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Retinal “sweet spot” for myopia
treatment

Barbara Swiatczak!™, Hendrik P. N. Scholl>3 & Frank Schaeffel**>

We studied which retinal area controls short-term axial eye shortening when human subjects were
exposed to + 3.0D monocular defocus. A custom-built infrared eye tracker recorded the point of
fixation while subjects watched a movie at a 2 m distance. The eye tracker software accessed each
individual movie frame in real-time and covered the points of fixation in the movie with a uniform grey
patch. Four patches were programmed: (1) foveal patch (0-3 degrees), (2) annular patch (3-9 deg),

(3) foveal patch (0-3 deg) combined with an annular patch (6-9 deg), and (4) full-field patch where
only 6-10 deg were exposed to the defocus. Axial eye shortening was elicited similarly with full-field
positive defocus and with the foveal patch, indicating that the fovea made only a minor contribution
(-11 +12 pm vs. -14 + 17 pm, respectively, n.s.). In contrast, patching a 3-9 degrees annular area or
fovea together with an annular area of 6-9 degrees, completely suppressed the effect when compared
with full-field defocus (+3+1 pm or-2+13 pmvs. -11 + 12 pm, respectively, p < 0.001). Finally, we
found that the near-peripheral retina (610 degrees) is a “sweet spot” for positive defocus detection
and alone can regulate eye growth control mechanism, and perhaps long-term refractive development
(-9 + 8 pm vs. full-field: -11 +12 pm, n.s.).
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Several studies have shown that the peripheral retina is most responsive to imposed defocus and may therefore
have a major impact on emmetropization (review':). The first findings came from animal models. Experiments in
chickens and rhesus monkeys demonstrated that optical defocus or diffusion, imposed in the nasal hemisphere
of the visual field (including the fovea) changed axial length and refractive error only in the temporal retina,
suggesting that the retina controls eye growth locally?™*. Smith et al. showed that rhesus monkeys treated
with diffusers that covered only the peripheral visual field but left central vision unrestricted, still developed
longer eyes and more myopic refractive errors in the center of the visual field®. Further, they also showed
that the development of and recovery from deprivation myopia was not altered after foveal ablation by laser
photocoagulation®”. Similarly, experiments in marmosets showed that imposing hyperopic defocus selectively
in the peripheral retina still induced axial myopia, while imposing peripheral myopic defocus caused relative
axial hyperopia, that was similar in magnitude to full-field exposure®. A recent experiment in infant rhesus
monkeys also suggested that emmetropization may be controlled within 20 degrees from the fovea’.

A role of the peripheral retina in emmetropization was also assumed based on electroretinogram (ERG)
recordings in human subjects which showed that retinal responses strongly depend on the magnitude and the
location of the imposed blur!’. Panorgias et al. used the “dead leaves stimulus” (DLS) paradigm which was phase
reversed at 7.5 Hz. ERGs were recorded while wavefront errors were simulated by digital filtering of the DLS
in concentrical areas at different eccentricities. Wavefront errors ranged between 0.1 and 0.5 um which was
equivalent to about 0.2 to 1 D of unsigned defocus, depending on pupil size. ERGs were most affected by blur
imposed between 6 and 12 degrees (deg) eccentricity. Interestingly, blur applied beyond 12 deg eccentricity did
not alter the ERG responses while blur outside the central 6 degrees did not alter responses from full-field blur!.

The assumption that peripheral refractive status may be associated with myopia onset and progression
is currently prevalent!"!2. Tt has been shown that children who became myopic had more hyperopic relative
peripheral refractive error than persisting emmetropes, which could occur even before myopia onset!>!4.
However, there is no final decision as to whether peripheral refractive errors are a reason or a consequence
of refractive errors'. Since peripheral image quality may play an important role in refractive development, a
number of optical interventions were developed to alter the peripheral retinal image'®. While an inhibitory effect
on myopia was observed in all cases (DIMS!7, DOT!31°, HAL®, MyoCare?!), the effects were variable and the
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reasons were not clear. Therefore, more research is needed also to map out the most responsive retinal areas and
determine which types of retinal image degradation may be most effective.

Experiments in animal models have shown that visually triggered changes in eye growth start with short-
term changes in choroidal thickness. Short-term changes in choroidal thickness, which can also be measured
as changes in axial length??, are assumed to predict future eye growth, and recent long-term studies in children
support such an association’*?*. Choroidal thinning (also visible as an increase in axial length) is followed by
later axial elongation and myopia development, while choroidal thickening (also visible as a decrease in axial
length) is associated with eye growth inhibition®?*. Also, studies in humans demonstrated that imposed optical
defocus can rapidly change choroidal thickness and axial length in children and adult subjects?*?’.

The goal of the current study was to gain more insight as to which retinal areas generate the growth-inhibiting
signals when monocular myopic defocus is imposed by a trial lens. We used a novel approach. A monocular
custom-built eye tracker recorded the fixation points when subjects watched a movie on a large 65” screen at a
2 m distance. The software accessed each movie frame and covered respective areas around the fixation point
with a uniform gray patch to remove local spatial information and therefore information about defocus. Four
visual field patches were tested: (1) a 0-3 deg eccentricity foveal patch, (2) an annular patch covering an area
between 3 and 9 deg eccentricity, (3) a 0-3 deg foveal patch combined with an annular patch covering the area
between 6 and 9 deg eccentricity, and (4) full-field patch where only 6 to 10 deg of retinal eccentricity was
exposed to positive defocus. The effects of imposed positive defocus with different patches of the visual field on
short-term axial length change were compared with the effects of full field defocus. They were also compared
with the changes induced in control fellow eyes which had normal vision during the entire experiment.

Results

Eyes convergence and gaze tracking

To ensure that all subjects had normal binocular vision and achieved continuous fusion during movie watching,
a custom-built binocular eye tracker?® was used that recorded both eye positions. Since the eye tracker involved
an automated calibration procedure for both eyes at the same time, the same pixel coordinates of the fixation
points on the screen would be expected for both eyes. Supplementary Figure S1 (online) shows scatter plots
representing both eye positions in the horizontal and vertical directions for all subjects. The very high Pearson’s
correlation coefficients (horizontal and vertical axis: R”?=0.99, p <0.0001) demonstrate that the fixation points
of both eyes were largely superimposed in the movie plane.

An analysis of all eye positions recorded by the monocular eye tracker revealed that subjects looked mostly
into the central part of the screen in the vertical and horizontal plane (Fig. 1A). The distributions of eye positions
did not differ between the foveal patch, the 3-9 deg eccentricity annular patch, and the foveal patch combined
with a 6-9 deg eccentricity annular patch (Fig. 1B, C, and D, respectively).

11 -

count
300

200

100

count
300

count
300

200 200

100 100

0 18 18 0 18
Eye position — visual angle (degree)

Fig. 1. Two-dimensional density plots showing the distributions of eye positions of all subjects during the
entire experiment (A), while watching a movie with a foveal patch (B), a 3-9 degrees eccentricity annular patch
(C), and a foveal patch combined with a 6-9 degrees eccentricity annular patch (D).
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Fig. 2. (A) Average effects of imposed positive defocus on axial length when different parts of the visual

field were covered with a gray patch: foveal patch with a radius of 3 deg (gray solid line), full-field patch with
exposed 6-10 degrees annular area (black dashed line), foveal patch with a radius of 3 deg, combined with

an annular patch of 6-9 deg eccentricity (bright gray dashed line), and an annular patch covering the area
between 3 and 9 degrees eccentricity (dark gray dashed line). The black line represents the effect of full field
defocus. (B) Average change in axial length after 20 and 40 min in control fellow eyes. Error bars denote SEMs.
Significance levels ** p <0.01, *** p <0.001.

Effects of full-field defocus on axial length

Imposed positive defocus (+ 3.0 D) induced significant axial eye shortening after 20 min (-10 + 14 um, p=0.005)
and 40 min (-11 + 12 ym, p=0.001) compared with control, fellow eyes without the defocus (20 min: -3+ 11 pm,
40 min: -1+ 12 pm) and when compared to the baseline measurement (20 min: p=0.008, 40 min: p=0.001)
(Figs. 2 and 3A).

Effects of positive defocus imposed outside the fovea

Covering the central 6 deg of the visual field (radius 3 deg) did not suppress axial eye shortening. Axial length
changes did not differ from the effect of full-field defocus (20 min: -9 + 14 umvs. -10 + 14 um, 40 min: -14 + 17 um
vs. -11 +12 pm, respectively, both n.s.). There was also significant axial eye shortening in defocused eyes with
a patched fovea when compared with their control, fellow eyes after 40 min of stimulation (-14+17 pm vs.
-4+ 9 um, p=0.02) and when compared with the baseline measurement (20 min: p=0.002, 40 min: p=0.0002)
(Figs. 2 and 3B).

Effects of positive defocus with a 3-9 degrees eccentricity annular patch
Covering a 3-9 deg eccentricity annular area of the visual field completely diminished the effect of imposed
positive defocus on axial length which was no longer different from the axial length changes induced in
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Fig. 3. Changes in axial length after exposure to positive defocus in individual subjects (gray lines) and
average changes in all subjects (thick black line) recorded after 20 and 40 min relative to the baseline
measurement. Error bars denote standard deviations. Significance levels: ** p <0.01, *** p <0.001.

control, fellow eyes at any time point (20 min: +3+3 pum vs. +1+10 pm, 40 min: +3+11 pm vs. 42+ 14 um,
respectively, both n.s.). However, these changes were significantly different from those induced after full-field
defocus (+3+11 pm vs. -11+12 pm, p=0.0004) (Figs. 2 and 3C).

Effects of positive defocus imposed only on the area between 3 and 6 degrees eccentricity
and in the periphery beyond 9 degrees eccentricity

Half of the subjects responded with relative axial eye shortening after imposing positive defocus when they
watched a movie with a foveal patch combined with an annular 6-9 deg eccentricity patch. However, on average,
there was no significant difference between the defocused and control eyes at any time point of the experiment
(20 min: 42+ 14 um vs. +6 + 14 pm, 40 min: -2 + 13 um vs. 41+ 15 pm, respectively, both n.s.) (Figs. 2 and 3D).
The effect differed significantly from the effect of imposing full-field positive defocus (-2 + 13 um vs. -11 412 pm,
respectively, p=0.007).
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Fig. 4. Schematic illustration of experimental setup. Positive defocus was imposed monocularly in the right
eye. The pupil of the left eye was tracked in infrared light (IR LEDs) with a custom-built eye tracker and
custom-developed software to cover different parts of the movie frame in real-time with a gray patch while the
subject watched a movie from a large TV screen at 2 m distance.

Effects of full-field patch with imposed defocus only on the area between 6 and 10 degrees
eccentricity

Imposing positive defocus on only a small annular area between 6 and 10 degrees of retinal eccentricity induced
significant eye shortening in exposed eyes after 20 and 40 min compared with control, fellow eyes (20 min:
-6+6 um vs. 0+8 um, p=0.02; 40 min: -9+ 8 pum vs. -1+8 um, p=0.005; respectively) and when compared
to the baseline measurements (20 min: p=0.002, 40 min: p=0.001) (Figs. 2 and 3E). These changes were no
different from those induced during the full-field defocus (20 min: -6 +9 pm vs. -10 + 14 um; 40 min: -9 + 8 pm
vs. -11 + 12 pm, respectively, both n.s.) (Fig. 2).

Axial length changes in control, fellow eyes

There was no significant change in axial length in the control, fellow eyes under any of the experimental conditions
(after 20 min: full-field: -3 + 11 pm, patched fovea: -7 + 14 um, patched 3-9 deg eccentricity: +1 + 10 pm, patched
fovea combined with the annular patch of 6-9 deg eccentricity: +6 + 14 pm; full-field patch with exposed only
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6-10 deg eccentricity: 0+ 8 um; after 40 min: full-field: -1+ 12 pm, patched fovea: -4 +9 pm, patched 3-9 deg
eccentricity: +2 + 14 um, patched fovea combined with the annular patch of 6-9 deg eccentricity: +1+15 pm,
full-field patch with exposed only 6-10 deg eccentricity: -1+8 um; all n.s.). However, in some experimental
conditions, especially the foveal patch, control eyes showed a similar temporal trend in axial length change as
their defocused, fellow eyes. Possibly, changing retinal input by removing most of the visual cues from parts of
the visual field could somewhat induce small changes in axial length even without the imposed defocus.

Discussion

In line with previous studies , we found that the foveal area provides only minor input to emmetropization
and that the perifoveal region was most responsive to defocus. Moreover, we found that transient axial eye
shortening induced by imposed positive defocus is absent when the retinal area between 3 and 9 deg eccentricity
is covered with a gray patch. Panorgias et al. showed that the retina between 6 and 12 deg eccentricity is most
sensitive to blur in their ERG recordings. In the current study, exposing an annular retinal area of 3 to 6 deg
eccentricity and the retinal periphery beyond 9 deg eccentricity was not enough to evoke changes in axial length
after 40 min of exposure to positive defocus. These observations suggested that the area between 6 and 9 deg
eccentricity should be exposed to defocus as well to generate an effect on axial length. It is clear that the visual
stimuli were different in both studies. Panorgias et al. used a stationary, phase-reversing DLS as a viewing target
and measured the summed output of retinal activity by ERGs when parts of the stimulus were digitally low-pass
filtered. Low-pass filtering by itself triggers axial eye elongation®. In the current study, positive optical defocus
was imposed to induce axial eye shortening by activating “the inhibitory pathway of emmetropization™®. It is
possible that the inhibitory and stimulatory mechanisms of emmetropization operate at slightly different retinal
eccentricities. Also, animal studies in infant rhesus monkeys and chickens suggested that the peripheral retina,
up to 20 degrees eccentricity, may be controlling emmetropization and possibly myopia development®*.

Since it is clear that the retinal location where positive defocus is introduced plays an important role, the
question arises as to what differentiates the periphery from the central retina, and why is the fovea not as
important. An obvious difference between the fovea and peripheral retina is the distribution of photoreceptors.
The density of cone photoreceptors accounts to about 160.000 cones/mm? at 0 deg eccentricity, 14.000 cones/mm?
at 6 deg, and 5.000 cones/mm? at 30 deg®"*2. In contrast, the peak density of rod photoreceptors reaches 130.000
rods/mm? at 20 deg eccentricity and decreases markedly towards the fovea, with a density of approximately
60.000 rods/mm? at 5 deg, and a completely rod-free zone of 1.25 deg eccentricity*"3*4. Recent experiments in
tree shrews®® and human subjects* have shown that longitudinal chromatic aberration (LCA) may play a crucial
role in emmetropization. Simulating LCA that is typical for a myopic eye (i.e. the blue plane is more blurred by
chromatic defocus than the red) induced transient axial eye shortening in young adult human subjects already
after 45 min’®. To detect defocus in the blue end of the spectrum, S-cones (“blue cones”) are needed. Since they
are absent in the central 0.35 deg of the fovea3”8, such a mechanism would not succeed in the fovea. However,
S-cones are abundant in the periphery, with the highest density at approximately 1 deg eccentricity with a
gradual decline until 20 deg®”**. Because S-cone density decreases less rapidly with eccentricity than overall
cone density, the proportion of S-cones increases outside the fovea to a high level of 7.6% at 9 deg eccentricity™’.
Curcio et al. also showed that distances between S-cones and L- or M-cones are smaller than between L- and
M-cones*. Visual acuity in the parafoveal S-cone system is around 5 cyc/deg which makes it possible to detect
defocus below 1D, high enough to provide information on LCA for the control of eye growth. Indeed, we
found in the current study that imposing defocus on the retina only between 6 and 10 degrees eccentricity
induced significant shortening of the axial length after 20 and 40 min which was similar to the changes induced
by full-field defocus (Fig. 2). We propose that there may be a “sweet spot” for the control of emmetropization at
a retinal eccentricity where the S-cone density provides a sensitive measure of chromatic defocus and the L- and
M-cones are abundant enough to compare image defocus at long-wavelength end of the visible spectrum. The
current study showed that the area around 6 and 10 deg eccentricity would be probably the most promising,
although this may also vary among subjects. Note that 50% of tested eyes showed axial shortening when only the
area between 3 and 6 degrees eccentricity and further periphery beyond 9 deg was exposed to positive defocus
(Fig. 3D). Chui et al. described cone density as a function of refractive error and axial length and found that there
was a decrease in cone density with increasing myopic refractive error and longer axial lengths*’. Whether this
was a result of retinal stretching associated with myopia development or a reason for emmetropization failure
from the beginning requires more studies.

Our study also had some limitations. First, we tested only circular and annular gray patches around the
fovea but there are other studies, showing that the superior retinal area may be most sensitive*!. Second, we
measured the induced changes in axial length in the fovea, while the stimulation occurred either full-field or
only in the periphery. Current research (e.g>”*%). as well as our experiment clearly showed that the periphery can
control foveal eye growth and refraction. However, how the eye growth control signals are transmitted from the
periphery to the center and from the retina to the choroid is still insufficiently understood and requires more
experiments.

To summarize, we found that (1) foveal input is not needed to induce axial eye shortening with imposed
positive defocus, (2) the retina cannot respond to imposed positive defocus when the retinal area between 3 and
9 degrees eccentricity is covered with a gray patch, (3) exposing the retinal area between 3 and 6 deg eccentricity
and also beyond 9 deg had no average effect on axial length after 40 min, (4) since the effect of exposing retina
only between 6 and 10 degrees eccentricity caused similar effects as full-field defocus, it may be that this area is
a “sweet spot” for the detection of positive defocus.

6-8,10
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Methods

Human subjects

Twenty young near-emmetropic adult (10 females, 28 + 4 years of age) human subjects were enrolled in the study.
Noncycloplegic refractions were confirmed in all participants by a commercial photorefractor (plusoptiX A12R,
PlusOptix, Niirnberg, Germany). The average spherical equivalent (SE) of right eyes was 0.00 + 0.63 diopters (D)
and left eyes —0.04 +0.76 D. The average anisometropia was 0.39 +0.40 D. None of the subjects needed optical
correction for distance vision, had astigmatisms larger than 1 D or had previous ocular injuries. All subjects had
normal binocular vision and correct vergence was verified with a custom-developed binocular eye tracker (see
below and Supplementary Fig. S1). The study was conducted following the tenets of the Declaration of Helsinki
and approved by the Swiss Research Ethics Committee (EKNZ, reference 2023 —01503). Written informed
consent was obtained from each subject before the experiments.

Study design and experimental setup

The study protocol included 5 appointments scheduled on 5 separate days, where subjects were asked to watch
a movie by placing their head on a chinrest at a 2 m distance from the TV screen (65 inches, LG OLED65C9,
4K, 2019). A custom-built infrared (IR) eye tracker (see details below) was placed in front of the subject’s eyes
at a 50 cm distance. The output data of the eye tracker were used to gaze-contingently cover parts of the movie
frame with a grey patch (grey pixel values: R=127, G=127, B=127) (Fig. 4). Additionally, an optical defocus
of +3.0 D was imposed by placing a+ 3.5 D trial lens in front of the right eyes of the subjects during the entire
experiment (a+3.5D lens imposes 3D of myopic defocus when the eye is emmetropic and the viewing target is
2 m, or 0.5D, away). The optical defocus was imposed monocularly, while fellow eyes had sharp vision during
the entire experiment and served as control.

To avoid possible confounding influences of the diurnal cycle, all appointments were scheduled at the same
time of the day for each individual subject. The induced changes in axial length were measured with the ocular
biometer Lenstar 900 with an autopositioning system (Haag-Streit, Switzerland) after 20 and 40 min of watching
the movie during each appointment. Axial length was defined as the distance between the outer surface of
the cornea and the RPE. Six repeated measurements of axial length were taken at each time point of the study
from both eyes. Standard deviations did not exceed 10 um. The effects of imposed defocus on axial length were
investigated under four different visual field conditions: (1) full-field defocus, (2) a 3-deg eccentricity foveal
patch (6 deg diameter), (3) a 3-9 deg eccentricity annular patch (6-18 deg diameter), and (4) a 3-deg eccentricity
foveal patch combined with a 6-9 deg eccentricity annular patch (6 deg+12-18 deg diameter) (Fig. 5A-C).

Fifteen out of twenty subjects were able to return and participate in an additional experiment that used the
same experimental setup and design as described above experiment. To confirm that the near peripheral retina
may be responsible for defocus detection, subjects watched a movie where only an area between 6 and 10 degrees
eccentricity was exposed to the positive defocus, and a gray patch covered the rest of the image (Fig. 5D). This
experiment was performed on a separate day, at the same time of the day as each individual subject performed
previous experimental conditions.

Monocular eye tracking

The position of the left eye was tracked with an infrared (IR) monochrome camera (DMK37AUX287, Imaging
Source, Germany) equipped with a 50 mm camera lens (Ricoh, Vietnam), a 50 mm infrared filter (Schneider,
Kreuznach, Germany), and a set of sixteen IR (875 nm) light emitting diodes (LED) that were arranged in a

diameter 18 degrees
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Fig. 5. Appearance of the movies with the gray patches, illustrated to scale. (A) 3 deg eccentricity foveal

patch (6 deg diameter), (B) 3-9 deg eccentricity annular patch (diameter between 6 and 18 deg), (C) 3 deg
eccentricity foveal patch combined with a 6-9 deg eccentricity annular patch (6 deg + 12-18 deg diameter), and
(D) full-field patch where only annular area between 6 and 10 deg eccentricity exposed to positive defocus.
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circular area with 40 mm diameter, fixed below the camera lens (Fig. 5). Custom-developed software written
in Visual C++ 8.0 merged two inputs: (1) a video frame from the eye tracker camera (Y800, 640X 480, camera
output at 160 Hz), and (2) a video frame with a movie (RGB24, 1920 x 1080, 60 Hz). The pupil of the left eye and
the first Purkinje image were tracked to record the fixation points after calibration. The calibration procedure
required the subjects to fixate 4 points on the screen in sequence which appeared one after the other as soon
as the software had identified fixation. Fixation was detected by the software based on a drop in the running
standard deviations of eye positions below 0.2 degrees. The calibration of the eye tracker was done for each
subject before and after each 10 min of the experiment to ensure that eye positions remained correctly measured.
Each calibration took a maximum of 10 s. The time lag between eye position measurements and the position of
the patches on the screen was 1/60 sec and was not visible (author’s observation).

Binocular eye tracking setup

To ensure that all subjects had normal binocular vision and eyes convergence, an additional experiment was
done before they were enrolled in the study. We used a custom-built binocular eye tracker that was previously
described?. It consisted of two infrared (IR) sensitive monochrome cameras (DMK 37AUX287, Imaging
Source, Germany), equipped with two 50 mm camera lenses (Ricoh, Vietnam), that were covered with 50 mm
infrared filters (Schneider, Kreuznach, Germany). The output of both cameras was merged in one frame buffer
and processed by the same program. Both pupils and their first Purkinje images were tracked. Purkinje images
were generated by a circular array of 16 IR LEDs with 40 mm diameter, fixed in the middle below both cameras.
Calibration was done simultaneously for both eyes, and both cameras were used at a frame rate of 500 Hz.

Statistics

All statistical analysis and two-dimensional density plots were performed using a free software environment
R (version 4.2.2., R Foundation for Statistical Computing, Vienna, Austria). The normality of the data was
confirmed with a Shapiro-Wilk test. The significance of the changes induced in axial length was calculated using
a repeated measures analysis of variance (ANOVA) with two within-subject factors of time and visual field
patching condition, followed by a post hoc test with Bonferroni correction.

Data availability
The datasets used during the current study are available from the corresponding author at a reasonable request
(Dr. Barbara Swiatczak barbaraswiatczak@gmail.com).
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