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Abstract

A new method to slow myopia progression utilises Diffusion Optics Technology™ (DOT)
spectacle lenses. The proposed mechanism of action for the DOT lenses is to modulate
contrast across the photoreceptor cells, leading to an altered activity of the ON and OFF
pathways and slowing the progression of axial elongation. This approach is different to the
current optical approaches that utilise optical defocus to reduce hyperopic defocus at the
peripheral retina while central vision is fully corrected to slow myopia. Initial clinical studies
with the DOT lenses have demonstrated promising results with a reduction in progression of
myopia. This overview summarises the current knowledge on myopia risk factors, the
evidence for involvement of contrast signalling pathways in refractive error development, and
the theories and mechanisms behind DOT lens technology. It also considers the role for
contrast and the paradoxical observations given the established paradigm of form deprivation

in animal models.

Keywords: contrast modulation; myopia control; diffusion optics; ON OFF pathways
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Introduction

The human eye has sophisticated mechanisms that respond, adjust, and adapt to visual signals
to enable sharp across a wide range of environments. For instance, consider the manner in
which vision is maintained daily across dynamic environments with varying levels of
luminance and contrast such as indoor to outdoor settings, overcast to bright conditions, or
from mid-day blue to sunset red hue of the sky. Given the versatility of the eye to respond
and adapt to such complex temporal and spatial conditions, the development and progression
of refractive errors is puzzling. Of the refractive errors, myopia is of significance due to its
fast-rising global prevalence and the substantial health and economic burden it imposes on
individuals and societies.! Estimated to affect approximately 50% of the world’s population
by the year 2050, it is already an epidemic in many East Asian countries where children as

young as three to four years have myopia,’

over 80% of the young adult population is
myopic and a significant number of individuals have myopia over -6.00D.* With each
dioptre increase in myopia said to be associated with a 58%, 20%, 21% and 30% risk in
myopic maculopathy, open angle glaucoma, cataract, and retinal detachment respectively,’
the data forebodes a future public health crisis.

Given the burden of myopia, the argument for the use of strategies to prevent and/or slow
progression is compelling.® 7 Modelling of the reduced risk of retinal pathologies if myopia
was reduced using multiple approaches indicates significant benefits with adoption of myopia
control strategies. A strategy that can potentially slow myopia progression by even -1.0D can
significantly lower the number of years spent with visual impairment and decrease the risk of
developing myopia-related retinal complications.” Among myopia management approaches,

spectacles are a practical option for children. Additionally, compared to standard single

vision spectacles which do not slow the progression of myopia, the reduced progression from
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myopia controlling strategies offers benefits of better vision, improved productivity and
reduced risk of future vision impairment and complications.®

On a positive note, there already exist environmental factors such as time outdoors, optical,
pharmaceutical and light-based strategies to slow the progression of myopia.”!! So far,
strategies underpinning optical approaches have mostly considered “defocus blur” with
hyperopic defocus at either the central and/or peripheral retina as the predominant mechanism
underlying development and progression of myopia.’ A new, alternate strategy termed
diffusion optics technology (DOT) utilises light scattering centres in the peripheral treatment
zone to modulate or dampen ‘abnormal contrast signalling’ at the photoreceptor mosaic in the
peripheral retina and consequently, slow axial elongation. Early results from human clinical
trials with DOT spectacle lenses indicate successful control of myopia progression in children
as young as 6 years old.'?> The concept is thought-provoking given the use of light scattering
for contrast modulation rather than defocus blur to slow myopia and the paradoxical
observation vis-a-vis form deprivation myopia. Hence, it is timely to review the current
understanding of the risk factors for myopia, consider the role of contrast in refractive error
development, and explore the mechanisms for slowing myopia with DOT lenses compared to

other strategies.

Risk factors for myopia

Many distinct risk factors have been associated with myopia and include younger age, Asian
ethnicity, parental myopia, female sex, disrupted sleep cycle, increased near work, reduced
outdoor time, education, socio-economic status, urban living, intelligence, and peripheral
refractive error asymmetry.!> The strength of association for each of these many risk factors
with myopia is difficult to delineate due to confounders, however, it is argued that the

evidence is conclusive in isolation for a) increased education, and b) reduced time outdoors
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being causal risk factors.!* Although genetic factors do play a role in onset and progression,
the fast-rising prevalence of myopia is considered indicative of the greater potency of the
environmental risk factors over genetic factors.!?

Regression discontinuity analyses conducted using large samples indicate the impact that
education has on myopia; at any specific age, children who have a higher academic load have
a higher risk of developing myopic (Figure 1).!* The behavioural aspects or features that link
the educational environment to myopia are not entirely clear, however, near based activities
intrinsic to modern educational settings that entail prolonged viewing of high contrast stimuli
with many hours spent on near work, continuous near work without breaks, at much lower
lighting intensity and of a different spectrum than are found outdoors, and reading and
writing at close distances are frequently associated with myopia.!>!” Normal text types
involve high contrast targets and their role in myopia have been studied before. There is
contrast adaptation during a reading text task in emmetropes and myopes, however, myopic
eyes show greater adaptation.'®!” Contrast adaptation leads to altered sensitivity and is
considered to play a role in myopia,'® although it could also result from myopia ocular
changes. Furthermore, recent observations indicate that children in lower socio-
economic/migrant schools may be at increased risk due to possibly being in spaces with
inadequate light, limited outdoor time and facilities.?%-2

The protective effect of more time outdoors on preventing myopia is well established,!! but
the mechanisms that provide this benefit are not well understood. Some of the factors thought
to play a role include brightness of light, spectral composition of outdoor light, a uniform
dioptric field with reduced hyperopic defocus for outdoor and distant targets, smaller pupil
size resulting in increased depth of focus and reduced accommodative effort.? In a large-
scale observational study involving children wearing light sensors over a year, exposure to

higher light intensity was associated with reduced incidence of myopia.?* Myopes also tended
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to spend less time exposed to bright light (>5000 lux)'” and high/bright light was found to
inhibit form deprivation myopia in animal models.? The spatial frequency composition of
indoor and outdoor urban environments has also been proposed as a contributor to myopia,
when compared to natural environments described as a ratio of contrast across spatial
frequencies;*® the indoor environment examined was shown to consist of less high spatial
frequencies than the outdoors, but the spatial frequencies at the retina depend on the
accommodative state of the eye and visual field covered by the object of regard; thus, for
emmetropic eyes, the peripheral retina is most often filled with gentle, low-contrast images of

distant, out-of-focus scenery that don’t drive axial elongation, according to contrast theory.

There are still many questions about these risk factors and their relationship with myopia;
however, it appears that individuals who spends significant amount of time indoors engaged
in near based, high contrast activities with less exposure to outdoors and bright light are at

increased risk.

Contrast and optical defocus in refractive error development

It has been long considered that eye growth and refractive error development is modulated by
visual feedback.?’ The exact mechanism remains to be elucidated, but defocus blur is
considered to play an important role and is backed by multiple lines of evidence.?® Defocus or
blur occurs when the focal plane is formed either in front of (myopic defocus) or behind
(hyperopic defocus) the retina. However, only optical defocus creates a focal point in front or
behind the retina, therefore it is considered a closed-loop condition. Low-pass filtering of an
image by decreasing contrast across spatial frequencies creates a blur that does not have a
focal point, therefore it presents an open-loop condition. It can be caused by the mismatch

between the optical power of the eye and its eye length or can be imposed artificially with
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optical lenses. Imposed optical defocus accurately modulates growth in eyes across a range
of animal species; imposed positive optical defocus results in eye shortening and negative
optical defocus results in eye lengthening that matches the imposed defocus.?’ With removal
of imposed defocus, the eye loses the anatomical changes acquired in response to defocus,
recovers and returns to a state as observed in control untreated eyes.*® Furthermore, there is a
large and growing body of literature from human clinical trials supporting slowing of myopia
with peripheral optical defocus.”!%*! The mechanisms regulating eye growth were
demonstrated in animal models to be local; hemiretinal and local deprivations induced local
changes.”>?® Additionally, despite lesioning/sectioning of the Edinger -Westphal nucleus, the
ciliary ganglion or the optic nerve, the eye continued to compensate for the imposed
defocus.?3*

However, optical defocus blur alone does not fully explain certain observations. If optical
defocus fine tunes the eye to grow towards emmetropia, the reason for a myopic eye to
continue to grow despite having previously attained emmetropia remains unclear. Despite the
convincing evidence from animal studies indicating compensation for myopic defocus, in
human trials, undercorrection failed to slow myopia.>*® Furthermore, progressive addition
lenses or bifocals that impose myopic defocus across large sections of the retina are less
efficient in slowing myopia compared to the multi-segment type spectacle and contact
lenses.” Additionally, if the eye is sensitive to defocus and responds by matching the eye
length to the imposed defocus, the reason for the myopic eye to demonstrate better tolerance
to optical defocus and adaptation to blur is unclear.’’® These observations suggest the
possibility of other interrelated higher order processing pathways involving contrast in
emmetropisation and refractive error development. In chick eyes, a strong effect on eye
growth was observed when contrast was significantly reduced whilst other properties, such as

luminance and spatial frequency, were held constant;* this is the opposite effect found with
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mild adjustment of contrast with DOT lenses in humans.'? Many species use contrast
signalling ON and OFF pathways to differentiate light falling at the retina into light and dark
stimuli and process them in an independent and parallel manner.?* It is useful to briefly
consider the role of these pathways in refractive error development.

Contrast is the difference in luminance and colour of an object from its surrounds that makes
it distinguishable. In the eye, the channels that encode contrast are well established and
include a vast network of photoreceptor cells, bipolar cells, amacrine cells, horizontal cells
and ganglion cells at the retina that are organised into separate receptive fields known as ON
and OFF pathways.*! When the retinal photoreceptor cells detect and respond to the presence
of light, the information is relayed to bipolar cells that are organised as ON (respond to light
or positive contrast) and OFF (respond to absence or dimming of light or negative contrast)
cells. The mechanisms involved in the pathway are extensively researched and can be
reviewed in detail elsewhere.*?

Data from both animal and human studies demonstrate associations between one or more
retinal cells that signal contrast and the ON OFF pathways in emmetropisation and
development of refractive errors.*>** In human eyes, myopia is a significant feature of eyes
with ON bipolar cell dysfunctions, cone and rod dystrophies.*** Of these, especially the
bipolar cells and photoreceptors were considered critical for myopia development; both cone
photoreceptor and ON bipolar dysfunctions are associated with high levels of myopia.**
Disturbances at different levels of the ON OFF pathway are considered to explain the variants
in congenital stationary night blindness; with incomplete congenital stationary night
blindness, both ON and OFF responses were attenuated, whereas in complete congenital
stationary night blindness, only the ON response was attenuated.*®

In experimental animal models, non-functioning ON pathways were found to be involved

with more myopic shifts, but no change in dopamine levels*’ whereas non-functional OFF
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pathways did not have much influence on myopia although they had increased dopamine
levels*® leading to the conclusion that ON pathway transmission is more important.*>** For
example, blocking ON pathways in eyes of kittens with intravitreal injections of D,L-2-
amino-4-phosphonobutyric acid resulted in hyperopia.>® However, in other experiments,
interfering with the ON OFF pathways influenced and varied the refractive error, but the
pattern and the involvement of either the ON or OFF pathway was not always consistent. For
example, in recent studies involving chicks, although dynamic ON stimuli resulted in
choroidal thickening and OFF stimuli resulted in choroidal thinning, both paradigms resulted
in more myopia.* In an earlier experiment, chick eyes exposed to a temporal, low contrast
saw-tooth profile target with a fast ON response, failed to compensate to imposed hyperopic
defocus (negative lenses) and instead became relatively hyperopic.>!

These results suggest that perturbations in one or more cells or levels of the contrast
signalling pathways might be involved in refractive error development including myopia. It
should be noted that the rules for processing these signals and the involvement of any
particular cell type are not yet well understood. Furthermore, the path from phototransduction

to influencing eye growth remains to be clarified.

Can contrast modulation be used to slow myopia progression?

There is evidence that connects environmental risk factors for myopia to ON OFF pathways;
reading dark text on light background (thought to stimulate the OFF pathway) resulted in
choroidal thinning.***>%3 Conversely, bright text on dark background resulted in choroidal
thickening,* but later studies failed to replicate this finding.>* In individuals with longer
axial lengths, there was reduced sensitivity to light than dark targets, suggesting a decreased
sensitivity to the ON pathway.** Visual environments such as optical blur and low light are

thought to weaken ON response and promote myopia progression.”> Reading and viewing
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high contrast targets promoted contrast adaptation,'® and at high contrast, dark stimuli were
located faster with a domination of the OFF pathway.>®’

The development of Diffusion Optics Technology for slowing myopia by modulating contrast
is said to have originated from observations of syndromic high myopia. In Bornholm Eye
disease, a familial form of high myopia, the genetic locus Myopia 1 X-Linked (MYP1) is
located on the X-chromosome at Xq28 where the long-wavelength and middle-wavelength
cone opsin genes reside. Certain rare versions of these opsin gene haplotypes, notably LVAVA
and LIAVA were directly linked to syndromic and non-syndromic high myopia that maps to
MYP1. They demonstrated significant exon-3 skipping leading to deficit of the opsin
(photopigment) in affected (mutant) cones.’®*! The intermixing of mutant and normal cones
across the photoreceptor mosaic produces a high contrast differential between adjacent cones,
leading to an abnormal activation of both ON and OFF pathways despite the absence of
stimuli; the consequence of the excessive activity in the contrast pathways is an increased eye

1

elongation.’’  Even low to moderate myopia is associated with cone opsin gene

polymorphism that occurs with high frequency in the population producing a contrast
differential between adjacent cones (as in Bornholm eye disease, but much smaller).%%3
Additionally, viewing high contrast scenes can lead to elevated activity of both the ON and
OFF pathways, for example when reading black text on white paper which may be

considered sources of man-made contrast. Using DOT lens technology to modulate the

contrast is thought to reduce activation® of the excessive firing of the contrast signalling

40,64,65 2

pathways and thus slow eye elongation.!

In a large-scale multi-centre clinical trial in North America involving 256 children with
myopia, progression of myopia was compared between two test spectacle lenses comprising

DOT and single vision spectacles. The purpose of the applied diffusive micro-dots was to

10
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scatter light and hence reduce contrast across a large range of spatial frequencies without
significantly compromising visual acuity, therefore resulting in slower axial elongation. Test
lens 1 referred to as DOT 0.2 had fewer diffusive micro-dots whereas test lens 2 differed by
having a higher density of micro-dots. Both the test lenses incorporated a base power that
corrected for the refractive error of the eye and further incorporated diffusive micro-dots

across the lens except for a clear central zone.

After 1 year, wear of both test lenses resulted in slowed progression of myopia compared to
wear of single vision spectacles. Slower progression was observed with test 1 (50% or
0.15mm reduction in axial elongation and 74% or 0.40D reduction in spherical equivalent)
compared to test 2 (33% or 0.10mm reduction in axial elongation and 50% or 0.32D
reduction in spherical equivalent).'? The lack of evidence for a dose-response effect - with
test lens 2 having a higher density of micro-dots but a lower efficacy for myopia control -
was likely related to a higher volume of drop outs and compliance issues.'? Specifically, 41%
of children wearing test lens 2 reported removing the spectacles for near activities, compared
to less than 20% in test 1 and control lenses. For test lens 1, a larger absolute treatment effect
was observed in the younger children 6-7 yrs (n=78) where refractive progression was 74%
or 0.56D (0.22mm change in axial length) slower in test 1 and 56% or 0.42D (0.21mm

change in axial length) slower in test 2 groups compared to the control group.'2

Diffusion optics, other myopia control optical strategies, atropine, and form deprivation
Table 1 illustrates the proposed mechanism of action for current myopia control optical
strategies utilising defocus versus DOT lenses and provides a comparison with form
deprivation models. Whilst the current optical strategies utilise optical power or defocus blur

to shift the focal plane and reduce the hyperopic defocus at the central and/or peripheral

11
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retina, the DOT lens technology utilises translucent micro-dots to scatter and reduce contrast
signalling at the retina.

Contrast modulation theory is not related to enhanced or impaired contrast sensitivity,
however if the DOT lens technology works by modulating contrast, it is likely that it
attenuates and/or modifies the intensity of the contrast signal at one or more frequencies,
which would result in an altered or decreased contrast sensitivity. It was reported that
contrast sensitivity was not significantly reduced when viewing through the central clear
aperture or the treatment zone of DOT lenses.® Continuing this reasoning, it raises a query
as to whether the existing myopia control approaches also involve contrast modulation. With
multifocal or multi-zone contact lenses and multi-segment spectacle lens designs used to slow
myopia progression, high contrast visual acuity remains mostly unaffected but contrast
sensitivity is altered or reduced when viewing through the treatment portion.®”"?
Interestingly, no decrement in contrast sensitivity was observed with atropine 0.01% in a
short-term study.”® This finding is not surprising given that 0.01% atropine has minimal
effect on pupil size, accommodative response or axial elongation,’ and it needs to be
determined if more effective formulations and/or higher concentrations affect contrast
sensitivity.

Animal research has established that signals derived from both contrast and defocus can
influence refractive development. In the retina, the pathways that encode myopic and
hyperopic defocus are unique and different from those that process contrast signals.” In form
deprivation myopia, a well-established paradigm replicated across many animal species, use
of translucent, frosted lenses or Bangerter filters that filter out pattern or detail from viewing
scenes results in axial elongation and subsequent myopic refractive error.?>’® Indeed, in
monkeys, even peripheral form deprivation disrupted emmetropization with the majority

having relative levels of myopia, .”” On this basis, it appears counterintuitive that DOT lenses

12
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slow myopia given the diffusion zone fills most of the spectacle lens. However, comparison
of the results with DOT versus form deprivation from animal models indicate distinct
differences. Firstly, form deprivation was found to be a graded phenomenon; diffusers of
higher strength showed a significant decrease in visual acuity and contrast sensitivity
accompanied by a significant myopic shift. The lower strength diffusers also affected visual
acuity and contrast sensitivity, but resulted in either minimal myopia or no difference in
refractive error compared to control eyes.*”-”® In comparison, DOT lenses were made with a
clear centre and a peripheral treatment area designed to mildly reduce contrast, likely
providing a different visual experience to such diffusers. Unlike form deprivation where even
low strength diffusers resulted in some development of myopia, wear of both the lower and
higher density DOT lenses slowed myopia progression. Moreover, the evidence for form
deprivation myopia in human eyes with congenital ptosis and cataract is inconclusive and
does not appear to follow the classical animal model for form deprivation; compared to an

9

earlier case review,”” in recent studies involving 30 and 37 patients with congenital ptosis

respectively, axial length and myopia prevalence was not different between the ptotic and

fellow eyes.’08!

It is evident that long term follow-up and additional observations with DOT lenses are needed
to confirm the promising initial results, and further explore their mechanism of action.
Although it is puzzling that the higher gradation lenses showed lower myopia control efficacy
— likely due to wearability issues leading to higher dropout rate and potentially poorer wearer
compliance, affecting sample size - the data needs to be examined further. Nevertheless, it
appears that reduced contrast acts to slow myopia progression in human eyes, in the unique

paradigm and intervention provided by DOT lenses.

13
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Summary

Spectacle lenses comprising DOT technology are considered to slow myopia by modulating
or reducing contrast signalling to manage myopia. The approach is different to the existing
optical strategies that use defocus to influence and slow progression of myopia. There is
some evidence for involvement of contrast signalling pathways in emmetropisation and
refractive error development, but this requires further exploration. The pathways that encode
contrast might also be involved in encoding defocus and thus might be interrelated. Although
the use of DOT lenses appears counterintuitive given our current understanding of the
influence of blur and form deprivation on myopia development in animal models,
examination of the evidence indicates significant differences in the DOT lens approach and
application to the human visual system. Further information on long-term efficacy will
provide better understanding of the technology as compared to other strategies used to slow

myopia.
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Figure 1: Regression discontinuity analysis illustrating the effect of age cut-off criteria for
school entry on refractive error in urban China. Adapted from He et al. 2021.'* Children born
before 1 September are in a higher class and have a more myopic refractive error compared to

those born after September 1 and in a lower class at school.
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342  Table 1: Comparison of myopia control strategies utilising defocus blur versus diffusion

343  optics. Also provided is a comparison of form deprivation models.

15



344
345

346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393

TUIILIUDSL TTTUUUIULIVITL LU JIV VWV 1Ty UNIU

References

1. Sankaridurg P, Tahhan N, Kandel H, et al. IMI Impact of myopia. Invest Ophthalmol Vis Sci.
2021;62:In press.

2. Holden BA, Fricke TR, Wilson DA, et al. Global Prevalence of Myopia and High Myopia and
Temporal Trends from 2000 through 2050. Ophthalmology. May 2016;123(5):1036-42.
doi:10.1016/j.0phtha.2016.01.006

3. MaY, Qu X, Zhu X, et al. Age-Specific Prevalence of Visual Impairment and Refractive Error in
Children Aged 3-10 Years in Shanghai, China. Invest Ophthalmol Vis Sci. Nov 01 2016;57(14):6188-
6196. doi:10.1167/iovs.16-20243

4, Baird PN, Saw SM, Lanca C, et al. Myopia. Nature reviews Disease primers. Dec 17
2020;6(1):99. doi:10.1038/s41572-020-00231-4

5. Bullimore MA, Ritchey ER, Shah S, Leveziel N, Bourne RRA, Flitcroft DI. The Risks and Benefits
of Myopia Control. Ophthalmology. Nov 2021;128(11):1561-1579. doi:10.1016/j.0phtha.2021.04.032
6. Sankaridurg P, Tahhan N, Kandel H, et al. IMI Impact of Myopia. Invest Ophthalmol Vis Sci.
Apr 28 2021;62(5):2. doi:10.1167/iovs.62.5.2

7. Naidoo KS, Fricke TR, Frick KD, et al. Potential Lost Productivity Resulting from the Global

Burden of Myopia: Systematic Review, Meta-analysis, and Modeling. Ophthalmology. Mar
2019;126(3):338-346. doi:10.1016/j.0phtha.2018.10.029

8. Fricke TR, Sankaridurg P, Naduvilath T, et al. Establishing a method to estimate the effect of
antimyopia management options on lifetime cost of myopia. Br J Ophthalmol. Mar 9
2022;d0i:10.1136/bjophthalmol-2021-320318

9. Wildsoet CF, Chia A, Cho P, et al. IMI - Interventions Myopia Institute: Interventions for
Controlling Myopia Onset and Progression Report. Invest Ophthalmol Vis Sci. Feb 28
2019;60(3):M106-M131. doi:10.1167/iovs.18-25958

10. Jong M, Jonas JB, Wolffsohn JS, et al. IMI 2021 Yearly Digest. Invest Ophthalmol Vis Sci. Apr
28 2021;62(5):7. doi:10.1167/iovs.62.5.7

11. Xiong S, Sankaridurg P, Naduvilath T, et al. Time spent in outdoor activities in relation to
myopia prevention and control: a meta-analysis and systematic review. Acta Ophthalmol. Sep
2017;95(6):551-566. doi:10.1111/a0s.13403

12. Rappon J, Chung C, Young G, et al. Control of myopia using diffusion optics spectacle lenses:
12-month results of a randomised controlled, efficacy and safety study (CYPRESS). British Journal of
Ophthalmology. 2022;107(11):1709-1715. d0i:10.1136/bjo-2021-321005 %) British Journal of
Ophthalmology

13. Morgan IG, Wu PC, Ostrin LA, et al. IMI Risk Factors for Myopia. Invest Ophthalmol Vis Sci.
Apr 28 2021;62(5):3. doi:10.1167/iovs.62.5.3

14. He X, Sankaridurg P, Xiong S, et al. Prevalence of myopia and high myopia, and the
association with education: Shanghai Child and Adolescent Large-scale Eye Study (SCALE): a cross-
sectional study. BMJ Open. Dec 23 2021;11(12):e048450. doi:10.1136/bmjopen-2020-048450

15. Huang HM, Chang DS, Wu PC. The Association between Near Work Activities and Myopia in
Children-A Systematic Review and Meta-Analysis. PLoS One. 2015;10(10):e0140419.
doi:10.1371/journal.pone.0140419

16. Quek TP, Chua CG, Chong CS, et al. Prevalence of refractive errors in teenage high school
students in Singapore. Ophthalmic and Physiological Optics. 2004;24(1):47-55.
17. Wen L, Cao Y, Cheng Q, et al. Objectively measured near work, outdoor exposure and

myopia in children. British Journal of Ophthalmology. 2020;104(11):1542-1547.
doi:10.1136/bjophthalmol-2019-315258

18. Blakemore C, Campbell FW. On the existence of neurones in the human visual system
selectively sensitive to the orientation and size of retinal images. J Physiol. Jul 1969;203(1):237-60.
doi:10.1113/jphysiol.1969.sp008862

16



394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443

TUIILIUDSL TTTUUUIULIVITL LU JIV VWV 1Ty UNIU

19. Yeo ACH, Atchison DA, Lai NS, Schmid KL. Near Work—Induced Contrast Adaptation in
Emmetropic and Myopic Children. Investigative Ophthalmology & Visual Science. 2012;53(7):3441-
3448. doi:10.1167/iovs.11-8959

20. Philip K, Sankaridurg P, Naduvilath T, et al. Prevalence and Patterns of Refractive Errors in
Children and Young Adults in an Urban Region in South India: the Hyderabad Eye Study. Ophthalmic
Epidemiol. Jan 31 2022:1-11. doi:10.1080/09286586.2022.2032202

21. Tideman JWL, Polling JR, Hofman A, Jaddoe VW, Mackenbach JP, Klaver CC. Environmental
factors explain socioeconomic prevalence differences in myopia in 6-year-old children. Br J
Ophthalmol. Jun 12 2017;d0i:10.1136/bjophthalmol-2017-310292

22. MaY, Lin S, Zhu J, et al. Different patterns of myopia prevalence and progression between
internal migrant and local resident school children in Shanghai, China: a 2-year cohort study. BMC
Ophthalmol. Feb 23 2018;18(1):53. d0i:10.1186/s12886-018-0716-3

23. Zhang J, Deng G. Protective effects of increased outdoor time against myopia: a review. J Int
Med Res. Mar 2020;48(3):300060519893866. doi:10.1177/0300060519893866

24. He X, Sankaridurg P, Wang J, et al. Time Outdoors in Reducing Myopia: A School-Based
Cluster Randomized Trial with Objective Monitoring of Outdoor Time and Light Intensity.
Ophthalmology. Nov 2022;129(11):1245-1254. doi:10.1016/j.0phtha.2022.06.024

25. Smith EL, 3rd, Hung LF, Huang J. Protective effects of high ambient lighting on the
development of form-deprivation myopia in rhesus monkeys. Invest Ophthalmol Vis Sci. Jan 25
2012;53(1):421-8. d0i:10.1167/iovs.11-8652

26. Flitcroft DI, Harb EN, Wildsoet CF. The Spatial Frequency Content of Urban and Indoor
Environments as a Potential Risk Factor for Myopia Development. Investigative ophthalmology
&amp; visual science. 2020/09// 2020;61(11):42. doi:10.1167/iovs.61.11.42

27. Wallman J, Winawer J. Homeostasis of eye growth and the question of myopia. Neuron. Aug
19 2004;43(4):447-68. d0i:10.1016/j.neuron.2004.08.008

28. Smith EL, 3rd. Prentice Award Lecture 2010: A case for peripheral optical treatment
strategies for myopia. Optometry and vision science : official publication of the American Academy of
Optometry. Sep 2011;88(9):1029-44. doi:10.1097/0PX.0b013e3182279cfa

29. Troilo D, Smith EL, 3rd, Nickla DL, et al. IMI - Report on Experimental Models of
Emmetropization and Myopia. Invest Ophthalmol Vis Sci. Feb 28 2019;60(3):M31-M88.
doi:10.1167/iovs.18-25967

30. Benavente-Perez A, Nour A, Troilo D. The effect of simultaneous negative and positive
defocus on eye growth and development of refractive state in marmosets. Invest Ophthalmol Vis Sci.
Sep 2012;53(10):6479-87. doi:10.1167/iovs.12-9822

31. Lanca C, Pang CP, Grzybowski A. Effectiveness of myopia control interventions: A systematic
review of 12 randomized control trials published between 2019 and 2021. Frontiers in public health.
2023;11:1125000. doi:10.3389/fpubh.2023.1125000

32. Schmid KL, Wildsoet CF. Effects on the compensatory responses to positive and negative
lenses of intermittent lens wear and ciliary nerve section in chicks. Vision Res. Apr 1996;36(7):1023-
36. doi:10.1016/0042-6989(95)00191-3

33. Schaeffel F, Troilo D, Wallman J, Howland HC. Developing eyes that lack accommodation
grow to compensate for imposed defocus. Vis Neurosci. Feb 1990;4(2):177-83.
do0i:10.1017/s0952523800002327

34. Wildsoet C, Wallman J. Choroidal and scleral mechanisms of compensation for spectacle
lenses in chicks. Vision Res. May 1995;35(9):1175-94. doi:10.1016/0042-6989(94)00233-c

35. Chung K, Mohidin N, O'Leary DJ. Undercorrection of myopia enhances rather than inhibits
myopia progression. Vision Res. Oct 2002;42(22):2555-9.

36. Logan NS, Wolffsohn JS. Role of un-correction, under-correction and over-correction of
myopia as a strategy for slowing myopic progression. Clinical and Experimental Optometry.
2020;103(2):133-137. doi:https://doi.org/10.1111/cx0.12978

17



444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492

TUIILIUDSL TTTUUUIULIVITL LU JIV VWV 1Ty UNIU

37. Poulere E, Moschandreas J, Kontadakis GA, Pallikaris 1G, Plainis S. Effect of blur and
subsequent adaptation on visual acuity using letter and Landolt C charts: differences between
emmetropes and myopes. Ophthalmic and Physiological Optics. 2013;33(2):130-137.
doi:https://doi.org/10.1111/0p0.12020

38. Rosenfield M, Hong SE, George S. Blur Adaptation in Myopes. Optometry and Vision Science.
2004;81(9):657-662. doi:10.1097/01.0px.0000144743.34976.da

39. Schmid KL, Brinkworth DR, Wallace KM, Hess R. The effect of manipulations to target
contrast on emmetropization in chick. Vision Res. Mar 2006;46(6-7):1099-107.
doi:10.1016/j.visres.2005.08.017

40. Wagner S, Strasser T. Impact of text contrast polarity on the retinal activity in myopes and
emmetropes using modified pattern ERG. Scientific Reports. 2023/07/09 2023;13(1):11101.
doi:10.1038/s41598-023-38192-9

41. Schiller PH, Sandell JH, Maunsell JH. Functions of the ON and OFF channels of the visual
system. Nature. Aug 28-Sep 3 1986;322(6082):824-5. doi:10.1038/322824a0

42. Neves G, Lagnado L. The retina. Curr Biol. Sep 23 1999;9(18):R674-7. d0i:10.1016/s0960-
9822(99)80436-9

43. Wang M, Aleman AC, Schaeffel F. Probing the Potency of Artificial Dynamic ON or OFF
Stimuli to Inhibit Myopia Development. Investigative Ophthalmology & Visual Science.
2019;60(7):2599-2611. doi:10.1167/iovs.18-26471

44, Hendriks M, Verhoeven VJM, Buitendijk GHS, et al. Development of Refractive Errors—What
Can We Learn From Inherited Retinal Dystrophies? American Journal of Ophthalmology.
2017/10/01/ 2017;182:81-89. doi:https://doi.org/10.1016/j.ajo.2017.07.008

45, Michaelides M, Hunt DM, Moore AT. The cone dysfunction syndromes. Br J Ophthalmol. Feb
2004;88(2):291-7. d0i:10.1136/bjo.2003.027102

46. Raghuram A, Hansen RM, Moskowitz A, Fulton AB. Photoreceptor and Postreceptor
Responses in Congenital Stationary Night Blindness. Investigative Ophthalmology & Visual Science.
2013;54(7):4648-4658. doi:10.1167/iovs.13-12111

47. Pardue MT, Faulkner AE, Fernandes A, et al. High susceptibility to experimental myopia in a
mouse model with a retinal on pathway defect. Invest Ophthalmol Vis Sci. Feb 2008;49(2):706-12.
doi:10.1167/iovs.07-0643

48. Chakraborty R, Park H, Aung MH, et al. Comparison of refractive development and retinal
dopamine in OFF pathway mutant and C57BL/6J wild-type mice. Mol Vis. 2014;20:1318-27.

49, Chakraborty R, Park HN, Hanif AM, Sidhu CS, luvone PM, Pardue MT. ON pathway mutations
increase susceptibility to form-deprivation myopia. Exp Eye Res. Aug 2015;137:79-83.
doi:10.1016/j.exer.2015.06.009

50. Smith EL, Fox DA, Duncan GC. Refractive-error changes in kitten eyes produced by chronic
on-channel blockade. Vision Research. 1991/01/01/ 1991;31(5):833-844.
doi:https://doi.org/10.1016/0042-6989(91)90150-4

51. Crewther DP, Crewther SG. Refractive compensation to optical defocus depends on the
temporal profile of luminance modulation of the environment. Neuroreport. Jun 12
2002;13(8):1029-32. doi:10.1097/00001756-200206120-00010

52. Aleman AC, Wang M, Schaeffel F. Reading and Myopia: Contrast Polarity Matters. Sci Rep. Jul
18 2018;8(1):10840. d0i:10.1038/s41598-018-28904-x

53. Hoseini-Yazdi H, Read SA, Alonso-Caneiro D, Collins MJ. Retinal OFF-Pathway
Overstimulation Leads to Greater Accommodation-Induced Choroidal Thinning. Investigative
Ophthalmology & Visual Science. 2021;62(13):5-5. doi:10.1167/iovs.62.13.5

54. Dellostritto S, Dul MW, Tan J, et al. Influence of Myopic Correction and Axial Length on ON-
OFF Perimetry. Investigative Ophthalmology & Visual Science. 2022;63(7):4325 — A0030-4325 —
A0030.

18



493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542

TUIILIUDSL TTTUUUIULIVITL LU JIV VWV 1Ty UNIU

55. Pons C, Mazade R, Jin J, Dul MW, Zaidi Q, Alonso J-M. Neuronal mechanisms underlying
differences in spatial resolution between darks and lights in human vision. Journal of Vision.
2017;17(14):5-5. doi:10.1167/17.14.5

56. Komban Stanley J, Kremkow J, Jin J, et al. Neuronal and Perceptual Differences in the
Temporal Processing of Darks and Lights. Neuron. 2014/04/02/ 2014;82(1):224-234.
doi:https://doi.org/10.1016/j.neuron.2014.02.020

57. Rahimi-Nasrabadi H, Moore-Stoll V, Tan J, et al. Luminance contrast shifts dominance
balance between ON and OFF pathways in human vision. J Neurosci. Dec 16
2022;d0i:10.1523/jneurosci.1672-22.2022

58. LiJ, Gao B, Guan L, et al. Unique Variants in OPN1LW Cause Both Syndromic and
Nonsyndromic X-Linked High Myopia Mapped to MYP1. Invest Ophthalmol Vis Sci. Jun
2015;56(6):4150-5. doi:10.1167/iovs.14-16356

59. Orosz O, Rajta |, Vajas A, et al. Myopia and Late-Onset Progressive Cone Dystrophy Associate
to LVAVA/MVAVA Exon 3 Interchange Haplotypes of Opsin Genes on Chromosome X. Invest
Ophthalmol Vis Sci. Mar 1 2017;58(3):1834-1842. doi:10.1167/iovs.16-21405

60. McClements M, Davies WI, Michaelides M, et al. Variations in opsin coding sequences cause
x-linked cone dysfunction syndrome with myopia and dichromacy. Invest Ophthalmol Vis Sci. Feb 15
2013;54(2):1361-9. doi:10.1167/iovs.12-11156

61. Neitz M, Neitz J. Intermixing the OPN1LW and OPN1MW Genes Disrupts the Exonic Splicing
Code Causing an Array of Vision Disorders. Genes (Basel). Jul 29
2021;12(8)d0i:10.3390/genes12081180

62. Hagen LA, Arnegard S, Kuchenbecker JA, et al. The association between L:M cone ratio, cone
opsin genes and myopia susceptibility. Vision Res. Sep 2019;162:20-28.
doi:10.1016/j.visres.2019.06.006

63. Neitz M, Wagner-Schuman M, Rowlan JS, Kuchenbecker JA, Neitz J. Insight from OPN1LW
Gene Haplotypes into the Cause and Prevention of Myopia. Genes (Basel). May 25
2022;13(6)d0i:10.3390/genes13060942

64. Neitz J, Neitz M. Clarification on the understanding of contrast theory in relation to the
article "ON and OFF receptive field processing in the presence of optical scattering": comment.
Biomedical optics express. Feb 1 2024;15(2):789-792. doi:10.1364/boe.504315

65. Poudel S, Jin J, Rahimi-Nasrabadi H, et al. Contrast Sensitivity of ON and OFF Human Retinal
Pathways in Myopia. The Journal of Neuroscience. 2024;44(3):e1487232023.
doi:10.1523/INEUROSCI.1487-23.2023

66. Meyer D, Murthy N, Rickert M, Kollbaum PS. Evaluation of contrast sensitivity with diffusion
optics technology lenses. Investigative Ophthalmology & Visual Science. 2023;64(8):4941.

67. Przekoracka K, Michalak K, Olszewski J, et al. Contrast sensitivity and visual acuity in subjects
wearing multifocal contact lenses with high additions designed for myopia progression control. Cont
Lens Anterior Eye. Feb 2020;43(1):33-39. do0i:10.1016/j.clae.2019.12.002

68. Nti AN, Gregory HR, Ritchey ER, Wolffsohn JS, Berntsen DA. Contrast Sensitivity with Center-
distance Multifocal Soft Contact Lenses. Optometry and vision science : official publication of the
American Academy of Optometry. Apr 1 2022;99(4):342-349. doi:10.1097/0px.0000000000001874
69. Bickle KM, Mitchell GL, Walline JJ. Visual Performance with Spherical and Multifocal Contact
Lenses in a Pediatric Population. Optometry and vision science : official publication of the American
Academy of Optometry. May 1 2021;98(5):483-489. doi:10.1097/0px.0000000000001695

70. Li X, Ding C, Li Y, et al. Influence of Lenslet Configuration on Short-Term Visual Performance
in Myopia Control Spectacle Lenses. Front Neurosci. 2021;15:667329.
doi:10.3389/fnins.2021.667329

71. Gao Y, Lim EW, Yang A, Drobe B, Bullimore MA. The impact of spectacle lenses for myopia
control on visual functions. Ophthalmic & physiological optics : the journal of the British College of
Ophthalmic Opticians (Optometrists). Nov 2021;41(6):1320-1331. doi:10.1111/0p0.12878

19



543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570

TUIILIUDSL TTTUUUIULIVITL LU JIV VWV 1Ty UNIU

72. Sankaridurg P, Bakaraju RC, Naduvilath T, et al. Myopia control with novel central and
peripheral plus contact lenses and extended depth of focus contact lenses: 2 year results from a
randomised clinical trial. Ophthalmic & physiological optics : the journal of the British College of
Ophthalmic Opticians (Optometrists). Jul 2019;39(4):294-307. do0i:10.1111/0p0.12621

73. Cheng Z, Mei J, Cao S, Zhang R, Zhou J, Wang Y. The Effects of 0.01% Atropine on Adult
Myopes' Contrast Sensitivity. Front Neurosci. 2021;15:624472. doi:10.3389/fnins.2021.624472

74. Tran HDM, Sankaridurg P, Naduvilath T, et al. A Meta-Analysis Assessing Change in Pupillary
Diameter, Accommodative Amplitude, and Efficacy of Atropine for Myopia Control. Asia-Pacific
journal of ophthalmology (Philadelphia, Pa). Aug 27 2021;10(5):450-460.
doi:10.1097/ap0.0000000000000414

75. Tkatchenko TV, Tkatchenko AV. Genome-wide analysis of retinal transcriptome reveals
common genetic network underlying perception of contrast and optical defocus detection. BMC
medical genomics. Jun 9 2021;14(1):153. d0i:10.1186/512920-021-01005-x

76. Bowrey HE, Metse AP, Leotta AJ, Zeng G, McFadden SA. The relationship between image
degradation and myopia in the mammalian eye. Clinical and Experimental Optometry. 2015/11/01
2015;98(6):555-563. d0i:10.1111/cx0.12316

77. Smith EL, Kee CS, Ramamirtham R, Qiao-Grider Y, Hung LF. Peripheral vision can influence
eye growth and refractive development in infant monkeys. Invest Ophthalmol Vis Sci. Nov
2005;46(11):3965-72. doi:10.1167/iovs.05-0445

78. Smith EL, 3rd, Hung LF. Form-deprivation myopia in monkeys is a graded phenomenon.
Vision Res. 2000;40(4):371-81. doi:10.1016/s0042-6989(99)00184-4

79. Rabin J, Van Sluyters RC, Malach R. Emmetropization: a vision-dependent phenomenon.
Invest Ophthalmol Vis Sci. Apr 1981;20(4):561-4.

80. LiuY, Chen T, Huang J, Li W, Chen Y, Huo L. Refractive error characteristics and influence on
ocular parameters in patients with unilateral congenital ptosis. BMC Ophthalmol. Jul 2
2022;22(1):291. d0i:10.1186/s12886-022-02511-x

81. Takahashi Y, Kang H, Kakizaki H. Axial Globe Length in Congenital Ptosis. J Pediatr
Ophthalmol Strabismus. May-Jun 2015;52(3):177-82. d0i:10.3928/01913913-20150326-11

20



Optical defocus for myopia control

Diffusion optics

Form deprivation

Lens Design Lens incorporates base power to correct for the distance Lens incorporates base power to correct for the No refractive error correction- translucent diffuser or
refractive error; distance refractive error Bangerter foils of varying strengths mounted on rings
Relatively positively powered lens segments/regions are located  Translucent diffusive micro-dots and attached to front of eyes.
on the lens either inferiorly (e.g. bifocal, progressive addition scattered/positioned across lens with clear spaces
lenses)," peripherally, or centre of lens (e.g. peripheral hyperopia between the micro-dots.5
reducing spectacles, multifocal contact lenses, multi-segment
spectacles).'*
EDOF contact lens is an exception where the power profile
incorporates both relatively positive and negative regions.®
Assessed in Children with myopia- bifocals, progressive additional lenses, Children with myopia Experimental animal models
multi- focal/multi-segment spectacles and contact lenses, and Non-myopic eyes; Reported in ocular conditions such
orthokeratology lenses as congenital ptosis and congenital cataract,
Experimental animal models
Proposed In addition to correcting for the refractive error of the eye - Diffuse regions scatter light to reduce contrast=> Deprivation of form (pattern) =
mechanism relatively positive powered regions reduce hyperopic defocus minimises contrast differential at retinal /N axial elongation (open loop)
and/or impose myopic defocus at the retina = photoreceptors =»decreased firing of neuronal ON-
\ axial elongation OFF pathways =
\ axial elongation
Outcome High contrast visual acuity mostly unaffected.”-8 High contrast visual acuity mostly unaffected ' Reduction in visual acuity'?

Reduced axial elongation
Varied efficacy depending on lens type

Compliance improves efficacy®10

Reduced axial elongation
Both higher and lower density slow myopia

Increased compliance leads to better outcome

Excessive axial elongation in animal models

Graded phenomenon: Higher strength diffusers result in
higher levels of myopia. Low strength induces minimal
to nil myopia

Schematic
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Precis:

Diffusion Optics Technology (DOT) lenses modulate contrast across the photoreceptor cells, leading
to an altered activity of the ON and OFF pathways and slowing the progression of axial elongation.



