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Summary

The growth of the eye, unlike other parts of the body, is
not ballistic. It is guided by visual feedback with the
eventual aim being optimal focus of the retinal image
or emmetropization [1]. It has been shown in animal
models that interference with the quality of the retinal
image leads to a disruption to the normal growth pat-
tern, resulting in the development of refractive errors
and defocused retinal images [1, 2]. While it is clear
that retinal images rich in pattern information are
needed to control eye growth, it is unclear what partic-
ular aspect of image structure is relevant. Retinal im-
ages comprise a range of spatial frequencies at differ-
ent absolute and relative contrasts and in different
degrees of spatial alignment. Here we show, by using
synthetic images, that it is not the local edge structure
produced by relative spatial frequency alignments
within an image but rather the spatial frequency com-
position per se that is used to regulate the growth of
the eye. Furthermore, it is the absolute energy at
high spatial frequencies regardless of the spectral
slope that is most effective. Neither result would be ex-
pected from currently accepted ideas of how human
observers judge the degree of image “blur” in a scene
where both phase alignments [3] and the relative en-
ergy distribution across spatial frequency [4] (i.e.,
spectral slope) are important.

Results and Discussion
A number of studies have been directed toward under-

standing what aspects of an image might affect eye
growth regulation (e.g., contrast, spatial content, color,
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and luminance [5-10]). Many studies have introduced
controlled amounts of optical defocus and have ele-
gantly demonstrated that the eye grows to minimize
image blur [11-15]. Recent research has provided fresh
insights into how we detect image blur by highlighting
the importance of the relative contrast at different spa-
tial frequencies rather than just the absolute contrast
at high spatial frequencies. For example, natural images
have common shaped Fourier amplitude spectra, falling
inversely with spatial frequency [16], and it has been
shown that our perception of image blur depends on
deviations from this common form [3, 4]; images with
sharper spectral fall-offs appear more blurred regard-
less of their absolute high spatial frequency content.
This leads to the question of whether eye growth de-
pends on the absolute or relative energy at high image
spatial frequencies. A related issue involves the impor-
tance of edge structure in images. An edge represents
a particular alignment of frequencies as well as a partic-
ular ratio of energies, and we describe two studies: the
first explores whether the alignment of energy (i.e.,
phase alignment) at different spatial frequencies plays
an important role in regulating eye growth, and the sec-
ond determines whether it is the relative or absolute en-
ergy at different frequencies that is important.

Our two experiments explore how these two inde-
pendent components of natural images contribute to
the regulation of eye growth. The first issue relates to
the importance of the phase spectrum and in particular
phase alignments that commonly occur in natural im-
ages. These have been implicated in our detection of im-
age blur [17] and our identification of objects [18, 19],
and they could potentially play a key role in the regula-
tion of eye growth. The second issue relates to the im-
portance of the shape of the amplitude spectra of natu-
ral images (i.e., 1/f fall-off) and the possible use of
deviations from this common shape to drive both our
perception of image blur and regulation of eye growth.
To resolve these issues, we reared chickens, a well-es-
tablished animal model in eye-growth research [20], un-
der controlled conditions where the local and global
properties of synthetic images that they viewed during
early life could be manipulated. On day 8 after birth,
a cone-shaped imaging system, giving a 60° view of an
optically focused target (+30 D lens viewing a target at
3.3 cm and having minimal aberrations [21]), was ap-
plied monocularly to the chicks’ right eyes [10]. The
details of this cone system, how spectacle lens magnifi-
cation was taken into account in the target parameters
and how the targets were produced, are given else-
where [21]. Since the eyes of these infant animals are
actively growing, the prediction is that only a target pro-
viding sufficient information will allow the eyes to grow
correctly and maintain the eyes at a refraction around
emmetropia. Targets with no spatial information (i.e.,
blank targets) produce uncontrolled eye growth and
high levels of myopia in young chicks; up to 0.5 mm of
axial elongation (~10% increase in vitreous chamber
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depth) and 10 D of myopia with 4 days of treatment [21].
After 4.5 days of controlled rearing, measurements of
refractive error were made by streak retinoscopy and
A-scan ultrasonography. The targets were static (i.e.,
nonmoving), and the chicks could move their eyes under
the lens. We used information on the most recent behav-
ioral measure of visual acuity in the chick (~7 to 8 cyc/
deg) in designing the high spatial frequency cut-off of
the targets [22]. Due to the very short target distance
and high-powered positive lens used, small errors in
lens and target position can alter the amount of defocus
on the target (e.g., 1 D for 1 mm change). In addition, the
refractive error of chicks at the time treatment com-
menced (usually 2-3 D of hyperopia [21]) would further
alter the amount of defocus experienced. However,
these errors would affect all targets equally. Based on
our past experience with this system, isometropia to
1.5 D of relative hyperopia should be measured for a tar-
get with properties that meet the criteria for accurate
emmetropization [21]. Each chick was exposed to only
one target for the treatment period (total n = 167; 6 to
12 chicks per treatment group as indicated in figure
captions). Data presented are mean (+SE) interocular
differences (treated minus untreated). Statistical analy-
sis was conducted with factorial ANOVAs and Tukey
post-hoc tests in the Statistical Package for the Social
Sciences (SPSS). Experiments were conducted in ac-
cordance with the “Australian code of practice for the
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Figure 1. Effect of Image Features

In (A) and (B), two targets are shown that are
rich in high-contrast spatial features and both
have a 1/f spatial frequency spectrum (see
[E]). In (C) and (D), versions of (A) and (B) are
shown in which the respective phase spectra
have been randomized. These scrambled
versions contain the same amplitude spectra
as (A) and (B) but none of the local phase
alignments that represent local spatial fea-
tures. In (F), the results (+SE; n = 8) are shown
for the effectiveness of each of the above four
targets (A-D) for producing emmetropization
in the growth pattern for the chick eye (0 di-
optres represents perfect compensation).
The dashed line represents the result if
a blank target is used to restrict visual feed-
back. Although the Maltese cross pattern is
more effective, the scrambled versions are
just as effective as their unscrambled coun-
terparts, suggesting that the phase spectrum
is not used in regulating eye growth.

Circles

care and use of animals for scientific purposes” of the
NHMRC.

Figures 1A-1D show the four images used to answer
the first question pertaining to the importance of local
image features (and by implication, the phase spectra)
in the regulation of eye growth. The top images (Figures
1A and 1B) are rich in features and have highly struc-
tured phase spectra. The images below (Figures 1C
and 1D) are phase-scrambled versions of the two above.
Allimages (Figures 1A-1D) have similar amplitude spec-
tra that fall off as 1/image spatial frequency (see Fig-
ure 1E). The results in Figure 1F show the eye growth
effects, quantified in dioptres of induced defocus (0 rep-
resenting perfect compensation), produced by restrict-
ing the vision of developing chicks to one or other of
these patterns. The dashed line is the result obtained
with an occluder (i.e., blank target) and represents the
expected result if there is no visual feedback to regulate
eye growth. Within the accuracy of our measurements,
we could not find any difference in the emmetropia
maintaining ability of images whose phase spectra
were scrambled (filled and unfilled blocks in Figure 1F;
refractive error interocular difference: MX unscrambled
versus scrambled, p = 0.99; circles unscrambled versus
scrambled, p = 0.94). Although the unscrambled MX tar-
get was slightly superior at preventing axial elongation
than its scrambled version (axial length interocular dif-
ference: MX unscrambled —0.11 = 0.14 mm versus
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Figure 2. Effect of Spectral Fall-Off

In (A)-(C), three fractal noise patterns of equal
RMS contrast energy are shown in which the
slope of the spectral fall-off varies from 1/f°-°
to 1/f2. Their spectra are shown in (D). In (E),
the results (£ SE) of the effectiveness of these
patterns for producing emmetropic growth
patterns (0 dioptres represents perfect com-
pensation) for the developing chick eye. Re-
sults are compared for each of the three
spectral fall-offs as a function of the overall
matched contrast energy level. The dashed
line represent the result if blank target is

D used to restrict visual feedback. As the over-
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scrambled 0.09 + 0.10 mm, p < 05), the unscrambled cir-
cle target wasn’t (0.18 = 0.12 mm versus scrambled
0.27 = 0.08 mm, p = 0.52). Also, both scrambled targets
significantly inhibited the myopia and axial elongation
seen with a blank target (blank: refractive error interoc-
ular difference —9.11 + 4.68 D, axial length interocular
difference 0.40 = 0.22 mm, p < 0.05 for all comparisons
with the scrambled targets) A small, though statistically
significant (p < 0.05), difference in axial inhibition ability
was found between the Maltese cross and circles stim-
ulus that may have been in part due to an additional high
(~2cpd) spatial frequency spike in the Maltese cross
produced by the background stripes (Figure 1A and
spike in solid curve in Figure 1E). These results suggests
that phase alignments within an image that determine
the perceived local spatial features in the images shown
in Figures 1A and 1B are not crucial in the visual feed-
back regulation of eye growth.

Since the amplitude spectrum provides sufficient
information for the emmetropization process, we won-
dered if the fractal (i.e., an amplitude spectrum with
a 1/image spatial frequency fall-off) nature of natural
images was optimal for the regulation of eye growth as

it is for blur perception [3, 4]. To answer this, we reared
chicks viewing the 2D noise images shown in Figures
2A-2C in which both the spectral fall-off (1/°-5-1/f%
see spectra in Figure 2D) and the overall contrast energy
(i.e., the root-mean-squared pixel values) were indepen-
dently varied. This allowed us to assess whether it is the
absolute or relative energy in different spatial frequency
bands that regulates eye growth. We found that both the
contrast energy of the target and the spectral fall-off
were important determinants of the ability of the target
to guide emmetropization (contrast energy: refractive
error difference F4 135 = 7.704, p < 0.001, axial length dif-
ference F, 135 = 7.104, p < 0.001; spectral fall-off: refrac-
tive error difference F5 135 = 5.841, p < 0.005, axial length
difference F5 135 = 12.699, p < 0.001). However, from the
results shown at a number of fixed contrast energies, it
can be seen that there is no good evidence for 1/f being
optimal for growth regulation. At the higher energy levels
allowed by the experimental method, the least effective
stimulus was the 1/f%, whereas the most effective
was 1/f>° (refractive error interocular difference: 1/{°-°
0.81 = 1.87 D versus 1/f —4.15 + 1.47 D, p < 0.005 ; axial
length interocular difference: 1/f°° 0.08 = 0.13 mm
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In (A), the data for the noise patterns with the three spectral slopes in Figures 2A-2C are replotted in different colors (green, 1/f; blue, 1/f% red, 1/
%) as a function of energy for three different spatial frequencies (low, medium, high) and fitted by straight lines. In (B), the slopes of these lines
(=SD), which represent the rate of emmetropization, are plotted against image frequency. Higher image frequencies are more effective in pro-
ducing emmetropization. In (C), the original checkerboard image in C1 has been altered in two different ways. Either its spectral slope has been
steepened to produce a blurred replica (C2) or its contrast has been scaled to produce the low contrast replica (C3). Both (C2) and (C3) have
identical energy at high spatial frequencies and will therefore, on the basis of the current results, be equally effective in regulating eye growth,

though only C2 is perceived to be “blurred.”

versus 1/f2 0.37 = 0.12 mm, p < 0.01). Thus, it appears
that images with higher absolute energy at mid and
high spatial frequencies are better. This is best seen
by replotting these data (the three different spectral
fall-offs at the three energy levels) as a function of the
absolute energy at different spatial frequencies (Fig-
ure 3). In Figure 3A, as an example, we plot emmetrop-
ization versus image energy at each of three image fre-
quencies: a low, medium, and high image frequency
(0.084, 0.5207, 2.1667 c/deg). In Figure 3B, we replot
all the data (all spatial frequencies) of Figure 2E as afunc-
tion of the rate at which emmetropization occurs (i.e.,
the slope in Figure 3A). The gain of the emmetropization
process is seen to directly depend on the absolute en-
ergy contained at higher image frequencies. Mid spatial
frequencies that have been shown to be effective in pre-
vious studies [7, 21, 23] are not as effective as high spa-
tial frequencies. What makes this finding unexpected is
that our perception of what is blurred is known to be
governed not by the absolute energy at high spatial fre-
quencies within an image but rather by how the energy is
distributed across spatial frequency [3, 4] (i.e., the rela-
tive energy or spectral slope). Figure 3C illustrates this:
the stimulus with the altered spectral slope (C2) appears
blurred, whereas the image with the scaled contrast (C3)
does not, yet both images, according to our data in Fig-
ure 3B, are equally effective in regulating eye growth

because they both have the same absolute energy at
high spatial frequencies.

Since the eye receives only limited feedback [24] (e.g.,
there are only limited contralateral effects [25, 26]) from
higher processing areas of the visual pathway, we know
that regulation of eye growth predominately originates in
the eye [27, 28], not the cortex. Unlike the results found
for the perception of blur, the results of this study imply
that a relatively simple function of retinal activity may be
sufficient to model the magnitude (but not the sign) of
emmetropization in the chick. Since the absolute energy
at the higher spatial frequencies determines the degree
of emmetropization (i.e., the extent to which the growth
of the eye compensates for the refractive error), we con-
clude that the total activity in possibly a subset of retinal
cells (e.g., amacrine cells) responding in the higher spa-
tial frequency range may be sufficient to drive the em-
metropization process. Although the slope of the spec-
trum and the sparse structure in images plays a role in
the perception of blur, we find no evidence that these
properties play a role in the growth of the eye.
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