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Purpose: We previously showed that exposing tree shrews (Tupaia belangeri, small
diurnal mammals closely related to primates) to chromatically simulated myopic
defocus (CSMD) counteracted small-cage myopia and instead induced hyperopia
(approximately +4 diopters [D]). Here, we explored the parameters of this effect.

Methods: Tree shrews were exposed to the following interventions for 11 days: (1)
rearing in closed (n = 7) or open (n = 6) small cages; (2) exposed to a video display of
Maltese cross images with CSMD combined with overhead lighting (n = 4); (3) exposed
to a video display ofMaltese cross imageswith zero blue contrast (“flat blue,”n= 8); and
(4) exposed to a video display of black and white grayscale tree images with different
spatial filtering (blue pixels lowpass <1 and <2 cycles per degree [CPD]) for the CSMD.

Results: (1) Tree shrews kept in closed cages, but not open cages, developedmyopia. (2)
Overhead illumination reduced the hyperopia induced by CSMD. (3) Zero-blue contrast
produced hyperopia but slightly less than the CSMD. (4) Both of the CSMD tree images
counteracted small cage myopia, but the one low pass filtering blue <1 CPD was more
effective at inducing hyperopia.

Conclusions:Anypatternwith reducedblue contrast at andbelowapproximately 1CPD
counteracts myopia/promotes hyperopia, but maximal effectiveness may require that
the video display be the brightest object in the environment.

Translational Relevance: Chromatically simulated myopic blur might be a powerful
anti-myopia therapy in children, but the parameter selection could be critical. Issues for
translation to humans are discussed.

Introduction

Normal refractive development (emmetropization)
is shaped by the visual environment. This is demon-
strated by the well-documented phenomenon that
the eyes of many species, including non-human
primates,1–3 tree shrews,4 guinea pigs,5 mice,6 and
chicks,7 can elongate in a controlled manner to reduce
imposed optical errors andminimize retinal image blur.
The same process also appears to operate in humans:
children who are over-corrected (have lenses with
excessive negative power) become myopic,8 and lenses
with extra plus power at least partially reduce myopic
progression.9 Additionally,most infantsmodulate their
axial elongation to achieve accurate focus despite a
wide spread of initial refractions, which is strong
evidence for visually guided emmetropization.10

However, increasingly this process is failing, and we
are faced with an “epidemic” of myopia.11 Although
the refractive error of myopia can be corrected via
spectacles or contact lenses, a myopic eye is excessively
elongated and is a major risk factor for later sight-
threatening disease.12,13 Clinical treatments with signif-
icant effectiveness exist, but, to date, none of these
can completely halt myopic progression.14–16 There
remains a need for new primary and adjunct anti-
myopia therapies.

To date, the visual inputs and neural circuitry
required for the optically driven process of
emmetropization remain poorly understood. One
candidate visual cue for emmetropization is the image
degradation associated with longitudinal chromatic
aberration (LCA). LCA is an optical imperfection
that is present in all studied vertebrate camera type
eyes.17 Wavelength-dependent differences in the disper-
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sion properties of the ocular media causes the long-
wavelength component of an image to focus further
away from the front of the eye (i.e. more hyperopic)
than the short-wavelength components. In humans,
LCA produces approximately a 2 diopter (D) differ-
ence in refraction across the visible spectrum.18 This
number is approximately 2.7 D in tree shrews (unpub-
lished data) and 6.2 D for mice (789 nm–457 nm
range).19 This dioptric difference should be suffi-
cient to produce a characteristic difference in color
luminance contrast, in which the level of blur of
colored image components depends on the sign refrac-
tive error – specifically, better long-wavelength (“red”)
than short-wavelength (“blue”) contrast for myopic
defocus, and vice-versa for hyperopic defocus.

Recently, our laboratory demonstrated that
chromatically simulated myopic defocus (CSMD),
created by lowpass-filtering the blue channel of
a static image, has a strong axial hyperopic effect
on tree shrews, a diurnal mammal closely related to
primates20 that exhibits robust, consistent emmetropiz-
ing responses to optical defocus.4,21 Tree shrews were
reared in a fully enclosed box cage and exposed
to CSMD-filtered images and developed moderate
hyperopia (averaging +4 D) that was accompanied
by a reduction in vitreous chamber depth after
11 days, which counteracted the axial myopia that
would otherwise develop due to small cage rearing
(−2 D).22

With its demonstrated potency in counteracting
an environmentally induced myopia in a mammalian
species, the digital-display-based methodology under-
lying our previous experiment22 shows potential for
controlling myopia in humans. In this paper we present
four parallel experiments conducted as follow-up inves-
tigations of our previous work. The purpose of
these experiments is to better understand the small-
cage model of myopia and the features related to
CSMD design and presentation, and to provide insight
on its potential translational application for myopia
control.

Methods

Animal Subjects

Northern tree shrews (Tupaia belangeri) were
randomly assigned to six groups in four experi-
ments prior to baseline data collection. Extra refer-
ence groups from previous studies in this laboratory
were also included in the analysis. No littermates were
assigned to the same group, and each group had both
male and female tree shrews. All animals were acquired

from the Tree ShrewCore at theUniversity of Alabama
at Birmingham (UAB). Prior to the onset of the experi-
ment, the animals were reared in standard colony cages
under diurnal artificial lighting. All experiments started
on the 24th day of visual experience (DVE; defined as
the number of days after eye opening, which typically
occurs at 3 weeks of age) and ended on 35 DVE
(11 days total). All experimental procedures adhered
to the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research and were reviewed
and approved by the InstitutionalAnimalCare andUse
Committee at UAB.

Tree shrews are dichromats. The two cone types
in the tree shrew retina are short-wavelength-sensitive
(SWS) and long-wavelength-sensitive (LWS) cones, the
latter of which is the dominant type (approximately
95%).23–25 The peak spectral sensitivity of SWS (λmax ≈
428 nm) and LWS cones (λmax ≈ 555 nm) were similar
to those of the S-cones (λmax ≈ 420 nm) and L-cones
(λmax ≈ 560 nm) in humans,26,27 respectively.

Small Cages

Figure 1 illustrates the small cages used in the exper-
iments. These were identical except for one wall of the
cage, that was either open (see Fig. 1A) or covered
with an opaque panel (see Fig. 1B) or digital photo-
graph frame. These small cages were cubical boxes with
the same internal dimension (28 * 28 * 28 cm) as the
cages used in our previous study.22 The interior of
all small cages was painted white with repeated black
“Maltese cross”patterns. For the closed cage group (see
Fig. 1B), the front opening of the cage was covered
using an opaque panel painted white with the same
black Maltese cross patterns as the other walls. These
cages had a white light-emitting diode (LED) strip
attached to the cage ceiling, which provides a diffuse
illumination. Both internal and colony lightning ran
daily from 8 AM to 10 PM.

The open and closed cages differed in their
maximum viewing distances. Whereas animals in open
cages had visual access to the colony room through
the mesh front (viewing distance > 3 meters [m]),
animals in a closed cage had a theoretical maximum
viewing distance of 48 cm (assuming an infinitely
narrow head!), which equals the space-diagonal of the
cage interior. Based on our daily observation through
the peepholes that we installed on the cages, the closed
cage group of tree shrews typically spent their time on
the perching deck viewing the opposite wall. In this
circumstance, given the depth of the perching deck, the
viewing distance for a tree shrew inside a closed cage
was on the order of 28 cm, or approximately 4 D in
dioptric distance.
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Figure 1. Schematic diagram of the small cages. All cages were made of white-painted panels and had internal dimensions of
28 * 28 * 28 cm. These cages were identical except for the front enclosure and source of illumination. (A) Open cages were covered using
30 * 30 cmwiredmesh, and illuminationwas only from the external environment. (B) Closed cageswere covered using a removable, painted
panel, and illuminated via an overhead white LED strip. (C) Closed cages with a digital photograph frame. For these animals, the only light
sourcewas from the digital photograph frame, except for the CSMD+ light groupwhere lightingwas supplementedwith an overheadwhite
LED strip. Animals reared in open cages (A) had visual access to the rest of the housing area with viewing distances of over three meters.
Animals reared in closed cages (B) and photograph frame cages (C) had no visual access to the outside.

Digital Photograph Frame Display

The digital photograph frames have a display area
of 25.4 * 14.3 cm and a resolution of 1920 × 1080
(Atatat, Meierjia Technology Co., LTD, Shenzhen,
China). The displays were attached to a 30 * 30
cm, black-taped acrylic sheet which fully covered the
open side of a small cage and blocked all exter-
nal light/views. There were two baseline images used:
one of high-contrast black and white Maltese cross
patterns, and the other a naturalistic black-and-white
grayscale image of trees (see Supplementary Fig. S1).
The green and red pixels were never modified, but the
blue pixels could be filtered in variousways as described
in specific experiments. The emission characteristics of
the red, green, and blue pixels are given in Supplemen-
tary Figure S2. The blue pixels would primarily stimu-
late the short-wavelength tree shrew cones, and the red
and green pixels would primarily stimulate the long-
wavelength tree shrew cones. The display was set to
show the one image continuously on power-up, and
was controlled by a timer on the same 8 AM to 10 PM
schedule as the rest of the colony.

Data Collection

Refractive error was defined as the spherical equiv-
alent of the corneal plane corrective prescription
measured using an autorefractor (Nidek ARK-700A;
Nidek Inc., San Jose, CA, USA). Five indepen-
dent measurements were averaged and corrected for
the small-eye artifact (+4 D) previously determined
for tree shrews.28 Ocular axial dimensions, includ-
ing anterior chamber depth (anterior corneal surface
– anterior lens surface), lens thickness, and vitreous

chamber depth (posterior lens surface – internal limit-
ing membrane) were obtained using a low coherence
optical biometer (LenStar LS-900; Haag-Streit USA,
Inc., Mason, OH, USA) immediately following refrac-
tive error measurements. Tree shrews were transported
from their home cages in a light-tight nest tube to
the measurement room. The measurements were made
in dim light with only a small LED reading lamp on
one wall and the light from the instrument displays.
Measurements would typically take only around 2
minutes per animal, after which they were returned to
their nest tubes and then taken back to their home
cages.

To correct for the refractive indices of the tree shrew
ocular media, physical dimensions of ocular axial
separations were calculated from the averaged optical
path length using the methodology described by El
Hamdaoui et al.29 All data were acquired from awake
animals without cycloplegia, which was estimated to
produce a consistent 0.4 D difference in refraction
for the tree shrews in comparison to “wet” refrac-
tion induced using a topical phenylephrine-atropine
compound.28 All experimental procedures were binoc-
ular, and measures from both eyes of each animal were
averaged to produce a single data point.

Experimental Design

Experiment 1: Confirm That a Small Cage With One
OpenWall Does not Promote Myopia

To determine the role of viewing distance in refrac-
tive development, tree shrews were individually reared
in small cages that either were fully enclosed (closed
cage group, n = 7) or that have an open viewing wall
on one side (open cage group n = 6).
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The reference groups consisted of a group of tree
shrews previously reared in small cages with a digital
photograph frame displaying an unfiltered (maximally
sharp) grayscale black and white Maltese cross image
(unfiltered control, n = 7). We introduced this group
to determine if the use of digital photograph frames
per se had affected refractive development. We have
previously shown that tree shrews in this group devel-
oped −1.2 ± 0.4 D (mean ± SEM) myopia over 11
days.22 Finally, a group of visually unrestricted tree
shrews previously reared in a normal colony environ-
ment (colony control, n = 7) was used as a reference
for this and all other experiments in this study.30

Experiment 2: Effect of Overhead Illumination on
Chromatically SimulatedMyopic Defocus

The test group tree shrews were individually reared
in small photograph frame cages from 24 to 35 DVE

and were exposed to the CSMD-Maltese cross test
image (CSMD + light, n = 4). The small cages for the
CSMD + light group had white LED strips attached
to the top of the cage. Pictures of the inside of the
cages with and without overhead lighting are given
in Supplementary Figure S3. These LEDs provide
concurrent daytime illumination as the photograph
frames continuously displaying the CSMD image.
Without overhead lighting thewhite on the photograph
display was about 100 cd/m2, as determined with an
LS-110 Spot luminance meter (Minolta, Tokyo, Japan)
located outside the cage and with view adjusted with
a first surface mirror. With the overhead lights on,
the white painted areas on the cage walls half-way up
were adjusted to be about 100 cd/m2, and the white on
the photograph display increased to about 137 cd/m2

– although this varied with position and viewing
angle. The control groupwas the original CSMDgroup
(n = 8) (Gawne et al., 2022) in which the cages had

Figure 2. (A) Left = 4 degrees × 4 degrees image fragment (nominal 28 cm viewing distance) of the unfiltered control pattern. Middle:
Luminanceprofiles of red, green, andbluepixels, scanning across a single line of the image (indicatedby thedashedarrowon the left). Profiles
were slightly offset in the y axis for clarity. Right: Radially averaged spatial frequencies of the image for red, green, and blue components.
(B) Image fragment of the original CSMD anti-myopia display pattern. The blue pixels are spatially blurred relative to the red and green pixels
by convolving with a uniform disk of 40 pixels diameter. (C) Flat blue group, with blue contrast eliminated. A small amount of white noise
was added to the blue channel to avoid divide by zero errors in the Fourier transform.
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no internal light source other than the photograph
frame.22

Experiment 3: Eliminate all Blue Contrast
We tested an alternative design of simulated myopic

defocus. The test group tree shrews (n = 8) were
individually reared in closed cages and exposed to a
test image that had zero blue contrast for 11 days
(from 24 DVE to 35 DVE; “flat-blue” group). The
flat-blue image, illustrated in Figure 2, was produced
by setting the blue pixels to a uniform value equal
to the mean of the numeric value (0–255) of all of
the blue pixels of the basic CSMD image. By elimi-
nating spatial contrast in the blue pixels, this could
also potentially signal myopic defocus, even though
it is not a physically plausible result of real-world
defocus. This alternative design has a theoretical advan-
tage in that the resulting myopic defocus signal should
stay qualitatively consistent regardless of changes in
viewing distance and refractive state. The reference
group for Flat Blue was the original CSMD group
(the same group that served as a positive control in
experiment 2), and the unfiltered control group (the
same group that served as a negative control in exper-
iment 1).22 Like other small-cage experiments, the
digital photograph frames displayed the image contin-
uously from 8 AM to 10 PM daily, during which there

was no additional light source inside the individual
cages.

Experiment 4: To Examine the Efficacy of Simulated
Myopic Defocus in Natural Images, We Tested the
Effects of Two CSMD Variants

These images were produced by applying a blurring
filter on the blue channel of a greyscale forest scene
image. In the first test group, the forest scene imagewas
filtered by convolving the blue pixels with a circular
disk 20-pixels in diameter (20 pixels tree shrew group,
n = 7; see Fig. 3A). This filter was half the size of that
used in the original CSMD-Maltese cross image,22 and
only modestly attenuated spatial frequencies at 1 CPD.
In the second test group, the test image was produced
by filtering the same greyscale tree image by convolv-
ing with the same 40-pixel diameter disk (40 pixels tree
shrew group, n = 6, see Fig. 3B), and more signifi-
cantly attenuated spatial frequencies at 1 CPD. For a
tree shrew in focus at 28 cm, assuming a pupil size of
3 mm and a 6 mm focal length, the 40 pixels simulated
blur would have produced a blur circle on the retina
corresponding to approximately 7 D of defocus.

Convolving with an image with a uniform disk
simulates the blur created by dioptric defocus, and is
in many ways distinct from, for example, convolving
with a Gaussian.31 The motivation of using a natural

Figure 3. The two gray tree images, arranged as in Figure 2. (A) The 20 pixels tree shrew group. Left: The 4 degrees × 4 degrees image
fragment (nominal 28 cm viewing distance) of the black and white gray trees image (see Supplementary Fig. S1B) was convolved with
a circular disk of 20 pixels diameter. Middle: Luminance profiles of red, green, and blue pixels, scanning across a single line of the image
(indicated by the dashed arrow on the left). Profiles were slightly offset in the y axis for clarity. Right: Radially averaged spatial frequencies
of the image for red, green, and blue components. Image (B) The 40 pixel tree shrew group. Arranged as in A, but the original image was
convolved with a uniform disk of 40 pixels in diameter.
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image was to expand the application scenario of the
already simple blue-blurring processing technique. In
particular, does the effect depend on a dense distribu-
tion over very high contrast abrupt edges (i.e. high-
contrast black and white edges) or the base pattern (the
Maltese cross patterns)? CanCSMDalsoworkwith the
more fractal distribution of features found in natural-
istic images? We also sought to narrow down the range
of spatial frequencies used by emmetropization. The
reference groups were the original CSMD group and
the unfiltered control group, both of which were from
our previous study22 and had been used as reference
also in our other experiments (see above).

Statistics

Weusedmixed effect models to determine the effects
of our interventions. Specifically, refractive error and
axial dimension data were modeled as a quadratic
function of the number of days in the experiment. The
formulation for these models, expressed in a second-
order polynomial function, was:

yi, j =β0 + β1ω j +β2ωti, j +β3ωt2i, j + v1 j + v2 jti, j + ∈i, j

where yi,j is the variable of interest of individual animal
j on the ith day of the experiment, β0 is the model
constant, ωj is a dummy variable for being in specific
group(s), t is the number of days in the experiment,
υ1 j and υ2 j are random intercept and random slope,

respectively. β1, β2, and β3 represent the baseline differ-
ence and the linear and quadratic component of the
time course of development for being in particular
groups. Post-estimation Wald’s tests were performed
to examine the difference in time course between the
two groups.32 One-way ANOVA and post hoc pair-
wise comparison with Bonferroni correction were used
to compare the refraction or ocular dimension across
multiple groups at the end of the experiments.

Results

Experiment 1: Rearing in Closed Small Cage,
but not Open Ones, Caused Myopia

Figure 4 illustrates the time course of refractive
development (see Fig. 4A) and vitreous chamber depth
change (see Fig. 4B). As shown Figure 4A, the open
cage group (red filled circles) did not develop myopia.
The time course of their refractive development and
the refractive error at the end of the experiment were
both similar to those of the colony control group
(black unfilled circles, mean ± SEM: +1.0 ± 0.4 D
on 35 DVE). On the other hand, the closed cage
group (red filled triangles) became approximately 2 D
more myopic than the open cage group at the end of
the experiment (−1.1 D vs. +1 D, one-way ANOVA,
F = 10.91, P = 0.001, post hoc comparison P = 0.007).
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Figure 4. Effects of restricted viewing distance. Panels (A) and (B) plot the mean ± SEM of refractive error and vitreous chamber depth
change, respectively, as a function of days of visual experience (DVE) for the open cage group (red filled circles) and closed cage group (red
filled triangles). The photograph frame unfiltered control group (black filled triangles) and the colony control group (black unfilled circles)
were plotted as references. (A) The closed cage group developed small-cage myopia that was similar to those in the photograph frame
unfiltered control group, whereas the open cage group exhibited a normal emmetropization pattern and was statistically identical to the
colony control group. Squarebrackets andasterisks indicate statistical differencebetween closedandopen cages andbetween colony control
and unfiltered control. (B) Vitreous chamber depth change was consistent with refractive changes. Vitreous chamber depth change in the
open cage groupwas significantly slower than those in the closed cage and the unfiltered image groups. In both panels, the square brackets
and asterisks indicate statistical differences in the time course of development between the closed and open cages and between the colony
control and unfiltered control. The unfiltered control22 and the colony control30 data were from previous studies.
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Figure 5. Overhead illumination reduced the efficacy of CSMD. Panels (A) and (B) plots mean± SEM refractive error and vitreous chamber
depth change as a function of number of days of visual experience (DVE), respectively. (A) CSMD with ceiling light (red filled square) also
prevented the small cage myopia seen in the unfiltered control group (black filled triangle). The CSMD + light group developed mild
hyperopia by 35 DVE as did the colony controls (black unfilled circles), but the magnitude was significantly lower than that in the original
CSMD group (blue filled diamonds). (B) The refractive effect of CSMD + light condition remained consistent with the changes in vitreous
chamber depth, suggesting that concurrent overhead illumination reduced, CSMD’s efficacy in promoting hyperopia. The square brackets
and asterisks indicate statistically significant difference in the time course of development between the CSMD + light group and the CSMD
group/unfiltered controls. The data for the CSMD22 unfiltered image22 and colony control30 came from previous studies.

The time course of refractive development and the
refractive error at the end of the experiment in the
closed cage group were both similar to those of the
unfiltered control group (black filled triangles; refrac-
tion at the end of the experiment: −1.1 ± 0.5 D),
suggesting that the digital photograph frame itself does
not produce any obvious refractive effects. Finally,
there was an increase in the vitreous chamber depth
in the closed cage group in comparison to the colony
control and the open cage groups (see Fig. 4B), which
was consistent with the refractive changes.

Experiment 2: Room Illumination Reduced
the Hyperopia Produced by CSMD

Figure 5 illustrates the refractive error and changes
in vitreous chamber depth for the CSMD + light
group. As shown in Figure 5A, the CSMD + light
group did not develop small-cage myopia nor progres-
sive hyperopia (Wald’s test versus unfiltered control
group, χ2 (1) = 8.69, P = 0.003 for the linear- and
χ2 (1) = 3.99, P = 0.046 for the quadratic compo-
nents; versus CSMD: χ2 (1) = 6.92, P = 0.0085 for
the linear component). Instead, this group exhibited an
emmetropization-like refractive development pattern
that is similar to the colony control group (see Fig. 5A,
red filled square). On 35DVE, theCSMD+ light group
(+1.1 ± 0.9 D) were significantly more hyperopic than
the unfiltered control group (−1.1 ± 1.4 D; one-way
ANOVA, F(3, 22) = 28.84, P < 0.001; pair-wise compar-

isons with Bonferroni correction, P = 0.02), but less
hyperopic than the CSMD group (+4.0 D; pair-wise
comparison between the CSMD and CSMD + light
groups with Bonferroni correction, P = 0.001).

Experiment 3: Eliminating Contrast in the
Blue Component of Image Counteracts
Small-Cage Myopia and Caused Mild
Hyperopia

As illustrated in Figure 6A, exposure to the flat
blue image (red filled diamonds) prevented small cage
myopia (+2.1 ± 1.3 D on 35 DVE, in comparison
to −1.1 ± 1.4 D in the unfiltered control group;
pair-wise comparison with Bonferroni correction, P =
< 0.001). The hyperopic change induced by flat blue
was similar in rate of development as that induced by
CSMD. However, the flat blue group was less hyper-
opic than the CSMD group throughout the experi-
ment. The refraction in the flat blue group on 35 DVE
was statistically less hyperopic than that in the CSMD
group (2.1± 1.3 D vs.+4.0± 1.1 D; pair-wise compar-
ison with Bonferroni correction, P = 0.02). This differ-
ence was partially attributed to the baseline differ-
ence between the two groups. The refractive changes
in the flat blue group were associated with a reduc-
tion in vitreous chamber depth (Fig. 6B), indicat-
ing that the flat blue group counteracted small cage
myopia and produced hyperopia by slowing axial
elongation.
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Figure 6. Exposure to the flat blue image counteracted small-cage myopia and produced axial hyperopia. Plots are mean ± SEM as a
function of number of days of visual experience (DVE). (A) Refractive error. (B) Change in vitreous chamber depth. The square brackets and
asterisks denote statistically significant difference in the time course of development between the flat blue group and the unfiltered control
group. The data for the CSMD22 unfiltered control22 and colony control30 came from previous studies.

Figure 7. Effects of CSMD-filtered natural images on refractive development. Panels (A) and (B) plots the mean ± SEM of refractive error
and vitreous chamber depth change as a function of days of visual experience (DVE), respectively. (A) The 40 pixel tree shrew group (red
unfilled triangle) and the 20 pixel tree shrew group (red unfilled square) images both protected trees shrew from myopia (unfiltered control,
black filled triangles) and developed hyperopia. The efficacy was similar between the 40 pixel tree shrew group and the CSMD group (blue
filleddiamond)whereas the 20pixel tree shrewgroupwasweaker thanboth. (B) The changes in vitreous chamber depthwere consistentwith
refractive changes, indicating that both tree images counteracted myopia by slowing axial elongation. The data for the CSMD22 unfiltered
control22 and colony control30 came from previous studies.

Experiment 4: CSMD in a Naturalistic Image
Is Also Effective Against Small-Cage Myopia

Following a mixed effect model, Wald’s tests were
performed to compare the rate of refractive change
between the two tree shrew image groups and the unfil-
tered image group. The results showed that exposure to
both 40 pixels tree (linear component: χ2 (1) = 38.16,
P < 0.0001; quadratic component: χ2 (1) = 12.03,
P = 0.0005; Fig. 7, red unfilled triangle) and 20 pixels
tree shrew images (linear component: χ2 (1) = 8.28,
P = 0.004; quadratic component: χ2 (1) = 3.94,
P = 0.047; see Fig. 7, red unfilled square) protected
tree shrews from small-cage myopia. With respect to
the efficacy of myopia protection, the rate of hyperopic
change in the 40 pixel tree shrew group was compara-

ble to those seen in CSMD group, so was the refractive
error at the end of the experiment (40 pixels tree shrew
versus CSMD: +3.0 ± 1.1 D vs. +4.0 ± 1.13), suggest-
ing that the efficacy was similar between the two inter-
ventions. On the other hand, the 20 pixels tree shrew
group did not develop progressive hyperopia, which
differed from the 40 pixel tree shrew group (Wald’s test
on the linear component of change rate, χ2 (1)= 11.65,
P = 0.006), but exhibited an emmetropization-like
refractive development pattern. The refractive error in
this group at the end of the experiment (0.5 ± 0.8 D,
close to the 1.0 ± 0.4 D of the colony control group)
was significantly less hyperopic than the CSMD (pair-
wise comparison with Bonferroni correction follow-
ing 1-way ANOVA, P < 0.0001) and the 40 pixels
tree shrew groups (P = 0.002). These refractive obser-
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vations were consistent with a difference in vitreous
chamber elongation rate (see Fig. 7B), suggesting that,
whereas both are sufficient in counteracting small-cage
myopia, the 40 pixels tree shrew and the 20 pixels
tree shrew images differed in their ability to slow axial
elongation.

Discussion

Restricted Viewing Distance Induces Myopia
in Tree Shrews

The main finding of experiment 1 was that limited
viewing distance associated with fully enclosed small
cages caused myopia in tree shrews. This agreed with
our previous experiment and the findings in chicks,33–35
felines,36 non-human primates,37–39 and, more recently,
guinea pigs,40 which showed that animals become
myopic in a restricted space with short viewing
distance. Although myopia induced by small space is
well-documented, to date, its underlying mechanism
remains unclear. Early investigators, such asAdel33 and
Young,38,39,41 believed that extended accommodation
mediates proximity myopia. Adel (1961) showed that
ipsilateral ciliary ganglion ablation, which paralyzes
accommodative function, prevented myopic develop-
ment, suggesting that accommodation is necessary for
small-space myopia to develop, as although the large
dose of alcohol injection (approximately 1 mL) used
to destroy the ciliary ganglion might have also influ-
enced the eyeball and prevented elongation. Wildsoet
and Schmid also showed that intact accommoda-
tion was required for the correct interpretation of
object distance and the development of compensatory
myopia.35 We previously reasoned that “small-cage”
myopia in tree shrews was related to proximity hyper-
opic defocus based on the apparent lack of sustained
accommodation in this species and the observation
that the magnitude of small-cage myopia was roughly
comparable to the dioptric viewing distance inside
the cage.22 Fu et al. similarly suggested that “near
work myopia” in guinea pigs was similar to hyperopic
defocus myopia due to weak accommodation in that
species.40 The defocus hypothesis, however, remains
speculative as neither the present study nor the study
of Fu et al.’s study measured accommodative behav-
ior during the experiment. Nevertheless, one notes that
in all animals that develop myopia in response to a
minus lens, accommodation simply cannot have either
themagnitude or the sustained duration to prevent this.
A developing eye can only regulate its axial elonga-
tion using the local retina image. It has no informa-
tion about the absolute physical distance to various

objects in the environment. An eye in an environment
with a restricted viewing distance, will therefore have
nomethod of distinguishing an object at the maximum
restricted distance, from an object at optical infinity. It
should therefore not be surprising that emmetropiza-
tion should target sharp focus for the most distant
objects.

Additional Lighting Reduced the Efficacy of
Chromatically Simulated Myopic Defocus

We showed in experiment 2 that overhead light-
ing inside small cages greatly reduced the efficacy
of CSMD. Illumination is a known environmen-
tal modulator of refractive error. Previous studies
have consistently found that elevated ambient light
level promotes hyperopia in animals.42–48 However,
although our overhead LED did increase the illumi-
nation level inside the cage, light level modulation
did not seem to explain our observation, because (1)
with overhead light, the final degree of hyperopia was
decreased, rather than increased; and (2) the illumi-
nance level with the overhead light was within the
range that supported normal emmetropization in tree
shrews. A possible alternative explanation was that,
with additional illumination, tree shrews spent more
time viewing other objects inside the cage which are
otherwise poorly visible, reducing the time exposed
to simulated hyperopic defocus. It is also possible
that additional lighting reduced the overall luminance
contrast of the displayed image (via reflections off
the screen and the protective acrylic panel) and thus
reduced the efficacy of the CSMD. Given that ambient
lighting is essential for the human environment, further
work is required to understand the mechanisms under-
lying the reduced efficacy of CSMD with overhead
lighting. In the meantime, these results suggest that any
CSMDdisplay used for human anti-myopia therapy be
the brightest object in the room, or perhaps completely
fill the visual field as in a virtual reality display.

Elimination of All Image Contrast Across the
Blue Pixel Elements can be Interpreted as
Myopic Defocus

The main finding of experiment 3 was that it is
not necessary to precisely match the chromatic blur
caused bymyopic defocus: it is only necessary to reduce
the short-wavelength contrast relative to the longer
wavelength contrast. We note that we have previously
shown that ambient narrow-band red light induces
hyperopia in tree shrews, but even small amounts of
added white (including blue) light greatly reduce this
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effect.49 However, the chromatic simulations of myopic
blur used here operate in broad-spectrum light. We
hypothesize that, at least for this species, the red light
by itself is interpreted as zero blue (short-wavelength)
spatial contrast, similar to the flat blue pattern used
here. This is not a logical requirement, but may be how
the retinal circuitry in this species interprets the artifi-
cial situation of an ambient narrow band red light. The
red light with some (white) blue light in an otherwise
normal cage environment allows the emmetropization
system to correctly judge that blue spatial contrast is
present, even though the absolute amount of blue light
is low relative to the longer wavelengths. With “flat
blue” there is no blue spatial contrast in the image, and
emmetropization correctly judges that there is no blue
spatial contrast, because, in fact, there is no blue spatial
contrast in the image.

CSMD Is Effective EvenWhen Applied to
Naturalistic Images

The first main finding in experiment 4 was that
CSMD filtering was effective in preventing small-cage
myopia and producing hyperopia when applied to a
naturalistic image. It was not clear from our previous
work if there was something special about the high-
contrast Maltese cross patterns or not: these results
suggest that CSMD can be applied to a wide variety
of images and still be effective. Still, it must be consid-
ered that some images may be more or less relatively
less effective, especially if applied for less than a full
day of exposure, or if they contain large colored areas.
Additionally, some scenes – such as many manmade
ones – may contain different distributions of spatial
frequencies than naturalistic images and thus may
potentially be less effective when CSMD is applied.12
Although the results of this study suggest that CSMD
does not require specific images, caution should still be
exercised in assuming that it will apply to all images.

The second major finding is that the spatial
frequency “sweet spot” for emmetropization in tree
shrews appears to be roughly in the range of 1
CPD. This is in accord with simulations we have run
on this species.50 It is somewhat paradoxical that,
whereas emmetropization exists to enable maximal
visual acuity, it does not require high spatial frequencies
to operate.51 After all, it has long been shown in animal
models that emmetropization can operate robustly
in out-of-focus images when high spatial frequencies
are largely absent.52 We are unaware of any rigor-
ous demonstration of a lower-spatial frequency prefer-
ence for human emmetropization. However, simula-
tions suggest that this is the case.53 Additionally, the

finding that the fovea is not critical for emmetropiza-
tion in rhesus monkeys54 and the heavy reliance of
human accommodation (a different system but one
that also uses image data to estimate defocus) on the
medium spatial frequencies55 also suggest that high
spatial frequencies are not critically important for
human emmetropization.

Implications for Myopia Management in
Humans

Given the extremely powerful effect of CSMD on
restraining axial ocular elongation, one could hypoth-
esize that this method could be effective for control-
ling myopia in humans. To this end, the following
three questions need to be answered: (1) Could findings
from tree shrews translate to humans? (2) Could anti-
myopia displays work with shorter periods of daily
visual exposure? (3) Could an anti-myopia displaywork
for myopic individuals?

Could the Findings in Tree Shrews Translate to
Humans?

Animal models are essential for developing new
treatments for human diseases, but there are many
examples of cases where therapies developed using
animal models have not translated to humans. When
considering the potential for translating an animal
finding to a human therapy, it is absolutely crucial to
review the relevant similarities and differences between
the species. As a trivial example, tree shrews would
be a terrible model of red-green opponent color
vision, because they do not have the cone photore-
ceptor classes that would allow then to have red-green
opponent color vision. However, as regard to refractive
development, we have carefully considered the similar-
ities and differences between tree shrews and humans,
and at present have not found any “deal breakers” that
would preclude successful translation of the findings
shown here. It must be emphasized that translation
would not be certain and would likely require consid-
erable effort, but our current state of knowledge does
not rule it out.

1. We have modeled the optical parameters likely
to govern how chromatic cues are used by
emmetropization in both tree shrews50 and
humans53 and find close parallels.

2. Tree shrews are diurnal, have good visual acuity
for a small animal, and the emmetropization
mechanism responds to visual conditions in a
manner that is rapid (full compensation to a –5
D lens in 11 days), accurate, and consistent across
animals.
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3. Tree shrews, like most mammals, are dichro-
matic, whereas most (not all) humans are trichro-
matic with short (S), medium (M), and long
(L) wavelength sensitive cones. Although it has
been proposed that interactions between the L
and M human cones could affect emmetropiza-
tion,56 nevertheless there is considerable evidence
that for humans emmetropization is functionally
dichromatic like other mammals.53 There is some
evidence that human dichromats are slightly less
likely to develop myopia than human trichro-
mats57–59 but it is clear that trichromacy is
neither essential for human emmetropization, nor
is it the primary cause of the ongoing myopia
epidemic.

4. If, for the purposes of emmetropization, human
pooled M + L cones are functionally the same
as the tree shrew long wavelength cone, then
humans and tree shrews have virtually identi-
cal cone spectral tuning, as well as similar ocular
media absorption. We speculate that a CSMD
display for human therapy will not need to differ-
entially blur the green and red pixels.

5. Primates have a fovea, which tree shrews do not,
but it has been shown that the primate fovea is not
critical for emmetropization – it is the peripheral
retina that is key.54

6. Tree shrews have extensive binocular vision,
about 55 degrees. There is evidence that disorders
of binocular vision can affect emmetropization,
but this has been proposed to be primarily due to
differences in focus between a fixating and non-
fixating eye.60 As emmetropization is mostly local
to the retina, and the retina does not itself calcu-
late stereopsis, it does not seem as if binocular
vision will be a key variable.

7. Like primates and other vertebrates, tree shrews
develop elongated, myopic eyes in response to
form deprivation or minus lens wear, show a
nearly identical nonlinear response to “STOP”
signals produced by interruptions in form depri-
vation and minus lens wear,61,62 and show local
control of scleral remodeling by the retina.63

8. Tree shrews and non-human primates become
hyperopic in response to a narrow-band
red light but other mammalian and non-
mammalian species do not,16,52 suggesting that
how emmetropization uses chromatic signals is
especially similar in tree shrews and primates.

9. Although tree shrews have lower visual acuity
than human central foveal vision - not quite
3 cycles/degree64 - the evidence is that it
is the middle spatial frequencies that drive
emmetropization not the higher ones.51 Based

on our previous work, we hypothesize that
in humans the spatial frequency “sweet spot”
for emmetropization will be around 4 CPD.53
However, the findings here that you do not need
to perfectly simulate the chromatic effects of
optical blur – just eliminate the critical frequen-
cies in the blue – means that the display used here
in tree shrews should also be effective in humans
– that is, we do not need to precisely identify the
spatial frequencies in humans.

10. Tree shrews have a cone-dominated retina,24
whereas outside of the fovea, humans are rod-
dominated. However, as these are both diurnal
species, it seems likely that the rods will be
saturated under typical daily conditions and
that the visual cues used by emmetropization
to evaluate focus will primarily rely on cones.
Outside the fovea, tree shrew and primate retinas
have similar relative distributions of S and M/L
cones.25,50 On a bright sunny day, everything you
see across the entire visual field will be mediated
by cones: there are relatively few cones in the
periphery relative to rods, but there are still more
than enough for all practical purposes, including
emmetropization.

Children Could Benefit From an Anti-Myopia Display
With Limited Daily Exposure

In multiple species, interrupting the minus lens
or form diffuser wear for just 1 or 2 hours a day
will drastically reduce if not eliminate the induced
myopia.52 Indeed, for tree shrews, just 45 minutes a
day of exposure to a clear in-focus image can prevent
the development of myopia in response to wearing
a minus lens the entire rest of the day.65 This well-
documented phenomenon had led to the theory that
the temporal summation of visually derived signals
that lead to ocular elongation (GO) or stop ocular
elongation (STOP) are highly nonlinear and that the
emmetropization mechanism favors STOP. However, if
short periods of STOP signals can veto much longer
periods of GO signals, why then do children ever
become myopic? We speculate that there is an oppos-
ing nonlinearity: short periods of STOP need to be
maximally effective: a visual scene stimulus producing
weak STOP signals might be ineffective at preventing
myopia even if presented for a long time.

It is critical to remember that emmetropization
can only evaluate focus indirectly, using the images
created on the retina by the combination of the
external visual environment and the optics. We have
hypothesized that in children developing myopia, the
spatial/chromatic/temporal visual environment across
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the day is not sufficient to allow the retina to gener-
ate quite enough STOP to prevent a slow drift into
myopia.66 This could explain why under-correction of
a prescription does not seem to work67,68: if the visual
environment is impairing the ability of emmetropiza-
tion to evaluate focus, it will do so across the range
of defocus. Current optical anti-myopia therapies, such
as multifocal contact lenses,9 seem to require wearing
during a large fraction of the day, but these therapies
only slightly alter the retinal image. In principle,myopia
could be reduced or eliminated with short periods of
daily exposure to a sufficiently powerful anti-myopic
visual stimulus, if only we knew how to construct such
a stimulus. A display derived fromCSMD could poten-
tially be such a strong anti-myopia stimulus.

As a general rule, animal eyes adapt to wearing
lenses: they becomemyopic whenwearingminus lenses,
and hyperopic when wearing plus lenses (with the
lenses removed).52 However, in tree shrews, the ability
of the eye to respond to a plus lens declines rapidly
with age.69 An appropriate chromatic stimulus can
still create robust hyperopia in older tree shrews - a
chromatic stimulus is a more powerful STOP than
viewing a normal colony scene through a plus lens.30
In children that develop myopia, the eye seems to not
respond appropriately to myopic defocus, and indeed,
“under-correction” of the spectacle or contact lens
prescription - the optical equivalent of wearing an
additional plus lens - also seems to be ineffective in
slowing myopic progression.68 Perhaps an appropri-
ate chromatic defocus signal could be more power-
ful in children than plus lenses, even as it is in tree
shrews? If nothing else, the ability of chromatic signals
to create hyperopia beyond what is needed to create
a sharp image in both tree shrews70 and non-human
primates,71 demonstrates the anti-myopic power of
chromatic stimuli for emmetropization.

Could a CSMD Anti-Myopia Video Display Work for
Myopic Humans?

Unfortunately, we cannot easily conduct human
studies on refractive development – clinical trials
in children are extremely expensive and take years,
and, for ethical and practical reasons, cannot be
randomly explorative of the entire parameter space.
However, it has been proposed that acute changes
in choroidal thickness changes could be a proxy in
humans for longer-term changes in refractive develop-
ment: visual stimuli that oppose myopia will acutely
result in a thicker choroid and vice-versa.72 A recent
study by Swiatczak and Schaeffel in humans found
that chromatically simulated myopic blur induced
acute choroidal thickening in emmetropes but not in

myopes.73 This suggests that the myopic human retina
cannot evaluate chromatic cues for defocus, and that
CSMD might not be an effective anti-myopia therapy.

We note that acute choroidal thickness changes are
only a proxy for refractive development, and it is not at
all clear that this method can reliably predict refractive
development in humans.74

Swiatczak and Schaeffel also found that myopes
had a reduced ability to respond to imposed myopic
optical defocus compared to emmetropes75 but two
other independent laboratories have found the opposite
results: that the myopic human retina can indeed
respond to myopic optical blur.76,77 To the extent
that the response to optical defocus is mediated by
chromatic cues, this suggests that human myopes can
indeed respond to the chromatic cues for myopic
defocus – although perhaps with a reduced gain.
Additionally, there are psychophysical studies suggest-
ing that emmetropes process hyperopic and myopic
defocus symmetrically, whereas myopes are asymmetri-
cal78 – although the rules governing central perception
might not be identical to those for emmetropization.

Even if under some conditions the myopic human
retina has a relatively impaired ability to detect
the chromatic cues for myopic defocus, this does
not rule out the development of a more powerful
version of CSMD that is effective in myopes. Perhaps
emmetropization in the myopic human retina is not
completely broken, but only needs a booster. Although
the study by Swiatczak and Schaeffel is worthy of
concern, it does not presently rule out that CSMD
could be an effective human therapy in myopes.

Conclusions

CSMD is an extremely powerful stimulus to restrain
axial elongation in closely related to primate tree
shrews. It shows potential for adaptation as an anti-
myopia therapy in humans, although considerably
more work needs to be done both in animal models
(including non-human primates), and pilot clinical
trials.
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