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Highlights

e  The angular wave spectrum triggering vision is mainly set by the pupil size

e  Photoreceptor outer-segment length is closely linked to pupil size

e Cones and rods adapt during school years when myopia onset may occur

¢ A photopic small pupil can prohibit leakage and crosstalk between outer segments

Abstract

In this study the role of vergence in relation to age-dependent scaling of eye and photoreceptor
parameters is studied. The underlying hypothesis is that the size and packing of outer segments is
matched to the pupil size outdoors in photopic conditions. Vergence is analysed in relation to the
angular spectrum of waves being incident using age-dependent data from the literature for the actual
geometry and density of photoreceptor cones and rods. This approach is used to derive simple
relations for the angular confinement of light along outer segments. Only with a small photopic pupil
can leakage and crosstalk for both central and peripheral photoreceptors be entirely ruled out due to
the finite length of the outer segments. A limiting 3 mm pupil size is found for children in the school
age. Larger pupils will increase the likelihood of leakage and crosstalk that may therefore impact on
emmetropization. This study has introduced a new paradigm in myopia research by considering
vergence across the 3-D retina as being matched to the angular spectrum of waves being incident
from the eye pupil. Emmetropization suggests a delicate balance between photoreceptor outer
segment length and density in relation to pupil size. Only when balanced will leakage and crosstalk

between adjacent outer segments be effectively suppressed thereby ensuring the highest possible
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light capture efficiency by visual pigments in the outer segments whether an image is formed on the

retina or not.
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1. Introduction

Myopia is globally on the rise and expected to affect up to 50% of the world population by 2050 [1].
Already in parts of Asia more than 90% of the population is myopic [2]. Approximately 20% have high
myopia (beyond -6 dioptres) and are at increased risk of retinal complications including detachment,
macular degeneration, glaucoma, and blindness. Thus, a range of studies have been undertaken to
understand what causes the onset of myopia, its progression, and to identify new ways that can limit
excessive eye growth. In humans, the common consensus is that genetic factors can cause myopia as
well as extensive near work and limited time outdoors. In parallel, animal research is being conducted
to understand how ocular growth rates can be altered in the developing eye. Clearly, the
understanding of myopia is challenged by a multitude of factors that individually or in combination
may all play a role.

In this study, the emphasis is on the optical difference between outdoors and indoors and the
related change in vergence across the photoreceptor outer-segment layer of the retina. The pupil
limits the angular spectrum of waves that can propagate through the eye and retina and this angular
spectrum is largely preserved across the vitreous and retina as refractive differences across the eye
are small. This optical fact has escaped detailed attention in previous studies of myopia that have
focused more on the difference in viewing distances, luminance, light spectrum, dopamine levels,
vitamin D, physical activity, contrast and spatial frequency contents [3-12]. The pupil size varies
significantly between indoors and outdoors. Indoor illuminance in a well-lit room is typically an order
of magnitude lower than outdoors. In young adults the pupil can vary from approximately 2 to 8 mm
[13]. Atypical outdoor pupil of approximately 2.4 mm has been reported [14]. In turn, the larger indoor
pupil is typically less than 5 mm [15] and therefore smaller than predicted by merely illuminance
differences.

The axial length of a new-born’s eye is approximately 16.8 mm [16] but increases rapidly in the
first year to approximately 20.6 mm after which the rate of growth slows [17]. New-borns are typically
hyperopic by up to 3 dioptres but undergo emmetropization the following two years [18,19]. Eye size
at birth influences the rate of growth in the first three years of life but not the refractive error [20].
Maintained eye growth continues during school years but slows down in late adolescence [21]. The
axial length of the emmetropic adult eye is approximately 24 mm [22] but the myopic eye can grow
to significantly larger axial lengths beyond 30 mm [23,24].

We have previously reported on a gradual reduction in the characteristic directionality of the
psychophysical Stiles-Crawford effect of the first kind for myopic eyes with increased axial length [23].
That study found a geometrical reduction in characteristic directionality with increasing axial length

where photoreceptors are further away from the entrance pupil. Photoreceptors are commonly



believed to act as biological waveguides of light due to their elongation and elevated effective
refractive index [25,26]. Yet, they are far from isolated perfect optical fibres, but rather densely packed
stackings of visual pigment contained within the irregular outer segment of each cellular body. Guiding
of oblique light by total internal reflection increases the optical path and therefore absorption in clear
contradiction with the Stiles-Crawford effect of the first kind. In consequence, the present author has
shown that directional properties in vision may stem from the layered elongated structure of outer
segments rather than from waveguide mechanisms [27]. This explains the appearance of the hue shift
associated with the Stiles-Crawford effect of the second kind as being caused by self-screening and
leakage recaptured by adjacent cone photoreceptors of another type. Leakage and crosstalk have also
been studied previously in terms of the Stiles-Crawford effect of the first kind with significant leakage
and recapture by adjacent cones for light incident at large pupil eccentricities [28] and for interference
fringes and grating projections in the retinal plane of the related Campbell effect [28-30].

Recent numerical and experimental studies of photoreceptors have confirmed a lensing effect
of the mitochondria in the ellipsoid and shown leakage of light from photoreceptors into the
surrounding cellular matrix [27,31,32]. The leakage also explains why rod photoreceptors have no
apparent Stiles-Crawford effect despite of being highly similar in cylindrical shape to the foveal cones
[33]. Rods are surrounded by similar rods all containing identical rhodopsin. This collective grouping
reduces the effective directionality, as light which is not captured by any one rod can enter similar
neighbouring rods thereby flattening the directionality response. In turn, cones are clustered in three
classes as S, M, and L cones according to their wavelength selectivity. Thus, isolated S cones are mostly
surrounded by M and L cones whereas M and L cones are intermingled in smaller groups.

It has been proposed that the L-to-M cone ratio may differ between emmetropes and myopes
[34] and recent experimental studies have found that a large L-to-M cone ratio leads to increased axial
length and myopia in chickens [35]. When visually deprived with strong diffusers the eye elongates
and becomes myopic in chickens, fish and mammals [36-38]. Electron microscopy has revealed cone
photoreceptor changes with outer segment lamellae damage and rod elongation (possibly to increase
low-light capture) in form-deprivation myopia with opaque occluders [39]. Optical coherence
tomography (OCT) has shown outer segment elongation correlated with axial length in myopic eyes
[40] as well as choroidal thinning [41]. Recently, we showed that the sensitivity to the sign of defocus
may be broken either by a tapered shape of the outer segments or by the axial gradient in visual
pigment density where light traverse new pigments before reaching the older pigments near the outer
tip of the cones [42]. Photoreceptors have also shown to be adaptable to changes in illumination
conditions as revealed in directional light scattering [43,44] and in light-induced optical path
differences caused by a combination of elongation and dielectric changes following light absorption

[45]. The anterior eye projects the light onto the retina where images are sampled in 3-D by the shape
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and packing of the visual pigments in the photoreceptors, the ganglion cells and the neural pathways
to the visual cortex. Thus, a detailed understanding of the light distribution across the entire retina is
of relevance when examining factors that can play a role for myopia onset and progression.

The infant pupil size is typically larger than in adults [46]. At birth, cone photoreceptors are
wider and shorter than in the adult eye and have lower absorption [47]. The photoreceptors are
packed less densely in the first years of life where cone migration continues to take place while the
foveal pit formation completes [48]. At an age of approximately 4 years the shape of the foveal pit
resembles that of the adult [49,50] although the outer segment length and cone packing density is still
only half as large [48,51]. The increase in foveal inner and outer segment length is logarithmic until
26.9- and 45.3-months gestational age whereas the corresponding increase in the parafoveal and
perifoveal retinal layers is more gradual until 146-months gestational age [50]. In the peripheral retina,
cones are shorter and highly separated with the spacing filled by rods. Myopia onset occurs typically
in early school years at an age of about 6 to 10 years and progresses during teenage years [52,53]. At
this age changes in the retina and photoreceptors have slowed down but are still present. The
hypothesis of this study is that the age-dependent size and packing of outer segments in the

developing eye are carefully balanced to the ideal outdoor pupil size in photopic conditions.

2. Method

A simplified eye model consisting of a single lens with focal length matched to the axial length (AL) as
shown in Fig. (1) will be used. The model relates the angular spectrum of waves across outer segments
to vergence of planar wave vectors, K, provided by a given pupil size. Although this is a highly simplistic
model, it gives an accurate estimate of the angular spectrum of waves being incident onto the retina

in the real eye.

pupil

Figure 1: Simplified eye model (not-to-scale) to match vergence from the pupil to the photoreceptor

outer segments of rods or cones where absorption triggers vision. The solid green lines represent



angles from a small pupil where planar wave components cannot leak from the cylindrical outer
segments. In turn, the dashed green lines show planar wave components from a larger pupil that

are at the limit of entering neighbouring outer segments causing crosstalk.

Light propagation in any medium can be fully described by the angular spectrum method. This
is normally done for light propagation between planar surfaces but is equally valid in a spherical
geometry [54]. For a large pupil, aberrations would perturb the angular spectrum whereas for a small
pupil diffraction would ultimately widen the angular spectrum contained within the Airy disk.
However, the diffractive spread is small (<5%) with a natural pupil of 2 mm or more [55]. Aberrations
only alter the vergence of the wave vectors slightly. A large impact of aberrations in the retinal plane
is due to the accumulated effect when propagated across the full AL of the eye. The angle of incidence
on the retina is largely determined by the pupil entry point and only little affected by monochromatic
and chromatic aberrations. A highly aberrated eye as well as chromatic aberrations will shift the rays
in the retinal plane typically by tens to hundreds of microns (thereby degrading the visual acuity)
whereas an offset pupil entry point is in the order of millimetres. In other words, the angle of incidence
is typically altered less than 10% by aberrations. Longitudinal chromatic aberrations will shift the focus
across the retina but only alter the angle of incidence by up to 2% across the visible spectrum.

The model differentiates between waves according to angle, but not whether an image is
formed in the retinal plane or not. l.e, it considers angular confinement not spatial confinement of
light. Even a uniform bright environment without contrast or features will be equally valid while the
vergence across the photoreceptors is small. The largest absorption is ensured when light is incident
close to the axis of each photoreceptor as evident by the Stiles-Crawford effect of the first kind. The
visual pigments within individual outer segments act to maximize their photon catch oblivious of the
light environment on adjacent photoreceptors. Considering the wave vector angles within and
between each outer segment is equivalent to the use of the Rayleigh hypothesis widely used in the

plane-wave analysis of deep diffraction gratings [56].

Optical vergence, photoreceptor leakage and crosstalk

The simplified eye model in Fig. 1 is shown with cylindrical outer segments (as representative of foveal
cones or peripheral rods). For simplicity, the axial length used excludes the inner retina layer, inner
segment and ellipsoid as these add less than 1% to the distance. The limiting lines represent wave
vectors whose angular spectrum is determined by the pupil size, dpypii, and thus by the vergence. l.e.,
they represent the most oblique wave-vector components as permitted by the pupil.

If light is to be confined within the outer segment the following condition must be satisfied:



dypin < AL 205, Eq. (1)

pupt Los

Here, dos is the (assumed cylindrical) outer segment diameter and Los is the outer segment length.
Thus, geometrically each cone cross section is a scaled-down version of the eye pupil. If the pupil
diameter is larger than set by Eq. (1) leakage from outer segments can occur. Yet, this would not
impact vision unless light enters adjacent outer segments with a similar or identical absorption

spectrum. To avoid such crosstalk, the following condition must be met:

2ds—dos

g <
dpupll <AL Los

Eqg. (2)

where ds is the spacing between adjacent outer segments. For a hexagonal arrangement of

photoreceptors with density, o, the following relation can be derived [57]:

For the cones, the density is a combination of S, M and L cones that may be expressed as
o =04 +0, +0_.TheS cone density is very low and likely entirely absent at the central fovea [58]

whereas the densities of M and L cones vary significantly between individuals with a typical L to M
ratio of 2:1 [59,60]. In this study an S:M:L relation of 5%:30%:65% will be assumed that combined
provide the spectral response of the eye [61].

The axial length of the eye (in mm) increases logarithmically with age as shown in Eq. (4) for an

emmetropic eye using data from Ref. [17] (less than 90 months) and Ref. [53] (above 6 years):

20.670 + 0.966 X In(age); age < 7.5 years
ALemmetropic = {20.189 +1.258 X In(age); 6years < age < 10.5years . Eq. (4)
21.353 + 0.759 X In(age); age > 10.5 years

These data are from two different studies but differ only slightly in the overlapping age interval from

6 to 7.5 years. In turn, the rate of change is higher for the average myopic eye [53] as shown in Eq. (5):

AL o {18.144 +2.391 X In(age); 6years < age < 10.5 years Eq. (5)
myopic — 117.808 + 2.560 X In(age); age > 10.5 years ) 9

Plots of Egs. (4) and (5) are shown in Fig. 2.
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Figure 2: Axial length versus age in the developing eye based on data from the literature for
emmetropes and myopes in the USA. Ref. [17] shows average data for 165 children less than 7.5
years and Ref. [53] shows average data for 247 myopes and 194 emmetropes, respectively in two

age groups from 6 — 10.5 years and from 10.5 years and upwards.

There is a large variation in photoreceptor data for infants, children and adult eyes. In the new-
born infant foveal cones are very wide (about 7.5 um) and short (about 10 um) [48]. The outer
segment itself is just about 3 um long but increases rapidly during the first year of life. In Eq. (6) the
outer segment length (in um) is given using fractional polynomial regression fitting of OCT data in Ref.

[50]:
L1o7% = —0.2384 x (10*/(12 x age + 9)? — 2.928) + 32.36 Ea. (6)

for age > 0.25 years (3 post-natal months). The OCT determination of outer segment length has been
done in accord with anatomy [62] although a strict match to the length of membrane invaginations is
challenging and some studies report larger OS lengths. In the parafovea and perifovea cone outer
segments are shorter. Parafoveal photoreceptors develop prior to the foveal cones and cone outer
segments elongate in the first 5 years of life whereas rod outer segments continue to elongate until
an age of approximately 13 years [63]. In adults with normal vision the outer segment length varies
little [64,65]. In the parafoveal retina (1 mm eccentricity) the cone outer segment length varies with

age as determined in Ref. [50]:

parefoved — 0,069 x (10*/(12 x age + 9)% — 2.536) + 13.64 . Eq. (7)



A plot of Eq. (6) and Eq. (7) is shown in Fig. 3. It should be stressed that the spread in OCT-determined
outer segment length with age is large with R-square values of 0.6388 (fovea) and 0.1989 (parafovea)

[50]. This also agrees with large variations seen in histology studies [51,62].
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Figure 3: Cone outer segment length determined with OCT for the foveal and temporal parafoveal
retina (at 1 mm eccentricity) based on data in the literature for 261 infants, children and young

adults in the UK from Ref. [50].

The last parameter considered is the age-dependent peak density of cone photoreceptors. It
increases rapidly in the first few years after birth until settling at adult levels. Although data is very
limited, a logarithmic fit of the peak foveal cone densities (number/mm?) from Ref. [48] using data for

5 days, 15 months and 45 months and for a 37-year adult gives a cone photoreceptor density:

o = 96963 + 20146 x In(age) . Eq. (8)

A small reduction in foveal cone density for elongated eyes has been reported using scanning laser
ophthalmoscopy [66] although variations impact the accuracy of data at the foveola. A plot of Eq. (8)
is shown in Fig. 4. At older age (>60 years) there may be a slow decrease in peak cone density again,
but that is not central for this study. The logarithmic fit in Eq. (8) was chosen for simplicity and due to
the limited data available. It can be improved when more anatomical data becomes available for
different age groups relevant for myopia. A tighter fit (using line segments or splines) would increase
the rate of change across the school years of a child but data in the 5 to 20 years range is needed for

higher accuracy. For example, a linear fit of cone density between 45 months and 37 years lowers the



absolute cone density by up to 13% at 5 years corresponding to a 7% change in ds using Eq. (3). This
impacts equally on crosstalk as specified by Eq. (2) but not on leakage as specified by Eq. (1).
In the following section the parameters summarized in Figs. (2) — (4) will be examined in relation

to the angular spectrum shown in Fig. (1) and expressed by Egs. (1) and (2).
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Figure 4: Foveal cone peak density as a function of age based on limited histology data points
(square symbols) from the literature [48] fitted to Eq. (8) with R-squared 0.7385. The plot also shows

the corresponding cone centre-to-centre spacing (assuming a hexagonal packing) using Eq. (3).

3. Results
Pupil size and photoreceptor light confinement in relation to outer-segment leakage and crosstalk
Eq. (1) allows determination of an age-dependent maximum pupil size to avoid leakage from any given
outer segment as shown in Fig. (5). In turn, Eq. (2) allows determination of a maximum pupil size that
will ensure no crosstalk between outer segments as shown in Fig. (6). There is some variation in
reported foveal outer segment diameters, but they are mostly in the range of 1.0 to 1.5 um. To
evaluate its role, two different outer segment diameters have been included in the plots: one in the
middle of the range of 1.2 um (resembling the rods) and the other at a larger 2.0 um which is more
representative of the tapered outer segments of cones in the parafovea and peripheral retina.

Fig. (5) shows that leakage of light from foveal outer segments is essentially unavoidable across
all ages. In turn, for the shorter parafoveal and peripheral outer segments leakage is prevented by a
pupil size of 2 mm. The likelihood of crosstalk between foveal outer segments as shown in Fig. (6) is
highly dependent on pupil size. Although the infant eye can tolerate a large pupil, at school age only
a pupil size of 3 mm or less can ensure that there is no crosstalk. Any pupil size larger than that, such

as a typical indoor pupil, may cause crosstalk. The fitting error in Fig. 4 has little impact on this result
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as a variation in final foveal cone density from 160,000 to 170,000/mm? impacts on the crosstalk-free
pupil diameter calculated from Eq. (2) by less than 0.1 mm.

Cone photoreceptor crosstalk is not an issue in the parafovea and beyond due to the larger
spacing between shorter outer segments whereby pupil diameters up to 8 mm are acceptable. This
can also be appreciated from Fig. 7 that shows the maximum pupil size to avoid crosstalk for different
peripheral cone densities. Once the age-scaled cone density is lower than 40,000/mm? in the adult
eye, corresponding to a retinal eccentricity of approximately 0.5 mm (or 2 visual degrees) the pupil

size is no longer a limit.
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Figure 5: Maximum pupil size from Eq. (1) to avoid leakage of light from foveal (black) and
parafoveal (red) outer segments using the data summarized in Figs. (3) — (5). The plots show data

for an outer segment diameter of 1.2 um (solid line) and 2.0 um (dashed line).
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Figure 6: Maximum pupil size from Eq. (2) to avoid crosstalk between adjacent foveal outer
segments using the data summarized in Figs. (2) — (4). The plots show data for an outer segment
diameter of 1.2 um (solid line) and 2.0 um (dashed line) and including all cones, only L cones (red)
and only M cones (green). Due to the low density of S cones (blue) their pupil limit is beyond the
natural eye pupil at all age groups. In the parafovea and perifovea where the cone density is lower
than 40,000/mm? crosstalk is not an issue due to the larger spacing between outer segments (see

Fig. 7).
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Figure 7: Maximum pupil size from Eq. (2) to avoid cone crosstalk between adjacent central and peripheral outer
segments using the data summarized in Figs. (2) — (4). The plots show data for an outer segment diameter of 1.2
um (solid line) and 2.0 um (dashed line) for all cones. The age-dependent maximum cone density has been scaled
to resemble that of the central-to-peripheral retina with adult peak cone densities of 160,000/mm? (black),
80,000/mm? (blue), 40,000/mm? (green), 20,000/mm? (red) and 10,000/mm? (orange).

The model in Fig. 1 allows calculation of an angular light confinement parameter, ¢, determined
as the fraction of light within a given outer segment in relation to that in the same segment and
adjacent outer segments. Whether there is crosstalk is determined by the angular vergence. The
analysis can be done by calculating the volumetric overlap (intersection volume) between the light
and the corresponding outer segments [33]. Without any crosstalk, € will equal unity, but once light
can leak into adjacent outer segments it drops. Fig. 8 shows calculated angular confinement in the
photoreceptor cones at 3 ages: 6-month infant, 4-year-old child and 14-year-old adolescent. To
evaluate the impact of myopia the axial length was increased by +1 mm (approximately -3 dioptres).
For example, it shows that a 14-year-old adolescent with an indoor 4 mm pupil will increase the light
confinement from 0.72 to 0.88 (i.e., a 22% increase) by an AL increase of +1 mm. The increased axial

length caused by myopia reduces the crosstalk and thereby raises the light confinement.
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Figure 8: Calculated light confinement parameter in the effective foveal retinal image determined

by the ratio of light within a given outer segment over the total light captured by the group of

exposed outer segments with diameter of 1.2 um for emmetropes (solid lines) and -3 dioptres

myopes (dashed lines) obtained by +1.0 mm axial length. Parameters have been chosen for a 6-

month infant (blue), a 4-year-old child (green) and a 14-year-old adolescent (red).

If an image is formed on the retina, then the capture efficiency C;for any given photoreceptor
is proportional to the volume of visual pigments (cylinder) with respect to the volume of focused light

(cone) [33,42] which can be expressed as

C, =3 (@)2 X ( AL )2. Eq. (9)

Los dpupil

Here, the factor of 3 stems from the volume calculation, i.e., Veyiinder/Veone. From Eq. (9) a doubling of
pupil size leads to a 75% reduction in the light capture for any individual outer segment. When viewing
an extended scene, adjacent point-spread-functions (PSF’s) will raise the capture efficiency again so
that it would not be perceivable, but the associated waves traverse the outer segment at different
angles. Importantly, Eq. (9) shows directly that a larger dpupil requires a larger AL to maintain the same
capture efficiency for any outer segment, unless the outer segment itself changes diameter or length.
The latter happens in childhood and early school years as described in Sec. 2.

With myopic defocus, the cone of light rays would shift its apex to the image plane in front of
the retina and at the outer segment it would become a truncated cone of light [42]. The capture of
the individual segment will resemble that of Eq. (9) but will quickly depend inversely on the axial shift

of the focus rather than on Los. Yet, an axial shift of the focus by merely Los (approximately -0.1
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dioptres) would lower the capture of the individual outer segment by up to a substantial 86% replacing
the factor 3 in Eq. (9) with 3/7, light that would then become available for adjacent photoreceptors.
It is important to bear in mind that Eq. (9) has been derived under simplified conditions that only
consider the angular spectrum contained within the light at focus but not the spatial details of

diffraction.

4. Discussion

Within the presented angular spectrum model and geometrical scaling, two different factors may
impact myopia: (i) a large pupil size and therefore large angular vergence across the retina and (ii) an
increase in photoreceptor densities and outer segment length coinciding with the school years of a
child. Thus, it becomes increasingly likely that leakage and crosstalk will take place between adjacent
outer cone segments or leakage from longer and longer rods. To limit this, either the pupil should be
small, as when outdoors, or the retina should be further away from the pupil. The latter may occur in
excessive indoor environments with dim light and large pupil thereby driving myopia as shown in Eq.
(9). L.e., a larger pupil size is geometrically matched to a larger AL.

The model considers only the angular spectrum of waves, independent of image formation
within the eye. l.e., ideally all waves travel along each photoreceptor axis to maximize light capture.
Aberrations in the anterior eye will perturb the angular spectrum set by the pupil vergence, but only
as a disturbance that has little impact on the angles of the waves due to the small contrast in refractive
indices across the eye. Aberrations in the pupil plane correspond to intensity and phase changes of
the light in the retinal plane. For monochromatic aberrations, all even-order radial Zernike terms
(defocus, astigmatism, spherical aberration, etc.) have wavefront curvature at the retina whereas odd-
order radial Zernike terms (coma, trefoil, etc.) are incident along the photoreceptor axes in the retinal
plane and therefore less subject to leakage and crosstalk despite of the degraded PSF [55]. This implies
a reduction in angular confinement of even-order Zernike terms, but not for the odd-order terms on
their own. This knowledge is relevant when discussing the role of higher-order aberrations in myopia
control [67]. Neural factors will also have an impact but are beyond the scope of the present study
[68].

The model applies equally for the central cones as for the peripheral rods and cones. In
mesoscopic vision both rods and cones contribute and thus leakage of light for large pupils affects the
peripheral photoreceptors in the same manner as the central cones. The outer segment of rods is
slightly longer and thinner than the cones in the periphery. The same principles as discussed for the
foveal cones in Fig. 6 and Fig. 7 can be applied for the peripheral cones and for the rods. A pupil size
close to 2 mm will eliminate cone and rod leakage and a pupil size below 3 mm will eliminate rod

crosstalk where the rods are densest. The highest density of rods in the human retina forms a ring
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approximately 20° from the foveal centre [51]. Thus, dim indoor light in mesoscopic conditions with a
large pupil may impact light capture of both rods and cones in the same way as for the foveal cones.
The model introduced in this study assumes a certain plasticity in all components of the eye and
retina as they adapt to the ongoing changes during childhood and adolescence. Such a process is in
addition to diurnal variations that alter the eye and retinal layers at shorter time scales [69,70].

Low-concentration atropine is widely used to slow eye growth in myopia control and is known to
increase the pupil size [71]. In the present model, this seems counterintuitive unless the pupil size is
less than 3 mm to avoid crosstalk. A possible explanation could be a reduction in outer segment length
over time to provide the same light capture efficiency. A 10% increase in pupil diameter [71] may
plausibly be accompanied by an up to 10% reduction in outer segment length. To evaluate whether
this happens, it would be highly desirable to study outer segment length with optical coherence
tomography in children before and after completed atropine treatment.

Blue light is often being used to slow eye growth by exploring the short-wavelength refraction
that brings light to a focus slightly in front of the retina [72], similar to how myopia management in
peripheral vision is controlled [67]. In terms of the model introduced, this appears mostly relevant
with large pupils. However, it is possible that also rods will play a role with blue light as a reduced rod
density in myopes has recently been observed with scanning laser ophthalmoscopy [73].

There is some evidence that domesticated animals are more myopic than their wild counterparts.
Dogs, even guide dogs, are often myopic [74]. Domesticated horses [75] and sheep are also often
myopic [76]. These findings are highly impacted by genes of domesticated animals and Darwinian
selection in the wild. Yet, a clear difference is also the irradiance in the animal habitats and therefore
the diurnal variation in pupil size. Nocturnal animals tend to have larger pupils yet the tapetum
lucidum will favour light travelling along the photoreceptor axis equivalent to a reduced angular
spectrum.

Prolonged dim light during growth leads to a myopic shift both in animals [77] and humans [78].
In mesoscopic conditions there may be relevant signal pathways both in the rods and cones. Studies
with chicks wearing opaque occluders have seen an initial rapid increase in rod outer segment length
to nearly twice the normal length as well as widening within the first week, reducing the gap to the
retinal pigment epithelium, but dimensions are nearly normalized at 4 weeks. However, the cone
outer segment lengths increased by approximately 20% even after 4 weeks [39]. This seems to suggest
that the photoreceptors elongate to improve light capture, but in the absence of light the mechanism
settles. It is interesting to note that in the adult, where Los and dos no longer change significantly, Eq.
(1) and Eq. (2) suggest that dpypil is proportional to AL if leakage and crosstalk remains unchanged. This
is in good correspondence to recent findings for 139 subjects aged 50 — 75 years grouped as hyperopic,

emmetropic, low and moderate myopes [79]. They found that the dark-adapted pupil of moderate
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myopes was approximately 7.5% larger than for the emmetropes which in terms of AL is an increase
of approximately 1.8 mm.

The optical model introduced in this study may assist to gain further understanding into the
complex processes of myopia onset or development. Yet, other factors are also at play both in the
central and peripheral retina, including the actual mechanics involved in shaping the globe of the eye.
However, it does seem to provide a plausible explanation for the benefits of time outdoors in terms
of a reduced impact of oblique light rays and aberrations due to the smaller pupil. This is an optical
effect that adds to the other known benefits of being outdoors. More data on photoreceptor densities,
diameter, length and shape in both the central and peripheral retina for school-aged children is still
vital to validate or disprove the model. The model may be tested via improved histology and OCT
photoreceptor data for the myopia-critical age range, small external pupils or corneal aperture inlays
in conjunction with bright light may be used to simulate outdoor conditions in animal studies, and
differences between hyperopes, emmetropes and myopes in terms of photoreceptor densities, outer

segment length and pupil size may provide valuable inputs.

Conclusion

In this study, an angular spectrum model for light propagation from the eye pupil and across the outer
segments of the photoreceptors has been proposed using age-dependent eye and photoreceptor data
from the literature. The results show that outer segment length, both at the fovea and in the
peripheral retina, is well matched to a small pupil size such as when outdoors in phototropic
conditions. The importance of time outdoors to prevent myopia onset appears therefore intricately
linked to the optics of the photoreceptors since only with a pupil smaller than 3 mm can crosstalk
between adjacent photoreceptors be ruled out, but experiments are still needed to verify the role of
a small pupil in the context of preventing myopia in bright light. For larger pupils, light will propagate
at larger angles through the retina whereby the likelihood of leakage and crosstalk increases. Thus,
the optics of the anterior eye and pupil in the healthy emmetropic eye appear to interact with the

optics of the retina as a delicately balanced system [80].
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