Relationship between changes in anterior chamber depth and refractive error.
The increase in anterior chamber depth resulted in more hyperopic refractive changes in both conditions.
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and thin in response to lens-induced hyperopic defocus, only
that we propose that the choroidal mechanism of emmetrop-
ization could be compensating for eye growth rather than being
the precursor, and care should be taken in using choroidal
changes as predictors of eye growth in untreated eyes.

Comparison of the Temporal Effects of Luminance

and Color Flicker

We proposed9 that the spectrum of light, particularly the
exposure to broad band light with a strong short-wavelength
light component, and temporal frequency content play an
important role in emmetropization, and we were interested in
whether the type of modulation (color or luminance) was
important. Figure 7 compares the changes in the ocular
components and refraction with both color (R/G and B/Y) and
luminance flicker (white [RGB] and yellow [RG]) using data
from Rucker et al.9

Temporal frequency has a dominant effect on eye growth,
especially when there is no blue component. Figure 7A shows
the reduction in eye length that is seen in all conditions at high
temporal frequencies and the increase in eye length at low
temporal frequencies (except B/Y) with associated changes in
refractive trends (Fig. 7C). At low temporal frequencies, the

increase in eye length is smallest with B/Y and greatest when
there is no blue light component (RG and R/G).

The type of modulation, whether it is luminance or color, is
important in the emmetropization mechanism along with the
spectral content. With low temporal frequencies, the increase
in vitreous chamber depth (Fig. 7B) is smallest with exposure
to B/Y color flicker (increasing with temporal frequency) and
greatest with exposure to R/G color flicker (decreasing with
temporal frequency). In general, the vitreous chamber changes
over a range of 0.077 to 0.80 mm with color modulation (R/G
and B/Y), whereas with luminance modulation, the vitreous
chamber only changes over a range of 0.029 to 0.039 mm (two-
tailed t-test, P ¼ 0.20). Thus, color modulation has a greater
effect on vitreous chamber depth than luminance modulation.

The temporal and spectral qualities of the light affect the
choroid. Figure 7D shows that choroidal thinning is most
pronounced at intermediate temporal frequencies and is
defined by the presence or absence of blue light. With blue
light (RGB and B/Y), the choroid thickens more at intermediate
frequencies; without blue light, the choroid thins (RG and R/
G). The absence of a blue light component in RG has an effect
on refraction as choroidal thinning causes an increase in
vitreous chamber depth, in an elongated eye, and ultimately
makes the eye around 0.5 to 1 D more myopic below 5 Hz (Fig.

FIGURE 6. Mean changes in refraction when eyes are exposed to color flicker at a range of different temporal frequencies in B/Y (blue bars) or R/G
(red bars) either pooled over illumination condition (A) or separated by illumination condition (B). (C) Only B/Y showed an association between
the mean change in refraction and vitreous chamber depth. Temporal frequency is indicated as low (square), medium (triangles), and high
(diamond) in the illumination conditions R/G (red) and B/Y (blue). SE bars are shown. (D) Mean changes in choroidal thickness with mean
changes in refraction in R/G (red) and B/Y (blue) at low (squares), intermediate (triangles), and high (diamonds) temporal frequencies.
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7C). The choroidal thickening at 5 Hz in the presence of blue
light (RGB and B/Y) promotes a 1-D hyperopic change in
refraction. Although the changes in refraction were not
significant, a 2-D range of refractive effect in non–lens-treated
eyes over 3 days is a considerable amount of visually induced
refractive manipulation in chick.

In the previous manuscript,9 it was suggested that the
dependence of eye growth on the presence of detectable blue
light and low temporal frequencies was because the emme-
tropization mechanism can detect the presence of the more
myopically defocused blue light. In this series of experiments,
we showed that the ability to detect the blue component was
affected by whether the blue component was modulated at a
frequency that could bias it to produce either luminance or
color contrast. Because there is only a minimal contribution of
S-cones to luminance sensitive visual pathways,61,62 we expect
the S-cone response to be reduced with luminance flicker.
Thus, the pattern of modulation is important (i.e., luminance
or color). Detectable blue modulation modifies the eye
growth–related emmetropization response at low temporal
frequencies and more so with color stimulation than lumi-
nance stimulation.

The results of this experiment agree with many previous
studies that have suggested that the myopic defocus of blue
light from longitudinal chromatic aberration results in reduced
eye growth. This has been observed in a number of different
species including chick, Cichlid fish, guinea pig, rhesus
monkeys, and humans.13–22 However, the results of other
experiments complicate a straightforward explanation for
short-wavelength light driving the slowing of eye growth. For
example, the eyes of tree shrews and rhesus monkeys kept in

monochromatic red light for prolonged periods (tree shrew: 13
days; rhesus monkey: 121 days) grow less than normal.23–26

Tree shrews reared in monochromatic blue light show an initial
hyperopic shift during the exposure period around 26 to 33
days of visual experience (DVE; ~2 months old) followed by a
myopic shift in refraction.63 These differences in refraction
may arise from species differences, but the influence of the
spectral content of the illuminant on the circadian system64–68

and hormonal influences from sexual maturation (sexual
maturity in a tree shrew is around 2 months) may complicate
any simple species-based wavelength explanation. Short-
duration experiments in immature animals are needed to
eliminate these effects.

To summarize, we found that changes in eye length,
choroid, vitreous, anterior chamber depth, and lens are
affected by temporal frequency and/or the color of the
stimulus. As mentioned above, at low temporal frequencies
(0.2 Hz), the ability to detect color contrast is optimized, and
eye length changes depend on the color of the stimulus (range:
0.176 to 0.343 mm). At intermediate temporal frequencies (5
Hz), changes in choroidal thickness were dependent on the
presence of blue light (B/Y and RGB) or its absence (RG and R/
G). Changes in the choroid and the effect on vitreous chamber
depth were correlated with refractive changes in B/Y. At high
temporal frequencies (10 Hz), the ability to detect luminance
contrast is optimized, and changes in eye length are reduced in
all conditions. At this temporal frequency, the color of the
stimulus is not distinguishable, and all stimuli produce similar
changes in eye length (range: 0.198 to 0.224 mm). The color of
the stimulus also affects the anterior chamber depth and is
moderately correlated with changes in refraction in both

FIGURE 7. Comparison of the mean changes in (A) eye length, (B) vitreous chamber depth, (C) refractive error, and (D) choroidal thickness in
response to luminance and color flicker. Flicker frequency is indicated on the x-axis, 0 Hz is steady light illuminance conditions included flicker with
a blue light component (RGB [black] and B/Y [blue]) and without a blue light component (RG [gray] and R/G [red]). RGB is a white light luminance
flicker illumination condition, and RG is a yellow light luminance flicker illumination condition described in Rucker et al.,9 whereas R/G and B/Y
were the color flicker illumination conditions examined in this experiment.
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conditions. These results are consistent with the idea that
moving the illuminant away from the natural sunlight spectrum
can have significant effects on emmetropization.

Myopiagenic Visual Environments

As far as protecting the human eye from becoming myopic,
speculation is required to relate these experiments performed
with the chick to human myopia development. In the chick
model, the most myopiagenic light stimulation comes from low
temporal frequency modulation of a yellow light. This indicates
that broad spectrum lighting with sufficient blue light may be
important in indoor lighting. However, the precise light
intensity and time of exposure needed to protect against
myopia are still under investigation. Low temporal frequency
stimulation of the eye may mimic signals the eye receives from
objects that are out of focus69 and resemble the visual input
that the observer experiences when sedentary. Conversely, it
has been suggested that high contrast, high temporal
frequency modulation may mimic signals the eye receives
from objects that are in focus69 and provide a signal to slow eye
growth to prevent refractive changes away from emmetropia.
High temporal frequency stimulation of the eye is more likely
to occur when moving through an environment, being
exposed to moving objects, or during saccadic eye movements,
mirroring situations when an organism is active in a natural
environment. Thus, one possible solution to prevent exposure
to myopigenic low temporal frequency stimulation is to ensure
that, during development, the eye is exposed to broad-
spectrum light sources such as those that occur outdoors
when navigating a naturalistic (i.e., not indoor) environment.
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