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Abstract

Myopia, characterized by the inability to focus light from distant targets due to the elongation
of the posterior eyeball, results in blurred vision. The global prevalence of myopia has surged,
particularly in East and Southeast Asia, where rates approach 100% in young urban
populations. Structural changes in the posterior eye associated with elongation can lead to
sight-threatening pathologies such as myopic maculopathy, a special concern for high
myopias (SE<-6.00D).

Research has focused on understanding myopia onset and progression and developing
interventions to slow its progression. Studies in non-human primates have shown that
hyperopic defocus accelerates eye growth, while myopic defocus can retard this growth. Dual
focus optics, which introduce myopic defocus, have been effective in animal models and
inspired the development of MiSight, a dual focus contact lens designed to slow myopia
progression.

Assessing efficacy of myopia control treatments is complex due to varied visual environments
and the need for long-term monitoring to provide evidence of sustained effectiveness.
Concerns about the long-term sustainability of initial myopia control effects and the safety of
daily full-time contact lens wear in young children necessitated comprehensive clinical trials
to assess both efficacy and safety. The MiSight study, a multi-year, multi-center clinical trial
was designed to meet this need. This thesis is based upon seven publications that examine
the ability of a dual focus contact lenses to safely slow myopia progression. Chapters explore
the challenges of assessing treatment efficacy while quantifying risks of long-term contact lens
wear in children. Different approaches for assessing efficacy are explored, along with efforts
to quantify the treatment "dose" delivered to the retina.

This work has shown that a contact lens intervention based on the principle of delivering
myopic defocus to the retina can sustain slowed eye growth for multiple years in safe and
effective manner.

Keywords: axial length, contact lenses, emmetropic eye growth, myopia, myopia control,
myopia progression, refractive error
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CHAPTER 1:INTRODUCTION

1.1. Pathological eye growth, myopia development and the motivation to
intervene

Myopia is characterized by an inability to focus light from distance targets because the optical
components of the eye focus light rays in front of, rather than on, the retina, resulting in a
blurred image and an accompanying visual disability. Although historically corrected with
optical appliances and considered by many to be an optical anomaly and a benign condition,
myopia is not typically produced by excessive power in the eye’s optics, but rather by
excessive growth of the posterior eye. This excessive elongation of the posterior eye can result
in sight threatening pathological complications later in life. The most commonly recognized
consequence being myopic maculopathy. (Hayashi, Ohno-Matsui et al. 2010) More recently
evidence has been assembled to relate the presence of Myopia as a risk factor for Cataract,
Glaucoma and Retinal Detachment. (Flitcroft 2012)

Due to a dramatic increase in myopia prevalence globally, (Holden, Fricke et al. 2016,
Rudnicka, Kapetanakis et al. 2016) it is now considered a significant global public health
concern. A report co-produced by the World Health Organization and Brien Holden Vision
Institute outlined critical areas of future focus for this issue. (Mariotti, Kocur et al. 2015) Of
particular concern are recent estimates from East and Southeast Asia indicating myopia
prevalence rates nearing 100% in young urban populations. (Lin, Shih et al. 2004, Jung, Lee
et al. 2012) Equally concerning is the significant increase in high myopia prevalence, classified
as myopia greater than 6.00D (Lin, Shih et al. 2004) (Tsai, Liu et al. 2021) due to the greatly
increased risk of sight threatening pathology associated with high myopias. (Flitcroft 2012)
The picture in the rest of the world is similarly concerning, with studies in the USA (Vitale,
Ellwein et al. 2008) and United Kingdom (McCullough, O’'Donoghue et al. 2016) showing
increased myopia prevalence over the last few decades. This rising prevalence is appearing
in tandem with evidence of onset of myopia at younger ages, (Fan, Lai et al. 2011) and earlier
onset is highly correlated with a greater final level of myopia and hence an associated
increased risk of retinal pathologies later in life. (Chua, Sabanayagam et al. 2016, Verkicharla,
Kammari et al. 2020) Reports on the incidence of rhegmatogenous retinal detachment show
an increase in prevalence in younger eyes contrasting with the typical appearance later in life.
(Park, Choi et al. 2013) These factors combine to create an alarming prediction of future
associated retinal diseases and untreatable vision loss in millions of individuals, particularly in
East Asia. (Verkicharla, Ohno-Matsui et al. 2015)

Although risks of pathology are much higher in highly myopic eyes, it should not be assumed
that the situation only reaches a concerning level once meeting the somewhat arbitrary stated
threshold of spherical equivalent refractive errors of more than -6.00D. Flitcroft in a seminal
paper (Flitcroft 2012) stated “there is no safe level of myopia”. The relationship between
increasing levels of myopia and increased likelihood of sight threatening vision problems is
well established, with each increasing diopter of myopia associated with a 67% increase in
the prevalence of myopic maculopathy. (Bullimore and Brennan 2019) Due to the far greater
numbers of myopes with refractive impairment less than 6 diopters of myopia, there are a
large population of patients at risk with of later pathologies who have so called “physiological
myopia”. Flitcroft emphasizes that this label incorrectly implies that lower levels of myopia are
not associated with pathology. In fact, observations from the Blue Mountains eye study in
Australia established that over 40% of the myopia maculopathy cases were recorded in
patients with Myopia less than 5.00D. (Vongphanit, Mitchell et al. 2002)

Therefore, the potential value of a treatment that slows myopia progression is its ability to
reduce the prevalence of higher myopias and hence lower the likelihood of myopic eyes
experiencing pathologies later in life. Bullimore calculated that reducing myopia levels by 1D
would create a 40% reduction in the risk of suffering maculopathy. (Bullimore and Brennan
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2019) These calculations highlight a disease continuum (Flitcroft 2012, Brennan 2015) in
which any excessive growth in the posterior eye places the eye at risk of damage later in life.
However, proof that slowed progression as a result of treatment in a young eye will ultimately
lower the risk of pathology when that eye ages may take decades to establish. Nevertheless,
one cannot ignore the association between myopia level and visual impairment. In 2015,
estimates detailed 3.3 million people were blind due to myopia, (Fricke, Jong et al. 2018) this
prevalence rises to 18.5 million by 2025, assuming the same relationship to myopia level.
Thus, the reality for the eyecare community would be that waiting for evidence of lower
pathology through myopia control interventions study, would leave a staggering amount of the
global population blind or visually impaired. Despite this uncertainty, the appetite to arrest this
condition through some sort of “myopia control” intervention is increasing steadily. (Efron,
Morgan et al. 2020)

Most evidence points to the modern environment experienced by children as the underlying
trigger for the dramatic acceleration of eye growth and the accompanying increase in myopia
prevalence. (Wolffsohn, Flitcroft et al. 2019) These environmental changes will modify the
retinal image. (Flitcroft 2012) Experimental studies of non-human primates and other animals
have shown that altering the retinal image can accelerate or retard eye growth.(Wallman and
Winawer 2004) Early studies (Wiesel and Raviola 1977) of monkeys showed that eye growth
could be accelerated by lowering retinal image contrast, and later studies in several species
showed that eye growth could be adjusted to place the retina coincident with the retinal image
plane. (Schaeffel, Glasser et al. 1988, Hung, Crawford et al. 1995, Shaikh, Siegwart et al.
1999, Smith and Hung 1999, Wildsoet and Schmid 2001, Howlett and McFadden 2009)

The shift from outdoor to predominantly indoor lifestyles of the modern child is suspected to
be a significant driver of increased myopia prevalence. The growing emphasis on education
globally, is a driving force for the dominant indoor experience of modern children. (Mountjoy,
Davies et al. 2018) (Mirshahi, Ponto et al. 2014) Countries and regions with higher educational
pressures at an earlier age in particular exhibit higher prevalences of myopia. (Morgan and
Rose 2013) Conversely, other research has shown that children who spend more time
outdoors and less time with near viewing exhibit a lower risk of developing myopia compared
with children with low outdoor time and high reported daily hours of near work. (Rose, Morgan
et al. 2008) Critically, the indoor environment exhibits significantly lower levels of light, typically
100-500 lux, (Norton and Siegwart 2013) contrasting with outdoor levels of up to 130000 lux
on a bright sunny day and even 15000 lux in a shaded environment. Also, because of the
needs for efficiency, and the low visual sensitivity to very short wavelengths, indoor lighting
also lacks the shortest visible wavelengths (e.g. below 420 nm) and UV radiation. Although
lacking convincing data, it has been hypothesized that eye growth regulation and normal eye
size requires these very short wavelengths to be present in the environmental spectrum. (Torii,
Kurihara et al. 2017, Mori, Torii et al. 2021)

Whilst indoors, children spend more time focusing on near targets. (Dahlmann-Noor, Bokre et
al. 2025) To focus on near targets, children must accommodate, but due to accommodative
lag, which can be larger in myopic children (Mutti, Mitchell et al. 2006) image planes will likely
be located posterior to the retina. Since experimentally created hyperopic defocus (negative
lens rearing) leads to accelerated eye growth and resulting myopia in animals, (Wildsoet and
Wallman 1995, Smith and Hung 1999) it is possible that chronic hyperopic defocus generated
by indoor near viewing and accommodative lags can be the driver for accelerated eye to grow
in humans, creating myopia. It has been suggested, therefore, that the accelerated eye growth
that causes myopia is an adaptation to the modern environment, and not a failure of the eye
growth regulation mechanisms.

Accelerated eye growth associated with hyperopic defocus of retinal images in infant monkeys
can be prevented when some myopically defocused light is presented simultaneously. The
animal studies showed that chickens and monkeys reared with negative lenses could be
prevented from developing myopia by inclusion of some relatively positive power somewhere
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in the optical path. (Tse, Lam et al. 2007, Liu and Wildsoet 2011, Liu and Wildsoet 2012,
Arumugam, Hung et al. 2014, McFadden, Tse et al. 2014, Arumugam, Hung et al. 2016) If two
focal planes are present, the eye will grow to focus the least hyperopic focal plane (the one
that requires least growth to focus). These dual focus experiments led to the hypothesis that
adding some myopically defocused light (image plane anterior to the retina) could counteract
the grow signal generated by accommodative lags and prevent the acceleration of eye growth.

These results highlight an exciting possibility: The chronic exposure to the myopigenic
environment of the modern world can be mitigated by delivering myopic defocus to the retina
of progressing myopic children. In order to be clinically valuable, ophthalmic lenses must
simultaneously include both the optical power required to create myopic defocus and the
optics necessary to correct the refractive anomaly of the wearer (and improve vision). One
such dual focus strategy implemented in a contact lens (CL) employs a distance correction to
focus some or most of the light at the retina and some concentric annular zones with added
plus power. This strategy has been included in the design of the dual focus CL studied in this
thesis. (Anstice and Phillips 2011)

1.2. Slowing accelerated eye growth in myopic eyes

For many years, under correction in juvenile onset myopia was employed in an attempt to slow
the subsequent progression. Anecdotal reports suggest that this approach aimed to reduce
the accommodative demand during near tasks in this age group and thus reduce
accommodative lags. However, subsequent trials have failed to support this hypothesis, (Adler
and Millodot 2006, Koomson, Amedo et al. 2016) and one study even showed greater
progression in under-corrected myopic eyes. (Chung, Mohidin et al. 2002) Such studies are
challenging to implement due to the inevitable associated lifestyle and thus potentially retinal
image changes that likely accompany under-correction. Uncorrected or under-corrected
myopic children will not have focused retinal images when viewing distant targets but may
have well-focused images when viewing near targets, and therefore such interventions to slow
myopia progression have the potential to increase myopia progression by biasing the child’'s
behavior in favor of near viewing in the indoor environment.

Repurposing of presbyopic spectacle lens designs to control myopia has had a limited effect
on myopia progression. Presbyopic spectacles included bifocals, and multifocal lenses have
been explored as myopia control devices. (Parssinen, Hemminki et al. 1989, Fulk, Cyert et al.
2000, Edwards, Li et al. 2002, Gwiazda, Hyman et al. 2003, COMET 2 Study Group 2011,
Berntsen, Sinnott et al. 2012, Cheng, Woo et al. 2014) Employing presbyopic spectacles were
thought to reduce accommodative lag and any associated hyperopic defocus, and the nature
of the optical design would also result in myopic defocus in the superior peripheral retina for
many near viewing conditions. However, during the 1980’s the “Houston Myopia Study”
recruited subjects between the ages of 6-15 to be randomized to receive either single vision
spectacles, bifocal spectacles with +1.00D or +2.00D of addition. Following three years of
observation there was no statistical or clinically significant difference in myopia progression.
(Grosvenor, Perrigin et al. 1987) A larger 3 year study using Progressive Addition Lenses
(PAL) observed only a 0.2D slowing of myopia progression in US children.(Gwiazda, Hyman
et al. 2003) Slightly greater slowing was observed in children exhibiting accommodative lag
and esophoria, which prompted a follow on study, which again observed clinically insignificant
slowing of myopia progression. (COMET 2 Study Group 2011) More promising results were
observed using executive bifocal type design, with one intervention arm also including a 3A
Base In prism. (Cheng, Woo et al. 2014) This latter group showed a 50% slowing over 3
years, but this result has not been replicated. Lenses with a peripheral myopic defocus, not
specifically targeted at presbyopic correction was also found to only result in modest effects.
(Sankaridurg, Donovan et al. 2010)

Newer spectacle designs have emerged that specifically target myopia control. (Lam, Tang et
al. 2019, Bao, Huang et al. 2022, Bao, Yang et al. 2022, Lam, Tang et al. 2022, Lam, Tang et
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al. 2023, Chen, Wu et al. 2024) Each of these designs include small “lenslets” to deliver
additional positive power through some proportion of the spectacle lens to mitigate any
myopigenic stimuli reaching the retina. Effective slowing of myopia progression has been
achieved by all three of these dual focus spectacle lens designs. Also, a recent study from the
group at Wenzhou found that dual focus spectacle lenses with small lenslets containing either
added plus or added minus power both slowed myopia progression and axial elongation. The
secondary focal planes defined by the lenslet local curvatures generated by the added plus
and added minus zones are very different, but because the lenslets employed in the Wenzhou
study employed a non-coaxial design all optical beams converge toward each other and
approximately superimpose around the base optical focal plane the resulting retinal blur and
contrast reduction created are similar for these two designs. (Su, Cho et al. 2024)

Overnight orthokeratology involves overnight wear of a rigid contact lens that flattens the
central cornea to reduce the optical power of a myopic eye sufficiently to place the optical
image plane coincident with the retinal plane. Upon wakening, the central corneal flattening
achieves approximate emmetropia, with the peripheral optics creating myopic defocus. Due
to the nature of orthokeratology, the impact of OK on myopia progression cannot easily be
ascertained by monitoring changes in refractive state, and therefore, any myopic control effect
must be assessed by differences of axial elongation. Several trials have explored controlling
myopia via this intervention. (Cho, Cheung et al. 2005, Walline, Jones et al. 2009, Cho and
Cheung 2012, Hiraoka, Kakita et al. 2012, Santodomingo-Rubido, Villa-Collar et al. 2012,
Charm and Cho 2013, Chen, Cheung et al. 2013, Swarbrick, Alharbi et al. 2015, Kakita,
Hiraoka et al. 2016, Li, Kang et al. 2016) A meta-analysis reviewing all studies utilizing this
technique estimated an effect (slower growth than seen in untreated control eyes) of
approximately 0.14mm per year, supporting that this type of intervention is a viable mechanism
to achieve myopia control. (Li, Kang et al. 2016) Because the range of myopia that OK can
correct is limited, it cannot be applied universally to all myopias. (Charm and Cho 2013) There
is currently no available strategies for controlling the magnitude of myopic defocus present in
the OK-treated peripheral cornea, and it is this peripheral region which creates myopic defocus
that is the likely refractive property responsible for reducing the myopia progression rates.

Early efforts to use soft multifocal or bifocal contact lenses for myopia control also utilized
existing designs developed for Presbyopia. Designs that generally contain optics with
additional positive power. (Walline, Greiner et al. 2013, Aller, Liu et al. 2016) The short-term
investigations showed promise in slowing myopia progression by 50% or more. The initial work
with lenses designed to correct presbyopia, was continued with longer term studies, also
showing a strong effect. (Walline, Walker et al. 2020) A contact lens design specifically
targeted for myopia control employed a dual focus design (the precursor of the MiSight® lens
(CooperVision Inc.) and was tested in a unique contralateral eye design, treating each eye
separately in a cross-over design (10 months per condition). (Anstice and Phillips 2011)
Results were positive with 50% slowing observed for the test intervention. A study using lens
designs developed at Hong Kong Polytechnic University, with multiple alternating zones of
correction and myopic defocus, demonstrated modest slowing. (Lam, Tang et al. 2014) The
Hong Kong study suffered from significant noncompliance and dropout, a result which
suggested that full time wear may be a critical component of a successful myopia control
intervention. Slightly less slowing was also observed in another design specifically developed
for myopia control utilizing myopic defocus through multifocality, studied over 12 months.
(Sankaridurg, Holden et al. 2011) The same group later developed further novel designs, still
utilizing myopic defocus, but ostensibly targeting an “extended depth of focus” target. The
designs achieved slowing of slightly less than 50%, but again with an uncertain impact of
significant dropout and noncompliance to wear time in the test interventions. (Sankaridurg,
Bakaraju et al. 2019) Further novel soft contact lens designs have also been assessed with
some level of success. (Garcia-Del Valle, Blazquez et al. 2021)
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Most dual focus and multifocal optics introduce two changes to the optical environment of the
retina. In addition to establishing a second (or multiple) focal plane(s) anterior to the retina
with plus power, the sum of the defocus and focused images result in lower image contrast
that present with a fully focused (single vision) image. A unique myopia control spectacle lens
design includes scatter optics that do not create a second focal plane, but do lower image
contrast. (Neitz and Neitz 2024) A clinical trial of this approach, showed significant slowing in
myopia progression and axial elongation in the first year, (Rappon, Chung et al. 2023) but
more modest gains in subsequent years, that may have resulted from uncertain impacts of the
COVID-19 pandemic.(Laughton, Hill et al. 2024) The early promise and failure to observe a
treatment effect in years 2 and 3 emphasize the importance of validating efficacy over multiple
years.

1.3. Challenges of assessing efficacy of a myopia control therapy

Assessing the efficacy of a myopia control treatment in a human patient population is
challenging because (1) the study cannot control the visual environments experienced by
children; (2) the relatively slow progression of myopia in western countries (e.g. 0.25D to
0.50D /year;(Donovan, Sankaridurg et al. 2012) and (3) possible confounding of treatment
effects with progression changes unrelated to treatment. (Brennan and Cheng 2019, Brennan,
Toubouti et al. 2020) Therefore, to average out environmental variance (Goss and Rainey
1998, Fulk, Cyert et al. 2002) and to create a measurably large axial growth and myopia
progression signal, assessing myopia control efficacy requires long-term measurement and
large sample sizes. (Walline, Robboy et al. 2018, Wolffsohn, Kollbaum et al. 2019) Robust
randomization and masking are essential to minimize bias that could impact the study results.
Therefore, rigorous randomized clinical trials try to match control and treatment cohorts with
sample sizes adequate to detect treatment effects are required. (Lawrenson, Shah et al. 2023)

Further consideration must be given to the time course of the myopia condition, when
designing trials. Multiple population based-studies have provided evidence via prevalence
estimates that myopia onset can occur at ages as young as 5 in white European/North
American populations (Rudnicka, Kapetanakis et al. 2016, Theophanous, Modjtahedi et al.
2018, Tricard, Marillet et al. 2022) Onsets at even younger ages have been observed in Asian
populations. (Ma, Qu et al. 2016, Rudnicka, Kapetanakis et al. 2016) Once myopia has
developed, myopia continues progress over multiple years. (Goss and Cox 1985, Jones,
Mitchell et al. 2005, Wong, Machin et al. 2010, Donovan, Sankaridurg et al. 2012, Xiang, He
et al. 2012, Parssinen, Kauppinen et al. 2014, McCullough, O’Donoghue et al. 2016, Jones-
Jordan, Sinnott et al. 2021, Qin, Peng et al. 2022) Therefore, although prevalence of myopia
is generally low in younger children (e.g. 2% in White and 6% in Asian at age 5) the population
prevalence increases steadily up to adulthood. (Rudnicka, Kapetanakis et al. 2016) In white
populations 77% of myopias have stabilized (no more progression) by age 18, (Hardy, Hillis
et al. 2013) but some myopias progress after age 18. (Hardy, Hillis et al. 2013, Parssinen,
Kauppinen et al. 2014, Bullimore, Lee et al. 2023) Estimates of myopia progression over this
time period vary significantly between individuals (Brennan, Shamp et al. 2024) and across
populations. (Rudnicka, Kapetanakis et al. 2016) This younger onset in Asia results in greater
prevalence of higher myopia than typically observed in a western population and creates a
concerning picture for the levels of myopia at stabilization given the age at stabilization and
faster myopia progression in younger ages. (Chua, Sabanayagam et al. 2016) (Jones-Jordan,
Sinnott et al. 2021) Because faster myopia progression is observed in the years immediately
before and just following the age when refractive myopia is first detected clinically (Mutti,
Hayes et al. 2007) and are generally faster in the younger eyes,(Chua, Sabanayagam et al.
2016, Jones-Jordan, Sinnott et al. 2021) sustained interventions at younger ages when the
disease is most aggressive is likely to produce the greatest long term clinical value. Further,
because the accelerated eye growth underlying myopia can happen over many years from
early childhood to young adulthood, a clinical trial must identify a targeted age range, and
most studies recruit subjects between ages 8 and 12. (Walline, Robboy et al. 2018, Wolffsohn,
Kollbaum et al. 2019)
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Implementing a myopia control treatment utilizing contact lenses faces an additional
challenge. There has long been concern that contact lenses are not a safe ophthalmic
correction for children. (Walline, Robboy et al. 2018) Even when contact lenses are prescribed
for children, there has been a tendency to recommend part time wear, either in the form of
fewer hours per day or limited days per week, presumably on the basis that this could limit the
risk of common contact lens adverse events. However, some study results have suggested
that part time wear of myopia control interventions may result in lessening treatment effect in
the primary goal of reducing myopia progression. (Lam, Tang et al. 2014, Sankaridurg,
Bakaraju et al. 2019, Bao, Huang et al. 2022) Fortunately, with the increased interest and
prevalence of studies for contact lens wear in myopic children, longitudinal and retrospective
studies have provided evidence that contact lenses are indeed a safe and effective vision
correction for the younger wearer. (Dias, Manny et al. 2013, Plowright, Maldonado-Codina et
al. 2015, Bullimore 2017) Because of the relative paucity of safety data for children wearing
soft contact lenses, the myopia control study described in this thesis offered an opportunity to
assess any corneal changes associated with sustained long-term wear of soft contact lenses.
The study monitored ocular health over 6 years of contact lens treatment, which was followed
by a retrospective chart review seeking evidence of the rate of microbial keratitis in children fit
with contact lenses.

Achieving full time wear in a contact lens intervention also requires an optical correction that
provides high quality vision in challenging and varying visual requirements of a population
whose lifestyle and visual needs develop as they mature. In summary, an effective ophthalmic
myopia control intervention must deliver sufficiently high-quality vision over multiple years to
ensure compliance. Prior to the MiSight 1 day contact lens study that forms the basis for this
PhD, a limited number of soft contact lens interventions had evaluated their impact beyond
one year of treatment. (Walline, Greiner et al. 2013, Lam, Tang et al. 2014) The 6-year myopia
control trial of the MiSight contact lens was designed to (1) assess efficacy (can this dual focus
contact lens slow or stop myopia progression?); (2) Does the added myopia control optics
impact quality of life? (3) Can children wear daily disposable soft CLs for >10 hours per day
for 6 days per week without experiencing high levels of anterior eye problems?; and (4) can
treatment efficacy be sustained over time scales required to cover the natural history of
accelerated myopic eye growth?
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CHAPTER 2: OPTICAL DESIGN OF THE MISIGHT DUAL-FOCUS
MYOPIA CONTROL CONTACT LENS
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2.1. Background to the dual focus design

Unlike a traditional “single vision” contact lens which has a single optical function to generate
focused images at the retina, the goal of an optical myopia control intervention is to both
provide good acuity by the correction of refractive error, the ‘distance correction’ optic, and
also to include an optic designed to slow or stop the accelerated eye growth associated with
progressive myopia. Such dual function contact lenses must be compatible with full time wear
and provide seamless integration with the visual and lifestyle demands of a young population.
The specific design studied in this thesis is based upon the hypothesis that adding significant
myopic defocus to the retinal image will slow the progression of myopia and accompanying
axial elongation.

Soft contact lens geometries have been optimized over many years and modern designs offer
predictable optical corrections with high levels of biocompatibility when they locate on the
surface of the avascular cornea. (Maldonado-Codina 2024, Young 2024) Modern lens designs
have been shown to perform in a wide range of eyes and for the majority of refractive errors.
(Dumbleton, Chalmers et al. 2002, Hickson-Curran, Young et al. 2016) Stable contact lens
centration across the cornea, confirmed with assessment of limbal overlap provides
approximate centration over the pupil for rays forming the foveal image crucial for good
distance vision. Decentrations relative to the primary line of sight are common but generally
fractions of a mm. (Walther, Meyer et al. 2024) A stable lens position ensures that the optics
delivered to the retina (distance correction and myopia control signals) remain somewhat
consistent for different patients and throughout daily wear. However, other important
considerations cannot be overlooked. Whereas, we might be able to ensure that the
geometrical positions of the designed optics remain relatively consistent to the pupil and the
foveal-relevant primary line of sight during regular wear, the pupil can vary in size over a wide
range, and vary between individuals. (Winn, Whitaker et al. 1994) Environmental factors that
control pupil size in an individual include light level, spectral composition of light, and
accommodation status. (Kasthurirangan and Glasser 2005, Watson and Yellott 2012)

As outlined in section 1.1, most evidence points to the indoor environment as the myopia
generating stimulus. One hypothesis singles out the high percentage of indoor time spent
viewing near stimuli as the stimulus driving the progression of myopia. Therefore, it is critical
for a myopia control lens design to ensure that both the vision quality and myopia control signal
are maintained during near viewing. The myopia control contact lens design investigated in
this thesis was specifically created to deliver approximately stable amounts of vision correction
and myopic controlling signals across a range of pupil sizes. (Anstice and Phillips 2011)

A simple two zone design containing a single distance correction and a single zone with added
plus power to create the myopia controlling myopic defocus signal have been used in animal
studies (Liu and Wildsoet 2011, Liu and Wildsoet 2012) and human trials. (Walline, Greiner et
al. 2013) Such 2-zone designs are unable to maintain a stable balance of vision correction
and myopia control signals to the retina because, (Remoén, Pérez-Merino et al. 2020) as the
pupil dilates, the outer defocus zone will cover an increasing proportion of the pupil (Bradley,
Nam et al. 2014, Charman 2014). Similarly, the proportions of vision correction and myopia
control light within the retinal image will vary dramatically across the retina with such designs.
(Hastings, Tiruveedhula et al. 2024) However, by employing a multi-zone design, the
proportion of distance correction and myopia control signals can remain approximately
balanced as pupil size increases. (Bradley, Nam et al. 2014, Charman 2014) The optical zone
of the dual focus lens that is the topic of this research incorporated four alternating zones with
a vision correction in a 3.35mm diameter center zone (CZ) surrounded by annular zones of
interleaves added plus power and distance correction (Figure 1). A second annular distance
correction zone surrounds the annular zone designed for myopia control, and finally a second
outer annular myopia control zone (Figure 1). The zone geometries enable a delivery of a
general dominance of the vision correction optic to ensure high quality vision, while also
delivering a significant amount of myopia control signal for a wide range of pupil sizes
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expected in children at the lower light levels present in the indoor environments, (Silbert, Matta
et al. 2013) and to provide essentially single vision quality optics when children are not in the
myopigenic indoor environments but in the high luminance outdoor environments. Where pupil
diameters of young eyes can be <4mm. (Lazar, Degen et al. 2024) Best vision is generally
achieved when focusing the central region of the pupil in an aberrated eye, and studies of
eyes fit with either center near or center distance multifocal contact lenses observed that best
distance vision and distance optical quality is achieved when the center of the lens contains
the distance correcting optics. (Xu, Bradley et al. 2013, Hair, Steffensen et al. 2021) By
assigning a relatively large region of the dual focus CL center for distance correction, the
studied lens gave optical and visual priority to distance vision.

—— Oweml Optk Zore ——
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Figure 1: Optic zone arrangement of MiSight contact lens. Shaded areas indicate defocus zones.

This design approach results in a combination of refractive correction and myopia control
optics for all pupil sizes greater than 3.35mm (Figure 2a). Because soft contact lenses center
well on the cornea, they are generally decentered by on average 0.25mm relative to the pupil
center and primary line of sight (Walther). Such small decentrations will ensure the dual focus
distance correction center zone will remain within the pupil.(Walther, Meyer et al. 2024) More
significantly, due to the axial separation of the contact lens on the corneal anterior surface and
the eye’s entrance pupil, a parallax effect will alter the proportion of distance correction and
myopia control optics in the retinal image for off-axis targets, but again, a balance between
distance correction and myopia control is maintained over a wide region of the central retina
and pupil sizes (Figure 2b).
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Figure 2 Proportion of pupil covered by the vision correction (red) and myopia control (blue) zones of
the MiSight contact lens as a function of pupil diameter (top panel) and off-axis location of a light source
(bottom panel) A parallax model was used to calculate the off-axis values assuming an axial separation
of 3.5mm between the contact lens and the eye entrance pupil. The y-axis, "Proportion of pupil
covered," represents the fractional area of the pupil occupied by each zone, calculated as the ratio of
the zone’s effective area to the total pupil area, reflecting the lens’s optical contribution to vision
correction and myopia control.
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The pupil coverage results in Figure 2 highlight the achieved goals of this lens design: to
provide a retinal image dominated by a refractive error-correcting distance vision optic, but
including a significant proportion of myopically defocused light to act as a myopia control signal
that is resilient to changes in pupil size and lens decentration, and delivers this myopia control
signal across the central retinal area since there is evidence that the retinal location other than
the fovea may contribute to eye growth regulation. (Smith 2011)

2.2, Choice of defocus power in dual focus lens design and power profile
information

The treatment zones (Figure 1) were designed to incorporate approximately 2 dioptres of
added plus (2 diopters of less minus) relative to the base or distance lens power (Figure 3, left
panel). An early version of this dual focus design was studied by Anstice et al.(Anstice and
Phillips 2011) The current design is modeled on that earlier design, including the choice of
added plus 2 dioptres in the treatment zone. Small adjustments were made to zone diameter
to adapt for the manufacturing platform used for this version of the lens design. Prior to the
current investigation, Phillips et al examined the impact of adding +2D to a sphere correction
for one eye only, the other eye having its typical distance correction lens. Eyes with the added
plus 2D of power exhibited a consistent slowed myopia progression and axial
elongation.(Phillips 2005)

The targeted power profile (Figure 3 left panel) and the full power map (Figure 3 right panel)
of the studied lens reveal the concentric ring nature of the design and the stable powers within
each zone. Unlike many optical power profiles designed for presbyopic correction, the
distance power within MiSight is constant across the full radius of the zone. This deliberate
feature was included to ensure high quality optics for the primary function of correcting
refractive error and providing high quality vision for the patient. Many optical designs for
correcting presbyopia, some of which have been employed off label for myopia control,
(Walline, Greiner et al. 2013, Walline, Walker et al. 2020) may feature a radially varying
“multifocal” power profiles across the lens providing increased depth of focus but possibly
compromising distance vision quality. Multifocal designs with little area dedicated to distance
vision correction will result in inferior distance vision image quality . (Chateau and Baude 1997)
The juvenile myopic population targeted for this treatment have a full range of accommodation,
(Anderson, Glasser et al. 2010) and as such have no need for a range of focal planes and its
associated vision compromise and are expected to accommodate to near targets, using the
distance correction optics of the dual focus lens for vision at all distances. Experimental
studies of young eyes fit with multifocal and dual focus contact lenses confirm that with
binocular viewing, accommodation is dominated by the distance correction optic (Altoaimi,
Kollbaum et al. 2018) as expected given the dominant influence of binocular vergence on
accommodative behavior. (Fincham and Walton 1957, Ramsdale and Charman 1988)
Although the dual focus lens was designed to prioritize vision quality, image quality and vision
were monitored during the trial (Chapter 4).
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Figure 3: Power and zone geometry of the studied dual focus myopia control contact lens. The power
profile (left panel) is the design ideal, whereas the power map (right) was obtained using a high-
resolution single pass aberrometer (Optocraft) from a single contact lens. Distance correction zones
(blue) and added myopia control zones (yellow) reveal the stable power in each zone, and the abrupt
power shifts between zones.
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CHAPTER 3: ATHREE-YEAR CLINICAL TRIAL OF A DUAL FOCUS
MYOPIA CONTROL LENS

P. CHAMBERLAIN, PhD THESIS, ASTON UNIVERSITY 2025

23



3.1. STUDY DESIGN CONSIDERATIONS

The original dual focus design incorporating 2D of myopic defocus underwent feasibility testing
in a contralateral eye cross over study over 20 months, where the efficacy of the design to
slow myopia progression was assessed for each eye in successive 10 month treatment
periods. (Anstice and Phillips 2011) Children in this study were slightly older (recruitment
criteria: age - 11 to 14 years) than those monitored in many studies for myopia control. The
results in that study confirmed the hypothesis of excellent visual acuity and normal
accommodative response with this dual focus design. The dual focus intervention showed a
statistically and clinically significant slowing in the progression in both periods. Spherical
Equivalent Refraction (SER) was slowed by approximately 0.25D, whilst axial length
elongation (AL) was slowed in each period by approximately 0.1mm. Each of these outcomes,
translated to a myopia control efficacy measure of the amount of slowing expressed as a
proportion of the untreated progression [((Control eye progression — Test eye progression) /
Control eye growth) x 100%] of approximately 50%.

This study had a few limitations both from a scientific and translational perspective. Whilst
having the advantage of each child acting as their own control for demographic and
environmental factors influencing myopia progression, a contralateral eye study nonetheless
poses challenges in interpretation of the findings. Although the study implemented measures
to avoid right eye and left eye lens confusion, such as tinting the contact lens for the right eye,
long-term contralateral studies can result in unintentional mixing of interventions between the
right and left eyes. In a contralateral study, where a single vision correction is applied to the
non-treated eye, there is a potential for better binocular accommodation than might occur with
bilateral prescription of a dual focus myopia control lens.

A further limitation in extrapolation of those preliminary results was the potential confounder
of prior treatment of the eyes that were untreated in part 2 of the study. Also, during part 2,
these subjects were generally anisometropic due to different progression rates during part 1
of the study. (Anstice and Phillips 2011) The impact of anisometropia on eye growth regulation
is poorly understood, but some evidence suggests anisometropia can influence eye
growth.(Abrahamsson and Sjostrand 1996) With concerns of carry-over effects potentially
impacting Part 2 results, conclusions were largely limited to the results of Part 1, which in turn
only illustrates an efficacy duration of 10 months. As mentioned in earlier sections, Juvenile
onset myopia is likely to persist for greater than a decade of progression in some individuals,
and therefore to establish the clinical value of this dual focus lens design, longer trials with
bilateral treatment protocols were required.

The clinical trial of this novel myopia control contact lens was designed to answer the following
scientific and clinical questions:

e Does the addition of 2D of added plus power in two annular zones in this dual focus
CL generate a clinically and statistically significant treatment effect in juvenile myopic
subjects when prescribed bilaterally?

¢ Can a treatment effect be sustained over multiple years? (at the start of this study in
2012, no randomized clinical trial had successfully shown treatment efficacy
sustained over 2 years)

o Will the lens be effective at slowing myopia progression for a cohort of emerging
young myopes (8-12 years)? (Myopia progression rates are generally higher in
younger eyes, (Chua, Sabanayagam et al. 2016) the Anstice feasibility study enrolled
children between ages 11 and 14). (Anstice and Phillips 2011)

e Will geographic location and/or subject ethnicity influence efficacy? (Myopia
prevalence, progression and levels vary between countries and
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ethnicities).(Rudnicka, Kapetanakis et al. 2016) The interaction between these
features of the condition to myopia control results was unknown.

o Will treatment effect vary with age and gender? (Untreated younger myopic children
and females have been shown to display faster progression). (Chua, Sabanayagam
et al. 2016);(Donovan, Sankaridurg et al. 2012)

e What are the ocular health implications of all day, 6 days per week, and multiple
years of contact lens wear in children?

e Will myopic children adapt to contact lens wear and accept this as their habitual
vision correction and myopia control therapy? (If myopia control efficacy requires a
consistent exposure to the treatment optic, successful treatment may require all day
wear on most days). (Rah, Walline et al. 2010)

e Can significant myopia control be achieved without serious compromise of normal
vision?

All of these factors were as yet unanswered and were considered critical to enable successful
translation of a myopia control soft contact lens intervention into general clinical practice
globally.

3.2. Study design and measures to eliminate bias.

The design of this trial progressed alongside discussions with regulatory agencies to address
the requirements for obtaining regulatory approval and, crucially, a clear indication for use for
slowing of myopia progression. This indication would provide eye care practitioners with
explicit "on-label" prescribing guidance. At the time, the United States Food and Drug
Administration (FDA) presented detailed requirements for achieving such an indication.
Several years after the trial protocol was finalized, the FDA co-sponsored a workshop in
collaboration with leading professional organizations representing optometry and
ophthalmology in the U.S. The workshop aimed to establish a consensus on the design and
conduct of clinical trials necessary for FDA approval and an appropriate indication for use, as
formal guidance was not yet available. The resulting framework focused on providing
"reasonable assurance of safety and effectiveness" for the device. The findings from this
workshop were subsequently published in a peer-reviewed manuscript by Walline et al.
(Walline, Robboy et al. 2018) The study protocol implemented for the MiSight clinical trial
reflected opinions of the FDA as detailed during this workshop and resultant publication.

Multi-center trial and ethnicity — To provide evidence that the treatment results were broadly
generalizable and not limited to a single geographic region, the study recruited participants
from three continents: North America, Europe, and Asia. Each site was tasked with recruiting
an equal number of participants, and a unique randomization schedule was provided to each
location. This approach ensured an equal balance between treatment and control groups at
each site. Myopia has been shown to onset earlier (Rudnicka, Kapetanakis et al. 2016) and
progress more rapidly (Donovan, Sankaridurg et al. 2012) in Asian populations. Including an
Asian site with equal randomization between treatment and control groups was a deliberate
effort to achieve an appropriate balance of ethnic representation and ensure the results
reflected diverse population outcomes.

Age — Similar to ethnicity, studies of myopia progression in Asian (Chua, Sabanayagam et al.
2016) and Western populations, (Jones-Jordan, Sinnott et al. 2021) show myopia progressing
slower in older children regardless of when Myopia onsets. A meta-analysis (Brennan, Shamp
et al. 2024) of 64 studies of axial growth in myopic eyes identified separate mathematical
predictions for Asian and Non Asian populations. This analysis highlights a number of
important considerations: (1) Asians progressed faster than non-Asian at every age (2) Each
population displayed faster progression at younger ages, with progression slowing by 15% at
each advancing year for both populations. A later meta-analysis suggested slowing of 10%
per year for refractive error progression. (Smotherman, Brennan et al. 2023) Therefore,
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without well balanced control and treatment cohorts, the associated factors of age and
ethnicity will likely affect the mean progression and growth rates. The dual focus study design
tried to limit the impact of cohort differences in these associated factors by stratifying
randomization, requiring each site to recruit a balanced population by age groups of 8-10 and
11 - <13.

Choice of control intervention and masking — The potential for bias, whether conscious or
unconscious, on the part of patients (or also parents, in this case) or investigators is well-
documented. (Kotz and West 2022) Bias can arise from factors such as the collection of
primary outcome measures or instructions that inadvertently influence behavior in either the
test or control group. This risk becomes even more significant in long-term trials conducted
over multiple years, as in this study.

In the MiSight trial, the control group would not receive active treatment, which increases the
likelihood of bias due to a greater risk of loss to follow-up in untreated and potentially faster
progressing eyes. (Kristman, Manno et al. 2004) While single-vision spectacle lenses are the
most commonly used ophthalmic correction for children in this age range, their use as the
control intervention posed significant challenges. Specifically, maintaining masking with a
spectacle control group is virtually impossible. Additionally, disparities in wearing time between
test and control groups can introduce bias, potentially skewing the observed treatment effects.
Data from the ACHIEVE study (Walline, Jones et al. 2008) revealed that contact lens wearers
had a significantly higher total wearing time for corrective lenses (Contact lenses and
Spectacles: mean 97.5 hours/week) compared to Spectacle wearers (p = 0.0006). If both the
treatment and control groups wear soft contact lenses, differences in wearing time are likely
to be reduced or eliminated, enabling a more valid assessment of the treatment effect. Further,
given the quality of life advantages experienced by young CL wearers over
spectacles,(Walline, Jones et al. 2009, Rah, Walline et al. 2010) both the treated and control
subjects share the lifestyle benefits of CLs which would balance retention motivations and
increase the likelihood of matched environmental experiences between the two groups .

At the time of the study design, concerns were present that single vision contact lenses might
induce greater myopia progression in progressing myopes, potentially exaggerating the
observed myopia control effect. A study by Walline et al assessed this hypothesis in a large
parallel group study. (Walline, Jones et al. 2008) The study found greater refractive
progression in the contact lens wearing group, but the reported —0.22 D greater progression
in the contact lens group was not statistically greater (95% CI: —0.46 to +0.02 D) than observed
in the spectacle lens group. Additionally, axial length changes between the two groups were
greater in the spectacle lens group and again not statistically significant (contact lenses: 0.59
+ 0.37 mm; spectacles: 0.63 £ 0.34 mm; P = 0.37).

Horner et al. (1999) randomized 175 adolescents (aged 11-14) to wear either reusable soft
contact lenses or spectacles, focusing solely on refractive error. After three years, myopia
progression was —1.07 £ 0.85 D in the contact lens group and —0.91 + 0.80 D in the spectacle
group, a difference that was not statistically significant. (Horner, Soni et al. 1999) Also, six-
month myopia progression comparison between CL and SL wearers found less progression
in the CL corrected eyes (-0.37 + 0.29 D) compared to the spectacle group (—0.60 £ 0.29 D,
p < 0.001), with a 44% smaller axial length increase (contact lenses: 0.14 + 0.12 mm;
spectacles: 0.25 £ 0.12 mm, p < 0.001). (Jara, Sankaridurg et al. 2010) An analysis of Asian
children (ages 6-16) wearing single-vision spectacles (n = 633) or contact lenses (n = 55)
found no significant difference in age-specific annual myopia progression (SER, p = 0.38)
across prospective studies in China, Hong Kong, and Singapore. (Sankaridurg, Holden et al.
2014)

Given the benefits to reduce the risk of bias and the almost zero likelihood of single vision
contact lens wear disrupting the myopia progression rates, the MiSight trial was designed with
a single focus soft contact lens as the control intervention. To increase likelihood of effective
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masking, the single vision soft contact lens was chosen as Proclear 1 day, CooperVision Inc.
As a further enhancement to masking, the test and control contact lenses benefited from being
fabricated from the same material, contained the same geometrical features and were
produced with identical manufacturing processes. In fact, the only difference in the lens
making process was the front contact lens surface mold to produce the optical features
detailed in Chapter 2. The back surface and mold of the contact lens are identical in test and
control products. These similarities enhance the likelihood of identical lens fit performance
and wearer comfort for the two cohorts. Additionally, the distance correction optics in both the
treatment and control lenses (power range for the study -1.00D to -6.00D) included controlled
negative longitudinal spherical aberration level of -0.60D over a 6mm pupil diameter.

Masking was then further enhanced by strategies applied to the lens packaging. The lens
blisters, which are produced in a strip of five were closely matched between test and control
lenses with no distinguishing features between test and control lens, except for lot numbers
essential for lens traceability (Figure 4).

I0BOOB (MIST-401) study
estudo CVIOBOOB (MIST-401)

L A 30 soft contact lenses ‘
e n S Daily Wear |

omafilcon A

CAUTION-Investigational device. Limited by United States law to investigational use

| Exclusively for the CVIDB008 (MIST-401) study
| Exclusvamente para o estudo CVIOBOOS (MIST-401)

Figure 4: Lens blister and lens carton for study lenses in the MiSight trial. Lens A = Proclear 1 day;
Lens B = MiSight 1 day

Participant selection criteria - Age range at baseline (8-12 years) and spherical equivalent
range (-0.75 - -4.00D) were chosen to be representative of the target patient population
identified for this product and to limit variability associated with age and level of myopia. Minus
4.00D was chosen at the top end of inclusivity to allow subjects estimated progression to
maintain within product availability (-6.00D) and outside of definition of high or “pathological”
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myopia, throughout the study duration. (Flitcroft, He et al. 2019) Often seen in tandem with a
refractive error criterion, some trials have adopted an additional inclusion criterion of evidence
of prior progression. (Cheng, Woo et al. 2014, Pauné, Morales et al. 2015, Aller, Liu et al.
2016, Polling, Tan et al. 2020) Whilst this could provide some advantages in avoiding
participants in either group whose myopia had stabilized, this trial elected not to apply this
criterion, preferring to ensure generalizability to all myopes that might present in clinical
practices. Astigmatism was limited to <1.00D, to limit vision compromise due to uncorrected
astigmatism leading to lower wearing times or dropout because the dual focus lenses were
not toric lenses. The study selection criteria also set a limit on anisometropia in the refractive
error criterion and excluded any prior myopia control treatment, an approach consistent with
most myopia control studies to date. (Wolffsohn, Kollbaum et al. 2019) Finally, the study also
required all participants to have no prior experience with contact lens wear, this enabled some
uniformity when assessing data related to adaptation, wear time and subjective experiences.

Study Treatment Wearing Time: Some myopia control studies have observed significant
variability in wearing time and attributed this ‘lack of compliance’ to the resultant measures of
efficacy, which didn't meet expectations for the intervention. (Lam, Tang et al. 2014,
Sankaridurg, Bakaraju et al. 2019) In an effort to ensure compliance, subjects were asked to
provide “Agreement to wear the assigned contact lenses for a minimum of 10 hours per day,
at least 6 days per week, for the duration of the 3-year study” at informed consent stage. As
well as “Agreement to inform the study investigator if this schedule is interrupted.” Concerns
of safety related this full-time wear requirement were mitigated by the study contact lenses
being provided in daily disposable modality and close monitoring of the subjects’ ocular heath
throughout the study.
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A 3-year Randomized Clinical Trial of MiSight Lenses for

Myopia Control
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SIGNIFICANCE: Results of this randomized, double-masked clinical trial demonstrate the effectiveness of the
MiSight soft contact lens in slowing myopia progression over multiple years.

PURPQSE: The purpose of this study was to quantify the effectiveness of MiSight daily disposable soft contact lens
in slowing the progression of juvenile-onset myopia.

METHODS: Myopic children (spherical equivalent refraction, —0.75 to —-4.00 D; astigmatism, «<1.00 D} aged 8 to
12 years with no prior contact lens experience were enrolled in a 3-year, double-masked, randomized clinical trial
at four investigational sites in four countries. Subjects in each group were matched for age, sex, and ethnicity and
were randomized to either a MiSight 1-day contact lens {test) or Proclear 1-day {control; omafilcon A) and worn on a
daily disposable basis. Primary outcome measures were the changs in ¢ycleplegic spherical equivalent refraction
and axial length.

RESULTS: Of the subjects enrolled, 75.5% (109/144) completed the clinical trial {53 test, 56 control). Unad-
justed change in spherical equivalent refraction was —0.73 D (59%) less in the test group than in the control group
(-0.51 +0.64 vs.-1.24 + 0.61 D, P < .001). Mean change in axial length was 0.32 mm {52%) less in the test
group than in the control group (0.30 + 0.27 vs. 0.62 = 0.30 mm, P< .001). Changes in spherical equivalent re-
fraction and axial length were highly correlated (r=-0.90, P<.001). Over the course of the study, there were no
cases of serious ocular adverse events reported. Four asymptomatic corneal infiltrative (one test, three control)
events were observed at scheduled study visits.

CONCLUSIONS: Results of this clinical trial demonstrate the effectiveness of the MiSight daily disposable soft
contact lens in slowing change in spherical equivalent refraction and axial length.
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Myopia represents a growing public health issue, affecting 33%
of adults in the United States® and markedly higher proportions in
Asia.” ™ Increasing myopia is associated with increased risk of ret-
inal detachment,® glaucoma ° cataract,” and myopic retinopathy.®
Higher levels of myopia are also associated with increased disabil-
ity? 1 and poorer refractive surgery outcomes. !

In the past decade, there has been increased research activ-
ity aimed at slowing the progression of myopia by optical
methods, including overnight corneal reshaping contact lenses
{orthokeratology)' !¢ and scft contact lenses incorperating
multifocal or aspheric optics,*>2* and these have shown promise
to slow myopia progression.

Studies of the mechanisms that regulate refractive develop-
ment in nonhuman primates show that hyperopic defocus can in-
duce excessive eye growth and myopia and that myopic defocus
can retard or reverse eye growth.”® Further research has shown that
eye growth can be manipulated when defocus, particularly myopic
defocus, is presented simultaneously with an additional optical
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power. These simultaneous optics are typically used with concen-
tric alternating powers in a zonal design within the lens optic and
are commonly referred to as “dual-focus optics.” Lenses with
dual-focus optics have been used in a number of animal models,
such as chickens, guinea pigs, marmosets, and rhesus monkeys,
with the aim of retarding eye growth. All of these studies?®>? have
consistently shown that adding simultaneous myopic defocus to ei-
ther hyperopic or plano correction resulted in reduced eye growth
when compared with the control animals or fellow control eyes.
This principle of applying myopic defocus via a dual-focus opti-
cal design has been studied in clinical trials of human subjects.
Anstice and Phillips® evaluated a dual-focus soft contact lens in
children aged 11 to 14 years. This dual-focus design had a central
zone containing the distance correction with concentric peripheral
zones, alternating myopic defocus (additional positive power) with
distance correction power. The intent of this optical design was to
fully correct refractive errcr but simultanecusly create myopic
defocus in all directions of gaze. The central correction zone was
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made sufficiently large for good visual acuity, but also to ensure
that normal accommodation would be stimulated for near work.
The zone diameters were designed to achieve constant presenta-
tion of myopic defocus 1o the retina. The dual-focus lens was com-
pared in a contralateral study design with a single-vision soft
contact lens. The mean 10-month change in spherical equivalent
refraction in the eye wearing the dual-focus lens was significantly
less than that in the contralateral eye wearing the single-vision lens
(-0.44 vs. -0.69 D). The mean axial elongation was also signifi-
cantly less with the dual-focus lenses (0. 11 vs. 0.22 mm) than with
the single-vision lenses.

This dual-focus optical design is the basis for the MiSight soft
contact lens (CooperVision, Inc., Pleasanton, CA}. Myopia progres-
sion was recently studied in 89 children aged 8 to 12 years in a
2-year parallel-group study comparing MiSight with standard
single-visicn spectacles.”® In this study, the mean change in
spherical equivalent refraction and the mean axial elongation
were significantly less in the MiSight group than in the spectacle
control group (-0.45 vs. —0.74 D, 0.28 vs. 0.44 mm).

The purpose of the current study is to report the results from a
clinical trial of MiSight lenses with dual-focus optics compared
with a single-vision contact lens of the same lens material and over-
all geometry. The clinical trial was designed to quantify the effec-
tiveness of the MiSight lenses for slowing juvenile-onset myopia
progression, The primary outcomes for effectiveness were change
of cycloplegic spherical equivalent refractive error and axial length
over the 3-year period. Additional end points included assessment
of best-corrected visual acuity and subjective responses.

METHODS
Study Design

This study was a multicenter, parallel-group, double-masked, ran-
domized clinical trial (ClinicalTrials.gov identifier: NCT01729208) of
a daily wear, daily disposable myopia control soft contact lens com-
pared with a standard daily disposable lens. The duration of the
study was 3 years.

The study was performed at four investigational sites: University
of Minho, Portugal; Aston University, United Kingdom; National
University Hospital, Singapcre; and the University of Waterloo,
Canada. The study was conducted in conformance with the ethical
principles in the Declaration of Helsinki, with the International
Conference on Harmonization Good Clinical Practice guidelines
and all applicable local regulations. The protocol, consent, and as-
sent documents, along with all recruitment materials, were ap-
proved by each institution's institutional review board before
commencing the study.

The test product, MiSight, and the control lenses, Proclear
l-day {CooperVision, Inc.}, are both soft (hydrophilic} contact
lenses composed of omafilcon A material. The study contact lenses
were identical for both material and lens overall geometry and dif-
fered only in the optical design of the contact lens.

To ensure standardized measurements across sites, all sites
were provided with the same protocol and trained before study ini-
fiation. ldentical equipment calibration instructions were imple-
mented for each site.

Subjects were recruited between November 2012 and April
2014, An assent document was explained to, read, and signed by
each potential study subject before enrollment in the study. Simi-
larly, a consent document was explained to, read, understcod,
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and signed by a parent or legal guardian of the subject
before enroliment.

All the inclusion and exclusion criteria are listed in Table 1.
Children with spherical equivalent refractive error between -0.75
and —4.00 D inclusive with less than 1.00 D of astigmatism or an-
isometropia were eligible for the study. The study population was
children aged 8 to <13 years at the baseline examination with
targeted enroliment of @ minimum of 50% of the study populaticn
in the 8- to 10-year age group.

At baseline, subjects were assessed for eligibility, which in-
cluded ocular characteristics such as refraction, visual acuity, bin-
ocular status, and ocular health (Table 1). Subjective refraction
was performed using a phoropter and projector chart at 6 m.
Cycloplegic autorefraction and axial length measurements were
performed as described in detail hereinafter.

Eligible subjects were sequentially randomized into either the
MiSight or control group (1:1 ratio). The randomization procedure
was stratified by clinical site and age group using a random per-
muted block design to achieve the 50% target of the younger-age
group. The randomization log was created centrally by the contract
research organization using a randem number-generating com-
puter program. Each clinical site was given a randomization log
to assign the order in which subjects were dispensed the lens
types. The randomization log was stored in the study documenta-
tion, so all investigators could access it, but the study product
was coded (lens A and lens B) and the randomization log only
had the lens codes listed on it. This code was also the only identi-
fying feature on the study product. Participants and their parents
were masked.

A lens-fitting procedure was performed where the contact lens
power for the subject was finalized, and acceptahle lens fitting
was confirmed. The subject was dispensed once he/she had suc-
cessfully completed training for insertion and removal of the con-
tact lenses. Both the MiSight and control lenses were used
following a daily wear, daily disposable modality. Progress was
monitored at follow-up visits at 1 week, 1 month, and 6, 18, 24,
30, and 36 months.

Cycloplegic spherical equivalent refraction and axial length
were assessed at baseline and at the annual follow-up visits.
Cycloplegia was produced by first instilling one drop of anesthetic,
either 0.5% proparacaine or 0.4% benoxinate, in each eye. One
minute later, one drop of 1% tropicamide was instilled in each
eye, followed by a second drop 5 minutes later. The examiner
waited at least 25 minutes before conducting further assessments.

Cycloplegic refraction was measured using the Grand Seiko
Binocular Auto-refractor/Keratometer WR-5100K or WAM-5500
(Grand Seiko Co., Hiroshima, Japan). Subjects were instructed to
view a 4-m distance target one line larger than their best acuity;
subsequently, 10 measurements were taken per eye and later aver-
aged. Axial length was measured using the [OLMaster (Carl Zeiss
Meditec, Dublin, California), with the subject fully cyclopleged.
Subjects were instructed to view the internal fixation target, and
10 measurements were taken of each eye.

Visual acuity was assessed using ETDRS Revised 2000 Series
Charts (Precision Vision, Woodstock, IL} using by-letter scoring
(0.02 logMAR). The charts were standardized to a luminance of
85 cd/m?. With the subject wearing the appropriate distance vision
correction and |eft eye covered, the subject began at 20/50 line,
reading the first letter on each successive line until he/she made
an error. When the subject made an error, he/she was asked to read
progressively larger lines until the subject was able to correctly
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TABLE 1. Inclusion and exclusion criteria

Inclusion criteria

Exclusion criteria

Be between 8 and 12 y of age inclusive at baseline examination

The participant has been given a clear explanation, then read,
understood, and signed the informed assent form.

The participant has been given a clear explanation, then read,
understood, and signed the informed assent form.

The parent or legal guardian has been given a clear explanation,
then read, understood, and signed the informed consent form.

Willingness to adhere to protocol, agreement to maintain
the visit schedule

Along with their parent or guardian, agree to maintain the visit schedule
and be able to keep all appointments as specified in the study protocol
for the duration of the study

Acceptance of either the control or test lens as assigned
by randomization

Agreement to wear the assigned contact lenses for a minimum of
10 hours per day, at least & days per week, for the duraticn of the 3-y study.
Agreement to inform the study investigater if this schedule is interrupted

Possess wearable and visually functional eyeglasses

Be in good general health, based on his/her and
parent's/guardian's knowledge

Best-corrected visual acuity by manifest refraction of +0.10 logMAR
{20/25) or better in each eye

Meet the following refractive criteria determined by cycloplegic
autorefraction at baseline:
(@) Spherical equivalent refractive error: between —-0.75
and —4.00 D inclusive
{(b) Astigmatism: <-0.76 D
(¢} Anisometropia: <1.00 D

Current or prior contact lens wear

Subject is currently or within 30 d before this study has
been an active participant in another clinical study

Parent/guardian or close relative is a member of the office staff,
including the investigator(s)

Current or prior use of bifocals, progressive addition
lenses, atropine, pirenzepine, or any other myapia control treatment

Birth earlier than 30 wk or <1500 g (3.3 Ib} at birth

Regular use of ocular medications, artificial tears, or wetting agents

Current use of systemic medications, which may affect contact lens wear,
tear film production, pupil size, accommodation, or refractive state

A known allergy to flucrescein, benoxinate, proparacaine, or tropicamide

A history of corneal hypoesthesia (reduced corneal sensitivity), corneal
ulcer, corneal infiltrates, ocular viral or fungal infections, or other
recurrent ocular infections

Strabismus by cover test at distance or near wearing distance correction

History of ocular or systemic diseases, including
those that could influence refractive development

Keratoconus or an irregular carnea

Contraindications for contact lens wear including giant papillary
conjunctivitis of grade 2 or worse and allergic or seascnal conjunctivitis

Subject seems to exhibit poor personal hygiene (that in
the investigator's opinion might prevent safe contact lens wear)
of the investigator for any reason considers that it is not in
the best interest of the subject to participate in the study

identify all five letters on a line. The subject continued reading until
three or more letters were missed on a given line. Visual acuity was
recorded in logMAR to the nearest letter, including the final read
line. Near visual acuity was measured in logMAR notation with
Near Point Flip Charts (Precision Vision) held at 40 cm. The same
protocol for measuring distance vision was used to assess near vi-
sion under the same lighting conditions. Refractive status was
assessed at each visit before cycloplegia. A change in lens power
was provided at any study visit when subjective overrefraction was
equal or greater than 0.50 D or a clinically meaningful improve-
ment in visual acuity could be achieved (greater than Y2 line). Lens
fit and ocular health were also assessed at these visits.

Subjective feedback was obtained from both the participants
and the parents via questionnaires at each follow-up visit. Ques-
tionnaires targeted information for lens handling along with assess-
ments of comfort, vision, and overall satisfaction. Each question
offered five Likert-type responses. The subjects were given ample
time and asked to complete the questionnaire by themselves. A
member of the site staff was available to answer any queries and

www_optvissci.com

to help the subject understand the question but was instructed
not to help the subject with the answer,

For the purposes of demonstrating the general acceptance of
the contact lenses in this trial population, this publication will pres-
ent findings only for lens handling and overall satisfaction from the
extensive questionnaire. Subjects were invited to rate their contact
lens handling experience to choose from the following: really easy,
kind of easy, neither easy nor hard, kind of hard, or really hard. For
the overall satisfaction rating for wearing both their spectacles and
contact lenses, the following choices were given to the subjects:
| like them the best, | kind of like them, neither like them nor do
not like them, | do not like them, and | cannot stand them.

Wearing time was collected by asking participants their typi-
cal lens insertion and removal times on a typical weekday and
weekend and how many days in a week the lenses were typically
worn. The wear time was calculated from these responses for
each participant.

The primary outcomes for safety were assessed using slit-lamp
biomicroscopy findings and ocular adverse event rates between
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the MiSight and control groups. Adverse events were classified and
reported according to a pre-determined list detailed in the study
protocol. Slit-lamp signs were graded using a 0- to 4-point scale de-
veloped from the guidance illustrated in the regulatory standard
ISO11980, with O representing none or absent findings and 4
representing severe. Unigue supplementary descriptions were
added to this scale for specific tissue grading.

Sample Size Estimation

The target effect size for sample size calculation was specified
as “0.25 D per year (i.e., 0.75 D for 3 years).” This therefore pro-
duced two aims for the primary effectiveness end point; the first
was to detect 0.25 D between groups for each year of the study.
Using 0.25 D per year as a target and assuming a standard devia-
tion of 0.50 D, it was estimated that 87 subjects per group would
be needed (two-sample t test with equal variance, o = 0.05,
power = 90%). The protocol anticipated an enrollment target of
150 eligible subjects per group to account for attrition (14%, or
42 subjects per year) over the 3-year period.

However, because of a longer-than-expected recruitment pe-
riod, it was evident that the number of subjects enrolled would be
smaller than this target. As a consequence, the sample size re-
quirements for the second aim, which was to detect a 0.75-D dif-
ference between the groups for 3 years, were applied. Assuming a
standard deviation of 0.50 D, 22 subjects (11 per group) would
have been needed (two-sample 1 test, a = .05, power = 90%) to
complete the study. As such, the final sample size of 144 eligible
subjects was more than adequate to detect the primary effective-
ness end point.

Statistical Methods

Baseline data for the MiSight and control groups were evaluated
by the two-sample t test (continuous data), Mann-Whitney U test
(categorical data), or Fisher exact test (nominal data). Imbalances
of potentially confounding variables that were identified between
the twe groups were addressed by including them as covariates in
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95% confidence limit of the mean difference was greater than zero
(test minus control). The questionnaire responses were compared
with linear mixed models. The model included treatment (lens
type), visit, site, and the interactions.

The statistical analyses were performed using SAS version 9.4
(SAS Institute, Cary, NC}.

|
RESULTS

Baseline Data

Table 2 summarizes the demographics for all enrolled subjects.
There were no statistically significant differences between the
MiSight and control groups with respect to the critical demographic
factors that have been associated with myopia progression. At base-
line, the mean cycloplegic spherical equivalent refractive errors were
-2.02 £ 0.77 D for the MiSight lens group and =2.19 + 0.81 D for
the control lens group. Axial length was also similar between the
groups: 24.42 + 0.70 and 24.46 + 0.66 mm for the MiSight and
control lens groups, respectively.

Subject Accountability

Fig. 1 shows the flow of participants through the clinical trial
from recruitment to study completion and analysis. Of the 187 sub-
jects who were screened, 144 were eligible and randomized. This
number comprised 21 subjects in Portugal, 28 in the United
Kingdom, 31 in Singapore, and 64 in Canada. The main reasons
for ineligibility were spherical refractive error (15), cylinder (7},
and anisometropia (5). Of those allocated treatment, six had unac-
ceptable lens fits (three MiSight and three control), and two had
challenges with lens insertion and removal, whereas one control
subject elected to withdraw from the study during the first week.

TABLE 2. Subject demographics at baseline

the final analysis. All inferences were carried out with the type | er- Variable Contral (n =74} MiSight (n =70) P

ror rate controlled at 5%. Age ly) 10114 10.1z1.3 .83
Data were pooled from all sites based on three factors: (1) com- Range 812 8-12

mon protocol, (2) common data collection procedures, and (3) o 8

closely monitored protocol compliance. As specified in the protocol, <10 G2 E) A0 &7

an analysis of the interaction of lens type by site was performed and 10-12 32 (43%) 30 (43%)

found not significant (P> .10) for the primary cutcome variables. Male 37 (50%) 38 (54%) 62
The primary outcome measures for effectiveness were checked Fernale 37 (50%) 32 (46%)

for normality and first compared between treatment groups using a .

ttest. These primary outcomes were also compared using linear White (European} 40(54%) 39 (56%) 79

mixed models. Comparisons between the MiSight and control East Asian 18 (24%) 16 (23%)

lenses were carried out using two-sided confidence interval con- West Asian 7 (9%) 5 (7%)

structed least-square mean differences at each follow-up visit. o o

The model included treatment (lens type), visit, site, and the inter- Other & 15%) 213%)

actions; visit by treatment and site by treatment as fixed effects; Mixed 5 (7%} 8(11%)

age, sex, weekday wearing time, weekend wearing time, and base- (n = 148 eyes) (n = 140 eyes)

line value as fixed covariates; and subject {nested in site) and eye Cycloplegic spherical ~ —2.19 = 0.81 _2.02+0.77 08

as random effects. The inclusion of eye as a random effect ac- equivalent (D)

counts for any correlation between eyes. The analyses included

all evaluable subjects who did not have a protocol deviation that Renge 083400 07710377

rendered data unsuitable for inclusion. If a subject missed a pri- Cylinder (D) -0.40+0.21 -040=0.21 82

mary outcome visit, no data were included for that visit, but all Range 0.00t0-0.75 0.00t0 -0.75

other visits with evaluable data for that subject were included. Data Axial length (mm) 24.46 + 0.70 24.42 + 0.66 90

from discontinued subjects were included up to the point of their

discontinuation. A st;tistical difference wzs conc\puded if the Range 23010270 22710250
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[ Enrollment ] ‘
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—» + Not mesting inclusion criteria {(n=41)

Excluded (n=43)

+» Declined to allow all pracedures {n=2)

‘ Randomized (n=144) |

h 4

Allocation

I“_

Y

Allocated to test lens (n=70)
» Recsived allocated intervention
{n=65)
= Did not receive allocated intervention:
unacceptable lens fit (n=3), insertion-
removal challenges (n=1}, subject or
parent/guardian decision {n=1)

Allocated to control lens (n=74}
* Received allocated intervention
(n=70)
= Did not receive allocated intervention:
unacceptable lens fit (n=3), insertion-
removal challenges (n=1)

A 4

Follow-up

A 4

Lost to follow-up (n=2)
Discontinued intervention:

« Lens related: discomfort, vision,
subject or parent/guardian decision
(n=5)

« Non-lens related: loss of motivation,
schedule, diagnosed diabetic,
protocol violation (meds) (n=5}

Lost to follow-up (n=3)
Discontinued intervention:

* Lens related: discomfort, handling,
CIE, subject or parent/guardian
decision {n=7)

» Non-lens related: loss of motivation,
schedule, protocol viclation {meds)
(n=4}

Analysis

Analysed (n=53)
« Excluded from analysis {(n=1)

Analyzed (n=56)

FIGURE 1. Flowchart to indicate the disposition of subjects from screening to study completion.

Thus, 135 subjects were dispensed the allocated intervention,
ranging between 21 and 60 subjects per site.

One hundred nine subjects completed the 3-year clinical trial
(53 MiSight and 56 control). One subject in the MiSight group
was excluded from the 36-month analysis because the subject
began a course of growth hormone treatment during the last
6 months of the study. The total retention rate for the study
was 75.5%.

Compliance to the protocol-specified wearing time was high.
The mean wearing times reported for weekdays at the 36-month
visit were 13.3 = 1.5 hours per day for the control group and
13.7 = 1.5 for the MiSight group, and this difference was not sig-
nificant. The mean wearing times reported for weekends were
slightly lower but were 12,4 £ 0.9 and 12.1 + 1.2 hours per day
for the control and MiSight groups, respectively. The linear mixed

www_optvissci.com

model showed no differences between lens types for wear time at
weekdays or weekends (P> .05). Subjects also reported the num-
ber of days per week that lenses were worn. The mean reported
wearing times were at least 6.5 days per week for both lens groups.
None of the above measures were significantly different between
the groups.

Refractive Error Progression

The MiSight group exhibited less progression in cycloplegic
spherical equivalent refraction than did the control group at
each of the annual follow-up visits (Fig. 2, Table 3). In compar-
ison with the control group, the changes in cycloplegic spherical
equivalent refraction were on average 0.40 D less (—0.58 vs.
—0.18 D) with MiSight at 12 months, 0.54 D less at 24 maonths,
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FIGURE 2. Mean unadjusted changes in spherical equivalent refrac-
tive error (D) for the test (MiSight) and control (Proclear 1-day} study
groups. The filled and open symbols represent the MiSight and control
groups, respectively, for the 36-month study period. The error bars de-
note the 85% ClI of the mean ¢hanges. The mean unadjusted differ-
ences were 0.40 D less with MiSight at 12 months, 0.54 D less at
24 months, and 0.73 D less at 36 months. Cl = confidence interval.

and 0.73 D less at 36 months. These differences were statistically sig-
nificant at each time point (Student ttest, P < .0001}, representing
myopia control effects of 69%, 59%, and 59%, respectively.

MiSight Myopia Control — Chamberiain et al.

After adjusting for factors detailed in Statistical Methods, the
least-square estimated mean progression was calculated, The esti-
mated mean progression and differences are shown in Table 4. The
adjusted differences in progression rate remained statistically sig-
nificant at all follow-up visits.

Fig. 3 shows the distribution of individual subject's change in
spherical equivalent refraction after 36 months. Among the
MiSight lens wearing eyes, 4 1% showed no clinically meaningful
change in spherical equivalent refraction (defined as —0.25 D or
less change) in comparison to 4% of the eyes in the control lens
group. Conversely, 62% of the control lens-wearing eyes had
progressed by more than —=1.00 D compared with 18% of the
MiSight eyes.

Axial Elongation

The MiSight group exhibited less axial length growth than did
the control group at each of the annual follow-up visits. At
12 months, the change in axial length was 0.24 mm in the control
group versus 0.09 mm in the MiSight group, representing on aver-
age a 0.15-mm less growth in the MiSight lens group. At 24 and
36 months, the change in axial length growth was 0.24 and
0.32 mm less in the MiSight lens group, respectively (Fig. 4,
Table 3). These differences were statistically significant at each
time point, representing myopia control effects of 63%, 53%,
and 52%, respectively.

After adjusting for factors detailed in Statistical Methods, the
least-square estimated mean change in axial length was calcu-
lated. The estimated mean change and differences between groups
are shown in Table 4. The differences in axial length were statisti-
cally significant at all follow-up visits.

TABLE 3. Myopia progression for spherical equivalent and axial length

Spherical equivalent

Visit Study group n (Eyes) (D =5D) Change (D) 95% Cl

Baseline Control 148 -2.19+081
MiSight 140 -2.02+0.77

12 mo Control 120 -2.80+1.01 -0.58 £ 041 -0.51 to -0.66
MiSight 116 -2.17+0.85 -0.18+0.39

24 mo Control 120 -3.13+1.08 -0.92+053 -0.82tc-1.01
MiSight 110 -2.33+£0092 -0.38+052

36 mo Control 112 -3.45+1.14 -1.24+061 -1.12t0-1.35
MiSight 104 -2.52+098 -0.51+0.64

Axial length (mm) Change (mm) 95% Cl

Baseline Caontrol 148 24,42 £ 0.66
MiSight 140 2446 070

12 mo Control 120 24.68 £ 0.66 024 +£0.15 0.21100.27
MiSight 116 24,52 +£0.69 009013

24 mo Control 120 24.88 +0.70 045+0.23 0.41100.50
MiSight 110 24,60 +0.64 0.21+0.22

36 mo Gontrol 112 2507 £0.74 062+0.30 0.57 10 0.68
MiSight 104 2476 +0.66 030+0.27

Cl = confidence interval.
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TABLE 4. Least-square mean estimates for spherical equivalent and axial length progressicn

Visit Study group Spherical equivalent change (D & SD) Difference (D & SD) 95% Conficdence interval P

12 mo Control -0.64 +0.07 0.38 £ 0.09 0211t00.55 <.0001
MiSight -0.27+0.07

24 mo Control -0.99+0.07 0.52 + 0.09 0.35t00.69 <.0001
MiSight -0.47 +0.07

36 mo Control -1.31+0.08 0.67 + 0.09 0.49100.84 <.0001
MiSight -0.65+0.07

Axial length change (mm} Difference (mm) 95% Confidence interval P

12 mo Control 0.23+£003 -0.13£0.04 -021t0-0.05 <.002
MiSight 0.10+£0.03

24 mo Control 0.45+0.03 -0.22 +0.04 -030t0-0.14 <.0001
MiSight 0.23 £0.03

36 mo Control 0.62+0.03 -0.28 +0.04 -0.36t00.20 <.0001
MiSight 034 +0.03

Factors Impacting Progression

Statistically significant factors affecting refractive error progres-
sion and axial length elongation included lens type, investigative
site, study visit, age, and sex (Table 5). Ethnicity and baseline my-
opia (refractive error or axial length) were not significant. There was
a significant interaction of lens type and visit for refractive error
progression and axial elongation, suggesting that the rate of change
of the two lens types is different over the years. There was no signif-
icant interaction between lens type and site, suggesting that the
myopia progression for both lens types was independent of

investigative sites. The interaction of lens type with age, sex, or
baseline myopia was not significant and was removed from the
model. The absence of significant interactions of lens type with
age, sex, baseline myopia, or investigative site demonstrates that
the myopia control effect is independent of these factors in this
study population.

Correlation between Changes in Axial Length and
Refractive Error

There is a strong relationship between increasing myopia with
increasing axial length. With the MiSight and control combined
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FIGURE 3. Frequency distribution of change in refractive error from baseline to 36 months. The filled and open bars represent the MiSight and control
groups, respectively.
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FIGURE 4. Mean unadjusted changes in axial length {in millimeters)
for the test (MiSight) and control (Proclear 1-day) study groups. The
filled and open symbals represent the MiSight and control groups, re-
spectively, for the 36-month study period. The error bars denocte the
95% Cl of the mean changes. The mean unadjusted differences were
0.15mm less with MiSight at 12 months, 0.24 mm less at 24 months,
and 0,32 mm less at 36 months, Cl = confidence interval,

data, there were statistically significant correlations at each of the
follow-up visits (P<.0001). These correlations became stronger
as the study progressed. At 12 months, the cerrelation coeffi-
cient (R) was —(0.77; at 24 months, the R value was —0.86; and
at 36 menths, the R value was —0.90.

The correlations were also statistically significant at each
follow-up visit when considered separately for the MiSight and con-
trol groups. At 36 months, the correlation coefficients were —0.89
(P < .0001) for the MiSight group and —-0.85 (P < .0001) for the
control group.

The slope for all subjects at 36 months was —0.42 (95% confi-
dence interval, —0.45 to —0.39), showing that a 0.1-mm change in
axial length corresponded to 0.24-D change in myopia in this study

MiSight Myopia Control — Chamberiain et al.

population. The slope did not vary significantly between treatment
groups or among sites,

Contact Lens Visual Acuity

Atthe dispensing visit, mean distance visual acuity with contact
lenses was within one letter for the MiSight lenses and control
lenses (=0.03 £ 0.06 vs. -0.05 £ 0.07 logMAR). Mean visual acu-
ity with contact lenses varied slightly at follow-up visits, possibly
due to refractive error changes that occurred since the last visit,
but did not differ by more than two letters at any visit. With spher-
ical overrefraction, best-corrected visual acuity with contact lenses
remalined similar for the twe lens types and within one letter at each
visit. Near visual acuity remained within one letter for the MiSight
and control lenses at each visit. The data for visual acuity are shown
in Table 6.

Subjective Responses

Responses to the question “How easy is it to put the lenses on
your eye?” were obtained. At the 1-month visit, a large proportion
of children (>80%) in each group described insertion of lenses as
"kind of easy” or “really easy” (top 2 box responses). Over the re-
mainder of the study period, more than 90% of subjects rated
within the top 2 box category. There was no difference between
study groups in the response to this question (P = .64). With re-
spect to lens removal, the responses to “How easy is it to take the
lenses out of your eye?” remained in the top 2 boxes for more than
90% of the subjects throughout all visits of the study; again, there
was no difference between study groups for this response (P=.99).

A positive response to the general experience of wearing contact
lenses was also observed. For the question “How much do you like
wearing your contact lenses?” an average of 97% of children chose
one of the top 2 responses across all visits of the study. There was
no difference between study groups in the response (P = 1.00}.
This was compared with a less positive response for spectacles,
with an average of 57% choosing one of the top 2 responses to
the question “How much do you like wearing your spectacles?”
across all visits. The difference between groups approached
statistical significance (P = .05), In general, this was due to
higher variation in the response across the groups, throughout the
study period.

TABLE 5. Tests of fixed effects for primary variables

Refractive error Axial length
Model term df F P df F P
Lens type 1,106 44.31 <.0001 1,108 33.29 <.0001
Site 3,104 13.26 <.0001 3,106 4.90 .003
Visit 2,209 119.89 <.0001 2,209 24513 <.0001
Age 1,103 7.78 .006 1,108 13.75 .0003
Sex 1,103 9.20 .006 1,122 4.43 .04
Ethnicity 4,104 0.59 .67 4,106 0.11 .98
Baseline spherical equivalent/axial length 1,361 2.22 .14 1,364 0.26 .61
Lens type x site 3,105 1.08 .36 3,107 1.70 17
Lens type s visit 2,209 9.03 .0002 2,209 14.89 <.0001
Site  visit 6,209 221 .05 6, 209 531 <.0001
Lens type x site x visit 6, 209 1.14 .34 6, 209 0.81 .56
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TABLE 6. BCVA with contact lenses

BCVA with Presenting

Presenting spherical contact lens
n (eyes) contact lens VA ovemrrefraction near VA
Control
Dispensing 148 -0.05+0.07 -0.05+0.07 -0.07x0.11
12 mo 120 +0.01+0.13 -0.07+008 -0.11+£0.11
24 mo 120 +0.00+0.13 -0.07+0.08 -0.11+0.08
36 mo 112 +0.00+0.10 —0.05+0.07 -0.10+0.08
MiSight
Dispensing 140 -0.03+0.06 -0.03+0.06 -0.05+0.10
12 mo 116  -0.04+0.09 —-0.07 £0.06 -0.09+0.10
24 mo 110 -0.04+0.10 -0.07 £+0.08 -0.11+0.09
36 mo 104 -001=0.11 -0.05x0.07 -0.09+0.09

All values are in logMAR {mean = SD).

acuity; VA = visual acuity,

BCVA = best-corrected visual

Safety Evaluation

There were no serious (events that are vision-threatening and result
in permanent impairment of a body function or permanent damage to
a body structure) or significant (events that usually are symptomatic
but are non-vision-threatening and result in temporary impairment of
a body function or temporary damage to a body structure} ocular ad-
verse events reported in the 3-year study. There were 18 avents (11
subjects) in subjects wearing the MiSight lens and 12 (10 subjects}
with the control lens. Seven events (six subjects) with the test lens
and seven events (five subjects) with the control lens were considered
lens related. Four of these were asymptomatic cotneal infiltrative
events, one in the MiSight lens and three in the control lens group.
The remainder of these events included foreign body, bilateral allergic
reacticn, unilateral mild pannus (requiring temporary discontinuation),
superficial punctate corneal staining, a unilateral subconjunctival
hemorrhage, and a case of irritation with the lens located under the
eyelid. There were no reports of loss of best-corrected visual acuity.

There was only one instance of a slit-lamp finding of grade 3 or
more. Grade 3 palpebral roughness was recorded in a MiSight
lens—wearing eye at the 1-month visit. This was attributed to a

TABLE 7. Summary of previcus studies of soft contact lenses on myopia pregression

Treatment effect
Analyzed w
Duration  test/  Discontinued Study Treatment Control Entry Rx Axial length Myopia
Authors (mo)  control (%) design lens lens Age (y) range (D) difference (mm) control (%)
Anstice 10 3535 13 Randomized Dual focus Soft lenses 11-14 -1.2510-4.50 0.11 49
and Phillips'® paired eye,
crossover
Sankaridurg 12 43/39 18 Prospective  Progressive Spectacles 7-14 -0.7510-3.50 0.15 38
etall® periphery
Fujikado 12 11/13 0 Randomized Menicon Soft lenses 10-16 -0.75 10 -3.50 0.05 25
etal.® masked, low-addition
crossover (Nagoya, Japan)
Aller et al.?* 12 39/40 ] Randomized, Acuvue Bifocal Soft lenses  8-18 -0.50 to -6.00 0.19 79
masked {Vistakon, a division
of Johnson &
Johnson Vision
Care, Jacksonville,
FL)
Cheng et al.* 12 53/59 16 Randomized, Positive spherical Soft lenses 8-11 -0.75to —4.00 0.14 39
masked aberration
Walline et al *” 24 27127 33 Historical Proclear Soft lenses  8-11 -1.00t0 -6.00 0.12 29
control multifocal
Allen et al > 24 45/50 S Randomized Aberration Soft lenses 14-22 -0.7510-10.00 -0.01 -0.1
masked controlled
monofocal
Lam et al.'? 24 65/63 42 Randomized, Custom Soft lenses  8-13 -1.00t0 -5.00 0.12 32
masked concentric
bifocal
Paune et al.*® 24 18/21 44 Prospective  Radial refractive Spectacles $-16 -0.75t0 —7.00 0.14 27
gradient
Ruiz-Pomeda 24 41/33 7 Randomized, MiSight Spectacles 8-12 -0.7510-4.00 0.17 36
etal.”? masked
Present study 36 52/56 19 Randomized, MiSight Soft lenses 812 -0.75 10 —4.00 0.32 52
masked
Rx = refraction.
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foreign body and was not noted at subsequent follow-up visits. Palpe-
bral roughness was graded from O to 4 as follows: 0 (none), uniferm
satin appearance of the conjunctiva; 1 (trace), slight conjunctival in-
jection without texture; 2 (mild), mild or scattered papillag/follicles
less than 1 mm in diameter; 3 (moderate), (a) significant papillae/
follicles less than 1 mm in diameter and/or marked conjunctival in-
jection and (b) staining of the top of one papilla; and 4 (severe), (8)
localized or generalized papillae/follicles 1 mm or more in diameter
and (b} staining of the top of more than one papilla.

DISCUSSION

The findings of this 3-year randomized clinical trial demonstrate
that mycpia progression is significantly slowed by the MiSight
soft contact lens. MiSight lenses showed less unadjusted refrac-
tive error change by 0.40 D at 12 months, 0.54 D at 24 months,
and 0.73 D at 36 months compared with the single-vision control
contact lens. This was closely mirrored by a reduction in axial elon-
gation of 0.32 mm at 36 months in the MiSight group. The strong
correlation between axial elongation and refractive error progres-
sion demonstrates that the lenses slow myopia progression by re-
ducing the rate of axial growth.

Table 7 presents a summary of other clinical trials that utilized
soft contact lenses for myopia control, arranged by trial duration.
This current clinical trial presents 3-year results, whereas all of those
summarized in Table 7 are 1- or 2-year studies. The reduction in my-
opia progression reported here approaches the greatest observed ef-
fect size from previously published studies. However, the absence of
studies of similar duration makes comparison of effect size ditficult.

Ruiz-Pomeda et al.? recently published results of a 2-year clin-
ical trial assessing myopia progression with the MiSight lens
compared with a control group wearing single-vision spectacles. Al-
though the study used a different control group and different statis-
tical methods for accounting for imbalances between groups at
baseline compared with the current study, overall the results of
the studies are similar. In the study by Ruiz-Pomeda et al., the
mean change in axial length at the 12-month visit was 0.12 mm
for the MiSight lens and 0.24 mm for the control group, for a differ-
ence in elongation of =0.12 mm. At the 24-mgnth visit, the differ-
ence in axial elongation was —0.16 mm (0.28 vs. 0.44 mm).
These findings are within the 95% confidence intervals
(Table 4) for adjusted axial length differences of this current study
(95% confidence intervals, —0.21 to =0.05 [year 1]1and -0.30 to
—0.14 mm [year 2]).

The current clinical trial used a soft contact lens as the control
group. This is in line with the recommendation of the Food and
Drug Administration Public Workshop on Controlling the Progres-
sion of Myopia.® The lenses were matched for all parameters, with
the exception of the dual-focus optical design of MiSight. This way,
if physiclogical effects are preduced in either a myopic or hyper-
opic direction, whatever the underlying etiology, they should be
identical in the two groups, and thus, any refractive and axial
length differences between the two groups can be attributed to
the optical design.

The study was conducted in four countries and recruited an
ethnically diverse sample. Although myopia progression showed
variation among investigational sites, the reduction in myopic
progression with MiSight was statistically significant at all sites.
Some studies, although not all, have noted a difference in myopia
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progression as a function of ethnicity.®* 3% This study found no such
effect; furthermore, the interaction of lens type with ethnicity or lens
type with site when assessing spherical equivalent refraction and axial
length progression was not significant, which implies generalizability of
the myopia control treatment across different regions and populations.

The high level of wearing time compliance (both hours and days
per week} for both groups did not provide sufficient variation to
evaluate the effect of wearing time on mycpia progression reported
by some investigators.'®

In line with other research, myopia progression varied with age,
with younger subjects progressing faster. However, the degree of
myopia control with MiSight was not impacted by this factor, sug-
gesting that MiSight works with similar treatment effect in younger
and older subjects. A similar finding is observed with sex, where fe-
male participants display higher myopia progression than do male
participants, also chserved by Hyman et al.,*® but again, the inter-
action with treatment effect was net significant.

For both refractive error progression and axial elongation, there
was a persistence of myopia control effect across the 3 years of the
study. The magnitude of the effect was highest in the first year of wear
but continued to accrue across the period of observation. In other
2-year studies of myopia control with multifocal soft contact lenses
(Table 73, the myopia control effect persisted and accrued over the
2 years.}71%29 This is in contrast to the 3-year Correction of Myopia
Evaluation Trial (COMET) trial of progressive addition spectacles,®
where the adjusted treatment effect was 0.18 D with minimal to no
accrual in the subsequent 2 years.

A significant proportion of the MiSight group (41%) showed no
meaningful progression in spherical equivalent refraction (-0.25D
or less change) over the duraticn of the trial. In contrast, only 4% of
control eves showed a similar lack of progression (absolute risk reduc-
tion, 37%). The number of eyes needed to treat (=1/absolute risk re-
duction) to achieve this benefit is approximately three eyes (95%
confidence interval, 2.1 to 3.6). Therefore, for every three eyes
treated in this cohott, one eye will show no meaningful myopic pro-
gression over a 3-year period.

Questionnaire responses collected throughout the study align
with previous studies®® 3 that have shown that soft contact lenses
are well accepted by children. The children in this study showed
that they were able to achieve full-time wear, were able to handle
the lenses confidently, and had a positive response to contact lens
wear. Only one child discontinued for vision quality reasons over
the 3-year period. The overall retention rate compares very favor-
ably with previous studies (Table 7).

No serious ocular adverse events were observed during the 3-year
clinical trial, including no cases of microbial keratitis. Only four non-
significant corneal infiltrative events were reported over the 3-year
period, all asymptomatic and noted at scheduled visits. The absence
of serious or significant ocular adverse events supports the growing
acceptance that soft contact lenses are safe for use by childran.®

Limitations

Enroliment was lower than the target because of recruitment
difficulties at some of the sites; however, subject retention was
high, and the sample size was sufficiently large to show differences
between the two lens types for the primary efficacy end point of
0.75D at 3 years.

Subjects in this clinical trial were not withdrawn from treatment
to assess the extent to which the benefit is sustained. Some myopia
treatments with atropine have been shown to be susceptible to post-
treatment acceleration. ™ Finally, the investigators had access to the
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randomization codes. Although these randomization codes were
only identified as “lens A” and “lens B,” theoretically an examiner
could have identified whether lens A was the experimental or

control assignment.

Summary

This 3-year randomized clinical trial, designed to evaluate the
safety and effectiveness of a soft contact lens intended to slow my-
opia progression in children, demonstrates the following:

* The progression of refractive error in children is significantly
reduced by the MiSight lens compared with a single-vision

soft contact lens.

* The axial elongation that underlies and is correlated with re-
fractive error progression Is significantly less with the MiSight
lens compared with a single-vision soft contact lens.

No safety concerns were evident for this population of chil-

dren who started daily disposable soft contact lens wear be-
tween 8 and 12 years of age.

The high subject retention, long wearing time, and favorable
subjective ratings show that contact lens acceptance was
sustained across 3 years. This work supports previous find-
ings®3? that soft contact lenses are well accapted by children.
Children as young as 8 years are able to achieve full-time
wear, handle the lenses confidently soon after initial fitting,

and achieve good comfort,
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3.4. Additional Analyses from the 3-year trial

At the conclusion of this three-year trial, cycloplegic auto-refraction measurements showed a
progressive slowing of myopia in the dual-focus treated population. The unadjusted spherical
equivalent refractive error (SERE) reduction was 0.40D after year 1, 0.54D after year 2, and
0.73D at the study’s conclusion. After adjusting for covariates outlined in the statistical plan,
the estimated mean three-year progression was —0.65D in MiSight-treated eyes compared to
—1.31D in control eyes (p<0.0001). Despite these positive results, the study narrowly missed
the target of 0.75D reduction, whether assessed using raw unadjusted means or the adjusted
values from a linear mixed model which accounted for differences between control and
treatment groups of potential covariates unrelated to treatment.

However, neither the methodological differences nor the small shortfall from the
target represent a clinically significant margin. It is essential to interpret these findings in the
context of clinical quantization, where refractive changes are typically measured in 0.25D
steps using trial lenses or a phoropter. In contrast, refractive error measurements in this study
were:

a. Performed under cycloplegia, and
b. Assessed using an open-field auto-refractor with a resolution of 0.01D.

This higher-resolution measurement differs from what is typically used in clinical practice,
where refractions are generally conducted in 0.25D increments using a phoropter or trial
lenses. To align with standard clinical assessments, the study also included manifest refraction
measurements. The mean change in manifest refraction was —0.53+0.62D in MiSight-treated
eyes compared to —1.29+0.70D in control eyes, resulting in a 0.76D difference. This suggests
that the observed reduction in refractive error progression is clinically meaningful and aligns
closely with the gold standard outcomes reported in the three-year manuscript.

Additionally, this study provided an opportunity to compare refractive error measurements with
and without cycloplegia, with the former serving as the primary endpointin the earlier
manuscript. Figure 5 illustrate the data at baseline and the three-year follow-up, respectively.
The most striking observation is the clear divergence in SERE between the treated and control
eyes over time. The strong correlation (R? = 0.88) across all refraction levels in both groups
indicates that a well-conducted manifest refraction can serve as a reliable measure of myopia
progression—even in the absence of time-consuming cycloplegic refraction or an optical
biometer.
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Figure 5: Scatterplot showing the correlation between spherical equivalent non-cycloplegic and
cycloplegic autorefraction at baseline (A; n=288 eyes) and at 3 years (B; n=216 eyes). Eyes in the
treated (blue) and control (red) groups had almost identical SEs at baseline

3.5. Myopia Control effect across the population

Although the randomized controlled trial provides an unbiased estimate of the average
treatment effects, this study design cannot reveal treatment effects of individual subjects
because the control and treatment cohorts are composed different individual eyes. For
example, the faster growing treated eyes, could reflect slowed growth of eyes that if left
untreated would have experienced even faster accelerated growth, or a failure of treatment in
those eyes. In spite of this limitation, distributions of growth and progression (Figure 6 here
and Figure 3 in publication) have been examined and the similarity of treated and control eye
distribution standard deviations has been interpreted as evidence of a fixed treatment effect
for all eyes. (Brennan, Toubouti et al. 2020, Charman and Radhakrishnan 2021) However,
the analysis these authors employed is based upon an assumption of a unimodal gaussian
distribution (with a single SD). The data from the MiSight 3-year trial (Figure 6) clearly show
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an indication that the treated eye axial elongation population was not normally distributed.
Normalcy of distributions is most easily seen when plotting the data as g-q plots.
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Figure 6: Frequency distribution of change in axial length from baseline to 36 months. The navy and
red bars represent MiSight and control groups respectively.

Figure 7 shows g-q plots for 3-year progression of SE and axial elongation for the MiSight and
Proclear groups. Vertical separation and approximate linearity of the functions reveal the
treatment effect and the approximate logistic distribution of the results. Notably, the faster
progressing and faster growing treated eyes converge with the progression and growth of the
faster growing control eyes, which is consistent with the notion that these faster progressing
treated eyes are in fact not responding to the treatment intervention.

Do all treated subjects, including fast and slow progressors receive an identical treatment
benefit? The current clinical trial data cannot answer this question as no evidence of prior
progression for these subjects are available. A more direct way to assess treatment effects in
individual eyes is to track growth and progression of the same eyes prior to treatment and then
once treatment has begun.

P. CHAMBERLAIN, PhD THESIS, ASTON UNIVERSITY 2025
44



¢
05 e MiSight =.0.30x - 1.26
e R2=0.98
e P1D
2.0 &
o (9
=-15 ¥ =-0.36x - 0.60
2 R2=0.97
LlJ -
2
B -0.
©
© } }
4
=
(]
(@]
C
(]
5
2 4 6
1.4
1.3 e MiSight if= 0.15x + 0.61
1.2 T R2=097
1.1 mP1D + : x
1.0 |
E 0.9 i
0.8 1
E o7 ] = 0.16x + 0.36
£ 06 R2=0.95
Z 03
% 0.3
3 0.2 g
0.1 “
£ 00 L
® 0.1 1
2.02 I s 2 1
203 |
O 04 1
05 |
0.6
6 -4 2 0 2 4 6

Logit Score
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3.6. Additional factors explored for influence on treatment effect.

Small differences in covariates between the control and treatment groups offered an
opportunity to assess whether age group (8-10;11-12), sex, site or baseline myopia affected
the treatment effect. None of these factors were significant contributors to the treatment effect.
The possible impact of an additional two factors (pupil size and wear-time), that were not part
of the original linear mixed model analysis were also explored. Each of these factors could
influence the efficacy of the myopia control intervention.

Pupil size

Experience with concentrically designed multifocal contact lenses that provide increased
depth of focus for presbyopic patients have established that pupil size can have a dramatic
impact on the image quality which, although still a factor, is less so for designs with multiple
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annular zones, (Young, Grey et al. 1990, Bradley, Nam et al. 2014) Young eyes generally
exhibit larger pupils than older presbyopic eyes,(Winn, Whitaker et al. 1994) and individual
eyes can have different pupil sizes at any light level. As discussed in Chapter 2 larger pupils
can expose greater amounts of defocus in eyes fit with concentrically designed multifocal
contact lenses or in treated OrthoK eyes.(Faria-Ribeiro, Navarro et al. 2016, Ji, Yoo et al.
2018) Evidence of enhanced slowing of myopia in OrthoK-treated eyes as a function of pupil
size has been reported, but this result does not appear to be universal.(Chen, Niu et al. 2012,
Huang, Zhao et al. 2023, Guo, Zhang et al. 2024) As illustrated in Chapter 2 Figures 2&3, the
MiSight design provided alternating zones of defocus and correcting zones to minimize
dependency of the myopia control effect on pupil size.

In the current clinical trial, pupil size was measured at all follow up visits with the Neuroptic
pupilometer. Progression rates and axial growths were on average slightly greater with larger
pupil sizes (-0.07D per mm and +0.03mm per mm of pupil diameter), but pupil size accounted
for between 3 and 6 % of the data variance suggesting that pupil size has a minor or zero
effect on growth and progression during treatment. It is important to emphasize that single
measures of pupil diameter in the clinic may be poor indicators of the chronic pupil sizes
encountered by each subject during their daily lives.
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Figure 8: Scatter plots of changes in SE (top) and axial length (bottom) from baseline to 36 months
as a function of the measured photopic pupil diameters.

Wear-time

Wear time compliance was another factor considered important to collect and analyze in
relation to in myopia progression in the treated eyes. In this trial, with the protocol initiated in
2011, compliance was assessed by the administration of a questionnaire. Central to this
analysis was the collection of data from individual subjects related to wear time, both in terms
of days per week and hours per day. Each of these factors were assessed separately for
both weekdays and weekends and at each follow up visit, which after an initial period of visits
settled to a cadence of 6 monthly intervals. To reduce potential for bias, subjects were not
asked to state hours per day of wear, but rather recall the typical hour and minute of lens
application and removal.

Studies of myopia control in other specially designed contact lenses for myopia control
intervention have collected wear time information and these studies reported that reduced
wear time linked with greater myopia progression in treated eyes. (Lam, Tang et al. 2014,
Sankaridurg, Bakaraju et al. 2019) Figure 9 reports myopia progression and eye growth
against average daily wear time (hours per day) collected individually for weekdays and
weekends at each annual visit during this study.

No correlation was observed between average wear time and the annualized progression of
myopia, as measured by spherical equivalent refractive error (SERE) or axial length (AL).
This is evidenced by the flat regression line and a very low R-squared value. The outlier data
point, an average wear time of 2 hours per day, was from a single subject in the first year of
the study who exhibited poor lens wear compliance. Notably, in years 2 and 3 of the MIST-
401 study, this subject wore the lens for an average of 13 and 14 hours per day, respectively.
Overall, there was no association between wear time and myopia progression or axial
elongation in the treated eye group.
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Figure 9: Scatter plots of annual changes in SE (top) and axial length (bottom) as a function of the
reported average daily wear time at each annual follow up visit.

The absence of significant correlations between measured covariates—pupil size and wear
time suggests that other factors play a more dominant role in influencing myopia progression
and eye growth. This lack of association may stem from the careful design considerations
discussed earlier in this thesis. The treatment optics were meticulously engineered to
maintain a balance between correction and treatment optics across a range of pupil sizes
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while preserving normal accommodative response. Additionally, the daily disposable
modality, along with high compliance in wear time, may reflect either the ease of lens use or
the quality of instructions and monitoring provided by study sites.

As outlined in the published findings, several other covariates also had no significant impact
on treatment effect. These included baseline age group (8-10 vs. 11-12 years), sex, and
ethnicity. The only variable that showed a significant interaction with treatment effect was visit
number, though this time-based factor may inherently correlate with age. The lack of a direct
age effect may be explained by the overlapping age ranges of participants over the three-
year study period, which likely minimized age-related differences.

These findings provide compelling evidence of the generalizability of the treatment effect
observed in the first three years. The consistency across different demographic groups
reinforces the broad applicability of this intervention and offers a strong foundation for future
research.

The first phase of this trial demonstrated that dual-focus soft contact lenses are an effective
strategy for slowing myopia progression over a three-year period, offering clinically
meaningful benefits for children at risk of developing high myopia. However, since myopia
progression does not abruptly stop after childhood, it became clear that further investigation
was necessary to assess the long-term sustainability of these effects.
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CHAPTER 4: A 6-YEAR RANDOMIZED CLINICAL TRIAL OF MISIGHT
LENSES FOR MYOPIA CONTROL
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4.1. Background and study design

The MiSight study was the first randomized clinical trial of a soft contact lens for myopia
control to extend beyond two years. At the time of completion and publication, only one other
study had examined myopia progression beyond this duration. (Hiraoka, Kakita et al. 2012)
However, that study did not employ strict randomization, as participants could choose
whether to be in the treatment group. In contrast, the MiSight trial was pioneering in providing
the first randomized, controlled evidence of a sustained ability to slow myopic eye growth
over multiple years. The results showed that eye growth was slowed across both major ethnic
groups enrolled in the study—Asian and Caucasian—and in both younger and older age
groups, offering encouraging evidence that dual-focus contact lenses could be an effective
intervention for a broad population.

While these findings were promising, several critical questions remained. Myopia can
progress from early childhood through young adulthood, raising the question of whether the
slowed growth and progression observed in the trial could be further sustained throughout
the natural course of myopia development. Additionally, it was unclear whether continuing
treatment into the teenage years would maintain the benefits observed in younger children.
These uncertainties led to the decision to extend the study for an additional three years to
explore two primary hypotheses: that slowed eye growth in the original treatment group would
persist if treatment was maintained, and that contact lenses would remain safe and effective
for myopic children as they transitioned into adolescence.

A direct continuation of the placebo-controlled study, however, was not considered ethical or
feasible. The informed consent process at the start of the original trial had clearly stated that
the study would last for three years, meaning any extension required a new consent process.
Since the treatment’s efficacy had already been demonstrated, it was unlikely that families
would accept a 50% chance of continued monitoring in an untreated placebo group, which
could lead to significant retention issues. Practical concerns further complicated the situation,
as the treatment lens had by this point become commercially available in the countries where
the trial was conducted. Given these challenges, it was determined that the best path forward
was to modify the study design.

For Part 2 of the trial (Years 4-6), all participants from the original cohort were invited to
continue in an open-label study, in which all eyes would receive treatment. The study lens
supply was transitioned to a commercial lot number system, simplifying inventory
management. This design shift eliminated the placebo group, but it also created new
opportunities and challenges. By the conclusion of Part 2, participants would be between the
ages of 14 and 18, allowing researchers to observe a substantial portion of the natural
progression of juvenile-onset myopia.

Without a concurrent randomized control group, the standard approach of comparing mean
control and mean treated eyes was no longer available. Instead, the study focused on five
key research questions.

1. Would slowed average growth and progression observed in the treated cohort
during years 1-3 be maintained during the additional 3 years of treatment? (compare
growth of original treated cohort during years 1-3 with that observed during years 4-
6)

2. Would axial growth in eyes from the original control cohort slow significantly once
treatment was initiated? (compare growth of the original control cohort during years
1-3 with that observed during years 4-6)

3. Would prior treatment or absence of treatment affect the treatment magnitude?
(compare growth and progression during years 4-6 between the original control
group and the original treatment group)

4. Could the MiSight myopia control contact lens slow axial growth and myopia
progression for those eyes that were faster or slower progressing prior to treatment

P. CHAMBERLAIN, PhD THESIS, ASTON UNIVERSITY 2025
51



(during years 1-3)? (Compare change in growth and progression of individual eyes
between years 1-3 and years 4-6).

5. Could switching the initial control eyes from single vision lenses to myopia control
treatment lenses have the potential to identify those eye/subjects who do not
respond to treatment? (Compare growth and progression of individual eyes between
years 1-3 and years 4-6)
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Long-term Effect of Dual-focus Contact Lenses on Myopia
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SIGNIFICANCE: Treatment of myopic children with a dual-focus soft contact lens (DFCL; MiSight 1 day) produced
sustained slowing of myopia progression over a 6-year period. Significant slowing was also observed in children
switched from a single vision control to treatment lenses (3 years in each lens).

PURPOSE: This study aimed to evaluate the effectiveness of DFCLs in sustaining slowed progression of juvenile-
onset myopia over a 6-year treatment period and assess myopia progression in children whe were switched to a
DFCL at the end of year 3.

METHODS: Part 1 was a 3-year clinical trial comparing DFCLs with a control contact lens (Proclear 1 day) at four
investigational sites. In part 2, subjects completing part 1 were invited to continue for 3 additional years during
which all children were treated with MiSight 1 day DFCLs (52 and 56 from the initially treated [T6] and control
[T3] groups, respectively). Eighty-five subjects (45 [T3] and 40 [T6]) completed part 2. Cyclopleged spherical
equivalent refractive errors (SERES) and axial lengths (ALs) were monitored, and a linear mixed medel was used
to compare their adjusted change annually.

RESULTS: Average ages at part 2 baseline were 13.2 + 1.3 and 13.0 + 1.5 years for the T6 and T3 groups, respec-
tively., Slowed myopia progression in the T6 group observed during part 1 was sustained throughout part 2
(mean + standard error of the mean: change from baseline SERE [in diopters], —0.52 + 0.076 vs. -0.51 + 0.076;
change in AL [in millimeters], 0.28 £ 0.033 vs. 0.23 = 0.033; both P> .05). Comparing progression rates in part
2 for the T6 and T3 groups, respectively, indicates that prior treatment does not influence efficacy (SERE,
—0.51 £ 0.076 vs. -0.34 £ 0.077; AL, 0.23 £ 0.03 vs. 0.18 £ 0.03; both P > .05}). Within-eye comparisons of
AL growth revealed a 71% slowing for the T3 group (3 years older than part 1) and further revealed a small subset
of eyes (10%) that did not respond to treatment.

CONCLUSIONS: Dual-focus soft contact lenses continue to slow the progression of myopia in children over a
6-year period revealing an accumulation of treatment effect. Eye growth of the initial control cohort with DFCL
was slowed by 71% over the subsequent 3-year treatment pericd.
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Myopia is predicted to affect more than half of the world's pop-
ulation by 2050, and the prevalence of high myopia (defined as
myopic refractive errors higher than —6 D)? is also increasing, being
present in approximately 3% of the myopic population in 2000 and
expected to reach 10% by 2050. The associated retinal and spe-
cifically macula pathologies, such as myopic macular degenera-
tion,>* are already leading causes of impaired vision in Europeans
younger than 75 years® and have become the leading cause of
blindness in older Chinese populations.®

Although the prevalence of retinal pathologies associated with
myopic eye growth increases later in life,” the excessive eye growth
that results in myopia often begins early in childhood® and continues
into adolescence.” The anomalous growth of the eye can continue
over many years*® and can vary widely in rate for example, from
0.17 mm to a maximum reported 0.53 mm per year in European
children''—with earlier onset and faster progression generally re-
sulting in higher levels of adult myopia.*2

www.optvissci.com

Efforts to delay onset of myopia and slow myopia progression
have included modifying a child's visual environment, for example, in-
creased lighting,'® increased time outdoors, *~1° and manipulations
of visual optics to counteract the external environmental changes. Op-
tical interventions incorporated into soft contact lenses, spectacle
lenses, and orthokeratology are designed to introduce some myopic
defocus and have shown promise in slowing eye growth.!”

Assessing the efficacy of myopia control treatments is compli-
cated by the need to monitor eye growth and refractive error over
an extended period,'® coupled with the significant covariate of
slowed myopic eye growth with increasing age.'® The added im-
pact of measurement noise and selection bias may compromise
the value of short-term studies.'® Also, short-duration trials cannot
examine important questions of treatment sustainability or satisfac-
torily reveal the interactions of treatment duration and age. In con-
trast, longer-term myopia control trials can be expected to evaluate
sustained treatment effectiveness, whereas normal age-related
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slowing of progression is ongoing during the evaluation period.
However, maintaining control groups over long periods without
treatment raises ethical and practical considerations.?%2 Only
a few 3-year randomized controlled clinical trials of optical myo-
pia management have been published.?%2° This is the first study
to report myopia control efficacy data in a study cohort over a
6-year period.

After an observed average reduction of —0.73 D in myopia pro-
gression over the 3-year part 1 of this randomized control trial,??
the dual-focus contact lens myopia management option was ap-
proved by the U.$. Food and Drug Administration®® for the indication
of slowing the progression of myopia in children. During part 1,
standard treatment and control arms were used. However, because
of ethical concerns,”®?! the almost zero chance of placebo effect
influencing the data,””-*® and concerns that families would simply
choose to purchase the commercially available treatment lens, sub-
jects from the part 1 control group were all switched into the treat-
ment lens at the start of year 4 (part 2). This protocol shift would en-
able better retention of subjects. The spherical equivalent refractive
error and axial length progression data for both groups during part 2
(years 4 to 6) and the full € years of the trial were used to test the fol-
lowing hypotheses: {1) the slowed growth observed during years 1 to
3 in the treatment group would be sustained during years 4 1o 6; (2)
prior treatment for a pericd of 3 years will not result in faster pro-
gression compared with a newly treated group of the same age;
(3) slowed myopia progression is achieved when treatment is initi-
ated in an older cohort of subjects; and (4) faster growing eyes ex-
perience greater slowing of growth during treatment.

METHODS

Part 1 of this multicenter, double-masked, randomized, con-
trolled clinical trial (ClinicalTrials.gov identifier, NCT01729208)
compared myopia progression and eye growth in children aged 8 to
12 years at baseline and fitted with either a daily disposable
dual-focus myopia control soft contact lens (MiSight 1 day,
omafilcon A; CooperVision, Inc., Pleasanton, CA} or a standard
single-vision, daily disposable lens (Proclear 1 day, omafilcon A;
CooperVision, Inc.}). The duration of part 1 was 3 years. Part 2 of
the clinical trial was an open-label study with no masking or ran-
domization, as all subjects were refitted with the dual-focus treat-
ment lenses. Subjects remained masked to their previous cohort
assignment for part 1. Part 2 was 3 years in duration and registered
under the same identifier. Both parts of the study were conducted
at the same four investigational sites: University of Minho, Braga,
Portugal; Aston University, Birmingham, United Kingdom; Na-
tional University Hospital, Singapore; and the University of Water-
loo, Ontario, Canada. The study was conducted in conformance
with the ethical principles in the Declaration of Helsinki, with the
International Council for Harmonization guidelines for Good Clini-
cal Practice and all applicable local regulations. This research
was reviewed by an independent ethical review board and con-
forms with the principles and applicable guidelines for the protec-
tion of human subjects in biomedical research. Standardized mea-
surements were used across sites, under the same protocol with
identical equipment calibration instructions to ensure concor-
dance across the study sites.”® All subjects who successfully com-
pleted part 1 were invited to enroll in part 2. Initial visits for part 2
took place immediately after the 36-month exit visit and reconsent.
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These visits were completed between December 2015 and
February 2017,

An assent document was explained to, read, and signed by each
potential study subject before enroliment in each part of the study.
Similarly, an informed consent document was explained to, read,
understood, and signed by a parent or legal guardian of the subject
before enroliment.

During the 3-year part 1, cohorts were identified as “contro
and “treatment” groups and monitored every 6 months as reported
previously.”? In part 2, however, both cohorts from part 1 received
the same treatment lens. Thus, these two cohorts are referred to as
T6 (for those children who received & years of dual-focus myopia
control treatment lenses) and T3 (for the original control group
who then received 3 years of treatment in dual-focus myopia con-
trol treatment lenses at a later age). Subjects were subsequently
monitored in part 2 at 42-, 48-, 54-, 60-, 66-, and 72-month visits.
Lens refits for the previously untreated T3 cohort were

"

TABLE 1. Demographics at part 2 baseline for T6 (6 years of
treatment) and T3 (original control group refitted with MiSight 1 day
for years 4-6)

Variable T3 group T6 group P
Subjects (n) 56 52
Eyes (n) 112 104
Age entering part 2 (y)
Mean 13.0 13.2 .60
sD 15 13
Range 111015 11t016
Age range, n (%)
11-12y 25 (45) 18(35)
=13y 31 (55) 34 (65)
Sex, n (%)
Male 27 (48) 28 (54) 57
Female 29 (52) 24.(46)
Ethnicity of subject, n (%)
White 34(61) 28 (54) .94
East Asian 9 (16) 11
South Asian 6(11) 5(10)
Gther 2(4) 2(4)
Mixed 5(9) 6(12)
Cycloplegic spherical equivalent refractive error (D)
Mean -3.45 -2.62 <.001
Median -3.40 -2.50
SD 1.14 0.98
Range -1311t0-6.88 -0.19t0-493

Axial length {mm)

Mean 25.07 2476 .002
Median 2513 2477

SD 0.74 066

Range 23210268 23210272

Values in bold are significant. SD = standard deviation.
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appropriately powered for their subjective refraction at 36 months,
and acceptable lens fits were confirmed.

The primary outcome measures of cycloplegic spherical equiv-
alent refractive error and cyclopleged optical interferometric mea-
sures of axial length were conducted at baseline and annually
over the 6-year study using the Grand Seiko Binocular Auto-
refractor/Keratometer WR-5100 K or WAM-5500 (Grand Seiko
Co., Hiroshima, Japan) and the I0LMaster (Carl Zeiss Meditec,
Dublin, CA), respectively.

All measurement protocols used in part 1 were retained for part
2.22 Other additional outcomes collected but not addressed in this
article included subject and parent questionnaires, contact lens
overrefraction, and lens fit assessment.

Statistical Analysis

The primary effectiveness aims of this study were twofald: (1) to
compare myopia progression during part 1 and part 2 for both
groups (Hypotheses 1 and 2) and (2) to compare the rate of myopia
progression between the two study groups during part 2 and thus
evaluate the impact of treatment history {Hypothesis 2).

Demographic data for the T6 and T3 groups were evaluated by
the two-sample ftest (continuous data}, Mann-Whitney U test (cat-
egorical data), or Fisher exact test (nominal data). Unadjusted data
for myopia progression are presented as population means with
standard deviation. Mixed-effects models—used to analyze the
changes in axial length and spherical equivalent refractive error—

[ Enroliment

] | Assessed for eligibility (n=187) |

Excluded (n=43)

A

»  « Not mesting inclusion criteria (n=41)
~ Declined to allow all procedures (n=2)

| Randomized (n=144) |

[ Allocation ]

Allocated to test lens (n=70)
* Received allocated intervention (n=65)
» Did not receive allocated intervention: unacceptable lens
fit (n=3), insertion-removal challenges (n=1), subject or
parent/guardian decision (n=1)

h 4
Allocated to control lens (n=74)
+ Received allocated intervention (n=70)
» Did not receive allocated intervention: unacceptable lens
fit (n=3), insertion-removal challenges (n=1)

[ 36-month Follow-up Part 1 ]

Completed (n=53)
Lost to follow-up (n=2)
Discontinued intervention:
* Lens related: discomfort, vision, subject or
parent/guardian decision (n=5)
* Non-lens related: loss of motivation, schedule,
diagnesed diabetic, protocel viclation (meds) (n=5)
Excluded from analysis and no longer eligible (n=1)

Dispersed Part 2 test lens (T6, n=52)

Completed (n=586)
Lost to follow-up {n=3)
Discontinued intervention:
= Lens related: discomfort, handling, CIE, subject or
parent/guardian decision (n=7)
= Non-lens related: loss of motivation, schedule, protocol
violation (meds) (n=4)

Dispensed Part 2 test lens (T3, n=56)

[ 72-month Follow-up Part 2 ]

Completed (T6, n=40)
Missed final visit {n=6)
Lost to follow-up (n=1)
Discontinued intervention:
» Len related: vision, subject prefers glasses (n=3)
» Non-lens related: relocation, loss of motivation (n=2)

Completed (T3, n=45)
Missed final visit (n=1}
Discontinued intervention:
« Lens related: discomfort, vision, lens fit, subject or
parent/guardian decision (n=7)
= Non-lens related: relocation, Uveitis (n=3)

FIGURE 1. Flowchart showing treatment allocations and subject numbers for parts 1 and 2. Discontinuaticns are detailed as lens related, not lens re-

lated, and lost to follow-up.
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TABLE 2. Mean spherical equivalent refractive error (in diopters) and
axial length (in millimeters) progression with SD for the T6 (6 years of
treatment) and T3 (original control then treated in years 4-6) cohorts

A Spherical equivalent

refractive error, A Axial length,
Study period Group n mean = SD (D) mean = SD (mm)
Baseline to Te 104 -0.561+0.64 +0.30+0.28
36 mo {part 1)

T3 112 -1.24+061 +0.62+0.30
36t 72 me T6 80 -0.45+0.41 +0.22+0.17
{part 2}

T3 90 -0.29+0.52 +0.18+0.23
Baseline to Te 80 -0.92+0.87 +0.49 +0.39
72 mo {parts
1land2)

T3 90 -1.55+081 +0.81£0.43

Progression during part 1, part 2, and parts 1 and 2 combined is shown.
SD = standard deviation.

included group, visit, part, site, and the interactions group by site,
group by visit, group by part, and group by visit by part as fixed ef-
fects; age at part 1 baseline, part 1 baseline myopia (spherical
equivalent refractive error or axial length), and ethnicity were in-
cluded as fixed covariates; and subject (nested in site) and eye
(nested in subject) were included as random effects. The model
was Used to estimate the mean change from part 1 baseline for
each lens group by visit (least squares means and standard error
of the mean) and their differences.

The analyses for testing efficacy end points were performed on
all evaluable subjects' dispensed lenses at 36 months and subjects
who did not have a protocol deviation that was deemed to render
data unsuitable for inclusion in the analysis. Safety end points were
assessed on all eyes with an evaluable visit, including unscheduled
visits, from part 1 dispensing to the 72-month visit.

Comparisons of individual T3 subjects' eye growth rates from
part 1 baseline to 36 months with those from 36 to 72 months
used Deming regression and cluster analysis (Hypothesis 4).

RESULTS

In part 1 of the study, 144 subjects were entolled and 135 were
dispensed lenses, and 109 subjects completed the 36-month
visit.?? Of these, 108 remained eligible and were dispensed the
dual-focus treatment lens for part 2 (52 from the original test group
[T6] and 56 from the original control group [T3]). Eighty-five (85)
subjects completed part 2 with eligible final visits, 45 in the T3
group and 40 in the T6 group. One subject in the T3 group and six
in the TG group attended a final visit but were not included in the fi-
nal analysis, as the visits were outside of the allowable visit window.

Table 1 summarizes the demographics for all subjects continu-
ing into part 2. Because most subjects completed part 1, the two
cohorts for part 2 continued to be well matched for age, sex, and
ethnicity. Owing to differences in their myopia progression during
part 1, T3 subjects were, on average, about one diopter more myo-
pic and had longer eyes than T6 subjects at the start of part 2
(P < .001 and P=.002, respectively).
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The age range for subjects entering part 2 of the studywas 11 to
16 years, resulting in more than half (60%) of the subjects being
older than any subject initiating treatment during part 1 (i.e.,
60% were older than 13 years).

Subject Accountability

Fig. 1 shows the flow of participants throughout the clinical
trial, from recruitment for part 1 to study completion of part 2.

Of the 108 eligible subjects who consented and were enrolled
into part 2, 18 were in Portugal, 23 in the United Kingdom, 18
in Singapore, and 49 in Canada. Ninety-two subjects attended a fi-
nal 72-month visit. Of these, seven subjects (T6, 6; T3, 1) were 33
or more days late for the 72-month visit {primarily because of
scheduling conflicts) and were excluded from the efficacy analysis.
Therefore, 85 subjects had eligible final visits, 45 in the T3 group
and 40 in the T6 group.

During part 2, 16 subjects discontinued: & in the T6 group and
10 inthe refitted T3 group. Ofthose 16 subjects, 7 were discontin-
ued at or soon after the baseline visit (T6, 2; T3, 5). The primary
reasons for discontinuing were unacceptable vision {4), preference
for spectacles (3), and relocation (3). Overall, the retention rate for
those subjects enrolled and dispensed lenses in each part of the
study was 81% (109 of 135) for part 1 and 85% (92 of 108} for
part 2,

Reported daily hours of wear during weekdays was consistent
and high across all 6 years of the study: means =+ standard devia-
tions at the 6-month point of part 1 were 12.9 + 1.3 hours for the
T3 group and 12.8 + 1.2 hours for the T6 group, increasing
slightly to 13.9 £ 1.4 and 13.9 = 1.7 hours for the T3 and T&
groups, respectively, at 72 months. Mean + standard deviation
wearing times reported for weekends were slightly lower at
72 months, 12.9 £ 2.4 and 12.5 £ 1.3 h/d for the T3 and T6&
groups, respectively. There were no significant differences

-0.50

-0.75

-1.00

-1.26

Increased Myopia (D)

—a—T6

-1.50 -

-1.75 T T
0 12 24 36 48 60 72

Follow-up {months)

FIGURE 2. Mean change from baseline in cycloplegic spherical equiv-
alent refractive error with 95% confidence intervals. Includes only
those subjects enrolled in part 2. Unfilled symbols represent subjects
in the contral intervention, filled symbals represent subjects in the test
intervention.
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TABLE 3. Comparison of least squares mean cycloplegic spherical equivalent refractive error progression {in diopters) between part 1 and part 2, and

between the T3 and T6 cohorts during part 2

Spherical equivalent

Comparison refractive error, LSM (SEM) (D) 95% Gl Mean difference 95% G| of ditference P
T6 group
Part 1 -0.52 (0.076) -0.67 to -0.37 0.01(0.075) -0.14t00.16 .87
Part 2 -0.51(0.076) -0.66 to -0.36
T3 group
Part 1 -1.32(0.077) -147to-1.17 0.98 (0.071) 084101.12 <001
Part 2 -0.34(0.077) -0.49t0-0.19
T6 vs. T3 (part 2)
T8 -0.51(0.076) -0.66 to -0.36 -0.17 (0.094) -0.35t00.02 .08
T3 -0.34(0.077) -0.49t0-0.19

Cl = confidence interval; LSM = least squares mean; SEM = standard error of the mean.

between treatment groups for wear time at weekdays or weekends
in either part of the study { £ =.19). However, statistically signif-
icantly longer wear times were observed in part 2 compared with
part 1 ( P< .001). During part 2, subjects reported that lenses
were worn at least 6.5 d/wk for both lens groups.

Myopia Progression

To quantify change in myopia, differences were calculated be-
tween spherical equivalent refractive error, and axial length mea-
sured at part 1 baseline and those measured at each annual time
point. This normalization process captures the myopia progression
during the full study duration (Table 2, Fig. 2). Across the 6 years of
assessment, the T3 group (untreated in part 1) progressed by an av-
erage of —1.55 + 0.81 D. This compares with the T6 group who
progressed by an average of —0.92 + 0.87 D. Within the Té group,
23% of eyes showed no clinically meaningful change in spherical

0.9 4 Part 1

; Part 2
0.8 - %_---%
07] —o—T13 : *"-
0.6 - —a—T6

05 -

0.4 4

0.3

Axial Elongation (mm)

0.2

0.1

0.0

0 12 24 36 48 60 72
Follow-up (months}
FIGURE 3. Mean change from baseline in axial length with 95%
confidence intervals. Includes only those subjects enrclled in part
2. Unfilled symbols represent subjects in the contrel intervention,
filled symbols represent subjects in the test intervention.
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equivalent refractive error (defined as —0.25 D or less) across the
full & years of treatment.

The T6é group showed similar spherical equivalent refractive error
progression during each of the consecutive 3-year periods, part 1
and part 2, progressing by an average -0.51 + 0.64 D and
—0.45 + 0.41 D, respectively. During part 2, in which both groups
were treated with the dual-focus lens, the T6 and T3 group
mean + standard deviation progression rate was —0.45 + 0.4 1 ver-
sus—0.29 £ 0.52 D, respectively. The T3 group experienced signif-
icant slowing of progression during part 2, slowing from a mean pro-
gression of —1.24 D during part 1 to0 —0.29 D during part 2.

After adjusting for the impact of potential covariables outlined
in the statistical analysis plan, the least squares mean estimated
progression in spherical equivalent refractive error was calculated.
During part 2, no significant difference was observed in progression
rate between the two groups at any follow-up visit, Differences in
least squares mean refractive progression during part 1 and part
2 were not significant for the T6 group but highly significant for
the T3 group (Table 3).

Table 2 and Fig. 3 summarize mean axial length progression
for both cohorts. Across the 6 years of assessment, axial lengths
in the T3 group increased by an average of 0.81 = 0.43 mm,
whereas axial length in the T6 group increased by an average of
0.49 £0.39 mm.

Axial length growth in the T6 group slowed from 0.30 mm in
part 1 to 0.22 mm in part 2. This contrasts with the much larger
slowing observed in the T3 group as they were switched from con-
trol to treatment lenses (0.62 mm in part 1 to 0.18 mm in part
2). During part 2, least squares mean analysis revealed no signifi-
cant difference in axial length progressicn between the two groups
(Table 4). When comparing axial length growth between parts 1
and 2, the T3 group experienced an average slowing of growth
of 0.46 mm (P < .0001), whereas the T6 group slowed by only
0.05 mm (P=.13; Table 4).

Analysis of Axial Length Changes of Individual Eyes
Switched from Control to Test Lenses (T3 Group)
Extending the study for 3 years without a control group did not
allow further treatment-versus-control comparison used to estab-
lish efficacy in part 1. However, switching the T3 group from a sin-
gle-vision control lens to & dual-focus treatment lens provided a
unigue opportunity for longitudinal analysis of eye growth and
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TABLE 4. Axial length progression

Comparisen Axial length, LSM (SEM) (mm) 95% CI
T6 group
Part 1 0.2810.033} 0.22-0.34
Part 2 0.23 (0.033) 0.17-0.30
T3 group
Part 1 0.6410.033} 0.58-0.71
Part 2 0.18(0.033) 0.12-0.25
T6vs, T3 (part 2)
T6 0.23 (0.033} 0.17-0.30
T3 0.18 (0.033} 0.12-0.25

Mean difference 95% Cl of difference P

—-0.05(0.033) -0.111tc 0.01 13

-0.46 (0.031) -0.52 t0 -0.40 <001
0.05 (0.040) -0.03t0 013 25

Least squares mean estimates and differences comparing progression during part 1 and part 2, and between the T3 and T6 cohorts during part 2.

Cl = confidence interval; LSM = least squares mean; SEM = standard error of

the mean.

myopia development in individual children transiticning from un-
freated to treated status.

Part 1 and part 2 axial length growth data from the T3 group
were used to assess whether a common pattern of slowed eye

growth exists in this group of children across the observed range
of progression rates in part 1. Specifically, did treatment produce
either a fixed amount of slowing®® for each eve irespective of the
pre-treatment growth or a slowing that scaled with the magnitude

Part 2: Treated AL Growth (mm)

— o
04 =&= Non-responders
== Responders
-0.6 -
— o
S 0111 T
0.0 0.2 0.4 0.6 08 1.0 1.2 14

Part 1: Untreated AL Growth (mm)

FIGURE 4. Axial length growth of T3 eyes observed over the 3 years of part 2

treatment {y axis) compared with growth ohserved during the part 1 un-

treated 3-year period (x axis). Red dashed line represents the fitted single-parameter model with slope 8 = 0.29. Symbols represent individual eves, blue

for the main subgroup (81 eyes) and red for the identified subgroup of “nonres

ponders” {9 eyes). Solid red and blue lines are best-fit Deming regression

lines for each subgroup, gray shaded areas represent a bootstrapped 95% confidence interval on the fitted model, and the black dashed line represents
the ¥ = Xvalues. Red and blue tick marks on the axes reveal the distribution of AL growths during parts 1 and 2. AL = axial length.
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of the eye growth seen before treatment (a proportional treatment
effect in which eyes that were growing faster before treatment expe-
rienced the largest reduction in growth rate)?2?

Fig. 4 shows a comparison of T3 axial length progression be-
tween parts 1 and 2. A Deming regression fit to the full sample of
90 eyes produced an estimated slope of +0.32 and intercept of
—-0.03, with jackknife 95% confidence intervals (Cls) of 0.06 to
0.59 and -0.19 to 0.14, respectively. A single-parameter mode|
with the intercept set at zero produced a slope of 8 +0.29 with
95% Cl of 0.21 to 0.37. Importantly, neither fit is consistent with
a fixed treatment effect (¥ = X — k) model. This single-parameter
model indicates a 71% slowing of eye growth for the T3 group in
part 2.

A subgroup of nine eyes was identified based on statistical
criteria for outlier detection and by applying multiple unsupervised
learning algorithms to the full N = 90 data set (Fig. 4). Good agree-
ment was found among the best-fitting sclutions cbtained with two-
dimensional kernel density estimation, Gaussian finite mixture
modeling, and K-means iterative descent clustering. It is notable
that most of these data points (6 of 9) were categorized statistically
as “outside” values® in the treatment period only; that is, these
points were larger than the upper quartile plus 1.5 times the inter-
quartile range. Separate Deming regression of the two subgroups
revealed a slope of 0.22 (95% CI, 0.08 to 0.35) and intercept of
—0.01 (95% CI, -0.10 to 0.08) for the main group of 81 eyes
(20%), with best-fit slopes of 0.90 (95% CI, 0.56 t0 1.24) and in-
terceptof 0.11 (95% CI, —=0.09 to 0.32) for the nine-eye subgroup.
Thus, parameter estimates for the model fitted tc the main group
data are consistent with a proportional treatment effect (¥ = kX),
whereas the ones from the model fitted to the small subgroup are
inconsistent with slowed growth (nonresponding eyes, Y= X). Eight
of the nine eyes classified as nonresponders were right-left pairs
from four subjects. Two eyes of one subject in the main group were
significantly shorter after 3 years of treatment (Y values of -0.27
and —0.66 mmy}. These reduced axial lengths were observed to ac-
cumulate annually during the 3 years of treatment. The growth ra-
tios (years 4 to 6fyears 1 to 3) were highly correlated for right and
left eyes (R = 0.89; 95% CI, 0.81 to 0.94).

Additional Outcomes

Visual Acuity

During part 2, mean = standard deviation distance visual acu-
ities were —=0.02 £ 0.07 and =0.03 £ 0.07 logMAR at the dispens-
ing visit for the T3 and T6 groups, respectively. At the final
72-manth follow-up, acuities were —0.02 = 0.08 and —0.02 + 0.10
respectively, with no significant differences between cohorts
across the follow-up visits ( P = .34).

Rate of Adverse Events and Biomicroscopic Findings

The safety end points—rate of adverse events and bio-
microscopic findings >grade 1-—have been discussed in detail
in a recent publication.®!

DISCUSSION

Demonstrated efficacy of the dual-focus treatment lens during
years 1 to 3 of the 6-year study created ethical and practical reasons
to switch from & two-arm randomized control design to one in which
all subjects wore the treatment lens for years 4 to 6. This change
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eliminated the treatment versus control comparisons that were the
primary efficacy indicators during part 1 of the study, but it revealed
three key results: (1) a sustained rate of slowed eye growth and my-
opia progression in children who had already experienced 3 years of
treatment and (2) a similar rate of myopia progression in a cohort of
children introduced to MiSight 1 day contact lenses at an older age,
compared with the matched T6 group who had already experienced
3 years of treatment. Eliminating speculation that longer treatment
duration will result in a faster progression rate and thus reduced ef-
ficacy, compared with a newly treated age-matched population and
(3) in the group new to MiSight, significantly reduced myopia pro-
gression relative to that experienced during the prior 3-year use of
conventional daily disposable contact lenses.

For the originally treated cohort (T6), there was little difference
between the least squares mean myopia progression for part 1 and
part 2 {mean difference, 0.01 D and 0.05 mm). This suggests
that the myopia control treatment with dual-focus contact lenses
shows a sustained slowed eye growth over time and supports the
value of a prolonged treatment through childhood and into ado-
lescence. However, this sustained slowed eye growth may not di-
rectly translate to efficacy, given that older age can also result in
slower eye growth in untreated eyes. During part 2, the group new
to MiSight 1 day (T3) experienced slightly slower progression
(not statistically different} to that abserved in the demographi-
cally matched T group, suggesting that treatment efficacy is
not significantly affected by prior treatment. Also, this similar
progression of the T3 group occurred despite their generally
higher myopia levels and longer eyes after an absence of treat-
ment in part 1.

Average spherical equivalent refractive error progression of the
T3 cohort was slowed by nearly a diopter (0.98 D) in part 2, and ax-
ial length growth was reduced by 0.46 mm. This significant slowing
of eve growth was observed in all but nine of the eyes newly treated
with MiSight 1 day in part 2 who were older (age, 13 to 15 years)
than the age range of subjects enrolled into part 1 {8 to 12 years).
Overall, these results provided evidence of treatment efficacy in
children who were, on average, 3 years older than those recruited
into the original treated cohort.

The within-eye comparisons of growth during and before treat-
ment of the T3 cohort {(Fig. 4) are consistent with a proportional ef-
fect for mycpia control across the progression range and revealed
growth rates during part 2 that were, on average, 29% of the rate
observed during part 1. The 29% result cannot be interpreted as
a 7 1% treatment effect because increasing age in itself would ac-
count for some slowing of growth during part 2. Analysis using pub-
lished eye growth models'® shows that, if left untreated, axial
length growth for untreated myopes in the older age range would,
on average, be approximately 76% of that observed in the 3-year-
younger, original control group enrolled in part 1. In other words,
approximately one-third of the slowing of eye growth observed dur-
ing part 2 can be attributed to age.

Comparisons of axial length growth between parts L and 2 of the
T3 cohort also provided the opportunity to identify any potential
“nonresponders,” an advantage provided by switching the T3
group, whose myopia progression before treatment had been well
defined, into treatment lenses. Nonresponders could not be identi-
fied in part 1 because faster progressors in the treatment group
may have progressed more than average because they did not re-
spond to treatment or because they did respond to treatment, but
their growth rate, if left untreated, would have heen even faster.
Applying statistical outlier detection to the data identified 10% (9

Optom Vis Sci 2022; Vol 99(3) 210

P. CHAMBERLAIN, PhD THESIS, ASTON UNIVERSITY 2025

59



of 90} of eyes as belonging to the subgroup for whom the treatment
lens did not slow eye growth,

Although Deming regression analysis (Fig. 4) of the majority
subgroup reveals that growth during treatment was, on average,
22% of that before treatment, many subjects experienced approxi-
mately zero growth during treatment, whereas others grew at up to
30 to 50% of the pre-treatment rate. Although the data support a
propartional treatment model over a model in which treatment slows
growth in all children to a low level that is independent of their pre-
treatment growth, the CI for a Deming regression of the “responder”
subgroup averlaps with that of ¥ = constant model over a significant
range of values of untreated axial length growth. The data do not sup-
port a fixed treatmenit effect where slowed progression is fixed num-
ber of millimeters regardless of part 1 progression rate.

Finally, it should be noted that this study represents one of the
longest prospective interventional trials of pediatric soft contact

MiSight 6-year Study — Chamberiain et al.

lenswear. As such, the clinical and, in particular, safety end points
are worthy of note. The previously reported low rate of significant
biomicrescopic findings®! further illustrates the minimal impact
on ocular physiology in this younger population with full-time, daily
disposable contact lens wear and is an important finding for eye
care professionals considering recommending contact lens myopia
control for children.

In conclusion, these 6-year data provide compelling evidence of
an accumulating myopia control effect of a dual-focus contact lens
as treatment duration is extended and beneficial effects even when
treatment is commenced at an older age. The data for the refit T3
cohort are consistent with the hypothesis that treatment effect is
proportional to pre-treatment growth rates and thus larger for fast-
growing eyes. As such, this result emphasizes the added value of
treatment to the fast progressors, who are at the greatest future risk
of maculopathy.*
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5.1. Application of contact lens aftercare principles to MiSight trial

The concept and application of aftercare play a critical role in healthcare, particularly
when prescribing a medical device. This becomes even more crucial when the recipient is a
pediatric patient, where ongoing monitoring is essential to ensure both safety and efficacy.
In optometry, conditions such as myopia and presbyopia are progressive, requiring frequent
follow-ups to maintain optimal vision correction.

In the case of contact lens aftercare, regular monitoring serves as a protective measure
against potential adverse ocular responses. Since contact lenses interact directly with
the exposed epithelium and may disrupt normal corneal physiology, aftercare is critical in
detecting early complications. (Efron 2019) Close monitoring during the adaptation phase
allows clinicians to detect early signs of chronic responses to contact lens wear or issues
with lens fitting, preventing long-term complications.

A review by Efron and Morgan examined the historical and clinical perspectives of contact
lens aftercare. (Efron and Morgan 2017) They identified four key motivations for follow-up
visits:

1. Preserving ocular health

2. Maintaining good vision

3. Optimizing comfort

4. Ensuring proper lens fit and performance.

Among these factors, preserving ocular health was of paramount importance when designing
the clinical trial for this myopia control intervention. At the time of study design, longitudinal
data on soft contact lens wear in children was limited. Additionally, the study specifically
aimed torecruit children with no prior experience in soft contact lens wear, further
emphasizing the need for careful aftercare protocols to ensure safe adaptation and sustained
ocular health throughout the trial.

Complications related to the wearing of soft contact lenses in the general population are
relatively common. (Efron and Morgan 2017) Approximately one third of wearers have
reported experiencing some sort of complication from contact lens wear. (Donshik, Ehlers et
al. 2007, Cope, Collier et al. 2015) Complications in turn may result in a temporary
abandonment of lens wear, reduction in wear time, or more seriously loss in vision. Adverse
events are generally classed into two broad categories; Serious — a category that includes
microbial keratitis, a condition associated with soft contact lens wear, which can result in a
permanent change to a body structure (i.e. the cornea) and in some cases loss of vision; and
Non-Serious — this category includes all other adverse events that are not vision threatening
and do not result in a permanent change in body structure. Non-serious events are further
classified into significant and non-significant. Significant events are usually symptomatic and
likely result in a temporary cessation of lens wear, but do not threaten long term vision or
ocular health. They often require some sort of treatment intervention that likely includes
temporary cessation of contact lens wear. Examples of significant adverse events include a
Contact Lens Induced Peripheral Ulcer (CLPU), a non-infectious corneal inflammatory event.
Non-significant events are often asymptomatic and do not result in permanent damage to a
structure but may require temporary cessation of lens wear, perhaps to guard against
sequential problems. Events in this category include ocular conditions unrelated to contact
lens wear like blepharitis and conjunctivitis. Routine aftercare appointments, as reflected in
the visit schedule for this research trial, are appropriate to observe chronic asymptomatic or
mildly symptomatic complications of soft contact lens wear that would not trigger an
unscheduled visit to the eye-care practitioner.
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Table 1 (Adapted from Stapleton et al 2021) provides a list of complications and adverse
events associated with soft contact lenses that are most relevant to modern disposable
hydrogel and silicone hydrogel materials. (Stapleton, Bakkar et al. 2021)

Category Condition Acute /
Chronic
Infection Microbial Keratitis Acute
Inflammation Infiltrative keratitis Acute
Metabolic/ Hypoxic Epithelial Oedema Chronic
Microcysts Chronic
Vacuoles Chronic
Stromal oedema Chronic
Stromal vascularization Chronic
Endothelial blebs Chronic
Endothelial Polymegathism / Polymorphism Chronic
Mechanical Corneal abrasion / erosion Acute
Superior epithelial arcuate lesion (SEAL) Acute
Contact lens related papillary conjunctivitis Chronic
(CLPC)
Lid Wiper Epitheliopathy Chronic
Toxic/Allergic Contact lens related papillary conjunctivitis Chronic
(CLPC)
Solution Induced Corneal Staining (SICS) Acute/Chronic
Dry eye Meibomian Gland Dysfunction (MGD) Chronic
Conjunctival Staining Chronic
Corneal staining Chronic

Table 1: Examples of contact lens associated complication.

The rapid pace of development in the soft contact lens industry over the last 30 years has
contributed to some of the listed complications being less commonly observed. When the
need for frequent contact lens aftercare was first established, it was partially in response to
chronic conditions more commonly observed in low water content, low oxygen transmissibility
materials with extended replacement cycles. The advent of first high water content hydrogel
materials (Lippman 1990) and then silicon hydrogel materials (Alvord, Court et al. 1998,
Morgan and Efron 2002) eliminated some of these chronic conditions. Further, the advent of
disposable lenses, beginning with monthly and progressing to daily disposable lenses in 1994
also contributed to fewer contact lens complications being observed at routine follow up
appointments. (Efron 2018, Tanner and Efron 2018, Efron 2024) Daily disposable lenses
eliminated the need for chemical disinfection systems and appear to have reduced the
severity of many contact lens complications. (Dart, Radford et al. 2008, Stapleton, Keay et
al. 2008)

Despite significant advancements in the field of contact lenses, concerns persist, particularly
regarding the prescription of soft contact lenses for children. A recent update to a global
survey on attitudes toward myopia control, conducted by Wolffsohn et al., highlighted safety
concerns as a primary reason for hesitancy in prescribing myopia control interventions.
(Wolffsohn, Calossi et al. 2016, Wolffsohn, Calossi et al. 2020) The largest proportion of
respondents—one-third of surveyed practitioners—cited ‘inadequate information’ as the
main factor behind their reluctance to recommend myopia control contact lenses for children.

In the United States, prescribing data estimated that pediatric contact lens fittings (for
individuals under 18) account for approximately 11% of all contact lens fits. (Efron, Nichols et
al. 2015) A similar global survey applying the same methodology revealed that soft contact
lens fittings for children aged 6-12—an age range closely mirroring the baseline ages of
subjects in the MiSight trial (8-12 years)—represented only 1.6% of all contact lens fits.
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(Efron, Morgan et al. 2011) However, the introduction of myopia control soft contact
lenses has led to a gradual increase in their use among children and adolescents, with
utilization rising to approximately 7% of all lens fits by 2018. (Efron, Morgan et al. 2020)

Further insights from a U.S.-based optometrist survey indicate that practitioners
generally recommend initiating contact lens wear between the ages of 10 to 12. (Sindt and
Riley 2011) However, these findings may be subject to response bias, as optometrists willing
to participate in surveys about pediatric contact lens fitting may not be fully representative of
the profession as a whole.

In summary these data emphasize a need for greater information about safety of soft contact
lenses in children. Do children’s eyes respond similarly to those of adult contact lens
wearers? Therefore, the clinical trial designed to quantify the efficacy of myopia control
contact lenses in children offered the opportunity to explore the ocular health consequences
of daily contact lens wear in a pediatric population.

The MiSight study monitored the impact of full-time soft contact lens wear on chronic or acute
complications in a young population. The methods used for grading and tracking of contact
lens complications such as those identified in Table 1 is well established. Terry et al, proposed
a set of standards for establishing criteria for clinically acceptable changes in anterior ocular
health during contact lens wear. (Terry, Schnider et al. 1993) The CCLRU grading system,
whilst modified over time, has provided the foundation for assessing the ocular response to
contact lens wear over the last 30 years, and was employed in the current trial.

Limbal hyperemia, is commonly associated with contact lens wear, and has shown to be
correlated to the oxygen transmissibility of the contact lens material. (Papas, Vajdic et al.
1997) Limbal vessels are located at the corneal periphery, in close proximity to limbal
epithelial stem cells, which are essential for the regeneration of the corneal epithelium.
Hypoxic conditions in this region can adversely affect the function and renewal of these stem
cells. Studies have shown that hypoxia can disrupt the microenvironment of the limbus,
leading to compromised stem cell activity and potential corneal surface abnormalities. (Wang,
Gonzalez et al. 2016) These changes, if chronic can progress to corneal vascularization
which is present more often in contact lens wearers than with non-lens wearers. (Holden,
Sweeney et al. 1986) In severe cases, proliferation of immature new vessels can lead to other
complications, potentially resulting in loss of acuity. (Efron 2019)

These chronic complications related to hypoxia are potentially of particular concern for the
design of this protocol. As mentioned, the material of the MiSight 1 day lens is hydrogel, which
with a reported Dk (oxygen transmissibility) of 25 x 1011, a transmissibility level approximately
4-5 times lower than many of the modern silicon hydrogel materials. The clinical protocol also
required full time wear of a minimum 6 days per week and 10 hours per day, to reduce the
likelihood of lack of wear time becoming a confounding factor in the myopia progression
result.

Epithelial cell disruptions leading to corneal staining can occur as either an acute or chronic
consequence of contact lens wear. Detection of epithelial damage is performed using sodium
fluorescein, a dye that penetrates compromised cell membranes or gaps between damaged
epithelial cells. The standard application method involves moistening sodium fluorescein
strips with sterile saline before placing them in the inferior conjunctival sac. This staining
technique allows clinicians to assess corneal integrity, as areas of disrupted epithelium take
up fluorescein and become visible under blue light. (Terry, Schnider et al. 1993) The presence
of corneal staining, or more specifically a break in the protective epithelial barrier, may
increase susceptibility to infection. (Vaidyanathan, Hopping et al. 2019) Corneal staining is
graded based on size, extent, and location (superior, inferior, temporal, nasal, or central),
facilitating diagnosis of underlying causes. As detailed in Table 1, toxic (lens care solution-
related), mechanical, dehydration-induced, or infectious insults can result in staining.
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Contact lens-induced papillary conjunctivitis (CLPC) is a chronic inflammatory condition that
commonly occurs with contact lens wear due torepeated mechanical irritation of the
palpebral conjunctiva during blinking. Clinically, the conjunctiva exhibits increased redness
and rough papillary formations ("papillae"). Without intervention, the condition may progress
to giant papillary conjunctivitis (GPC), characterized by enlarged papillae (>1mm). Both
conditions may lead to excess mucus production, blurred vision, itching, and reduced
tolerance to contact lens wear.

Corneal infiltrative events (CIEs) include infiltrative keratitis (IK) and contact lens peripheral
ulcer (CLPU). IK typically presents with mild or no symptoms, slight redness, and small,
multiple infiltrates, whereas CLPU appears as a distinct corneal lesion in the periphery, visible
due to fluorescein staining, indicating epithelial disruption. Unlike infectious corneal ulcers,
CLPUs typically exhibit well-defined borders, allowing differentiation. While CIEs are
generally considered non-infectious, some researchers (Morgan & Efron) have proposed that
they may exist on a continuum with infectious keratitis, meaning that some cases may
represent early-stage microbial infections. (Morgan, Efron et al. 2005, Efron and Morgan
2006) This hypothesis has clinical merit, as many clinicians adopt a precautionary
approach by treating severe CIEs as potential infectious keratitis. However, this continuum
model complicates efforts to precisely classify and estimate the incidence of corneal
infiltrative complications of specific severities.

The incidence of corneal infiltrates appears to be between 2-3% per year with continuous
wear of silicone hydrogel lenses, and the additional factor of the closed eye wear during sleep
can add an additional risk. (Chalmers, McNally et al. 2007) Similar rates are estimated in
daily wear silicone hydrogel. Daily disposable hydrogel lenses like MiSight 1 day pose less
risk (between 0 and 0.14% per year). (Chalmers, Hickson-Curran et al. 2015) There is little
available data to explore the covariate of patient age on the incidence of CIE with contact
lens wear. However, the “Contact Lens Assessment in Youth (CLAY)” study provides some
insight. (Lam, Kinoshita et al. 2011) This study was a multicenter retrospective study targeted
to assess the safety of soft contact lenses in this population via events that interrupted lens
wear within eye care clinics in a university setting. Additional measures outside of the
controlled environment of a clinical trial were collected on young wearers from age 8 to 34
years of age. The results showed that age was a significant nonlinear factor in the incidence
of CIE, with the lowest incidence occurring in the 8-12 year olds and the highest in the 18-25
age group. (Chalmers, Wagner et al. 2011) In a subsequent analysis from the same study,
Wagner et al surveyed risk factors and found a correlation between the ages with greater
events and the propensity for less compliant behaviors in contact lens wear. (Wagner,
Chalmers et al. 2011) Whilst not a clear causal relationship, the data highlight the benefits of
clear instructions to patients and the use of aftercare visits to reinforce those practices.
Overall, the incidence of CIE in this study were between 3-4% per year of wear in this real-
world setting, with the incidence in the younger population lying somewhere between 0.3 -
2.3% per year. When considering risk factors for the occurrence of CIE overnight wear,
reusable lenses with multi-purpose cleaning solution (versus hydrogen peroxide) and,
perhaps surprisingly, use of silicone hydrogel lenses were the key modifiable risk factors
contributing to a greater odd of suffering a CIE event. The same analysis found the 1st year
of wear as a non-modifiable risk factor. (Chalmers, Wagner et al. 2011)

In summary, as proposed in a recent review paper by Bullimore, this literature fails to find
evidence that corneal infiltrative events associated with contact lens wear is greater in
younger populations than in adults, and may in fact be lower in the 8-11 age group. (Bullimore
2017) However, given the proposed specific indication of use for the MiSight lens, with the
expectation of 6 days per week of >10 hours wear, careful monitoring of corneal health in the
young subjects (ages 8-12 at baseline) was warranted.

The most concerning potential complication of contact lens wear to most eye care
practitioners is microbial keratitis. Despite being a rare complication, the potential loss of
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vision is a significant personal and societal cost. As discussed earlier in the chapter,
regardless of whether the condition is part of a CIE continuum, (Efron and Morgan 2006)
failure to conduct early assessment and treatment can lead to more severe consequences.
(Keay, Edwards et al. 2006) Microbial Keratitis risk factors include overnight wear, with the
risk increasing the longer overnight wear is prescribed especially when using hydrogel lenses.
Smoking was another modifiable risk factor associated with increased odds of infection.
Lower socio-economic class was a non-modifiable risk factor but being female gender was
protective. (Keay, Stapleton et al. 2007) A daily disposable contact lens wearing modality,
such as that employed in the MiSight trial, has been speculated to result in lower severity of
the condition. (Stapleton, Bakkar et al. 2021)

A clear definition of a condition is critical in both clinical practice and epidemiological studies.
The most common definition of microbial keratitis for the purposes of diagnosis specifies:
One or more corneal stromal infiltrates greater than 1 mm with pain mild plus 1 or more of
either anterior chamber reaction greater than minimal or mucopurulent discharge or positive
corneal culture. This same definition was applied in the analysis reviewed in the following
publications within this chapter. Early reports of the incidence of microbial keratitis in daily
wear indicate between 2.5 and 5 (Poggio, Glynn et al. 1989, Cheng, Leung et al. 1999) or
approximately 2 per 10000. (Stapleton, Keay et al. 2008) The lower incidence levels observed
in the more recent study may be attributable to methodological differences between the
epidemiological studies or possibly enhancement in contact lens material or care solution.
The latter study also assessed the rate for overnight wear to be 20 per 10000 in overnight
wear, which is supported by a FDA mandated post market surveillance study on the lotrafilcon
A material. (Schein, McNally et al. 2005)

There are no formal epidemiological studies exploring the rate of microbial keratitis (MK) in
children. However, Bullimore in a review paper examined a number of long-term studies
which reported safety outcomes including MK. (Bullimore 2017) The review found none of
the prospective studies reported MK. The CLAY study found evidence of 2 cases in the 13-
17 age group, but none in the 8-12 age group. Despite this encouraging picture in a younger
age group, there was a clear absence of data in this age group. Concern over this gap in the
literature was repeatedly raised during preliminary discussions with regulatory bodies when
seeking clearance of the MiSight clinical trial. To supplement the prospective monitoring of
eyes enrolled in the MiSight efficacy study, we planned a retrospective chart review as a novel
method to ascertain a rate of MK in contact lens wearing children. This study assessed the
MK rate in general contact lens wear, versus in our efficacy trial, which had insufficient power
to establish a rate of this rare condition.

The following publications explore first the presence of contact lens complications in the
MiSight trial and the rate of microbial keratitis in young contact lens wearers, matched in age
to those enrolling in the MiSight trial, but in a real-world setting.
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Purpose: To report on the ocular health and safety of children fit with soft hydrogel daily-disposable centact
lenses, and followed for 6-years in a double-masked clinical trial investigating the performance of a dual-focus
contact lens designed to control myopia progression.

Methods: Children aged 8—12 years, naive to contact lens wear, were enrolled across four international sites.
During years 1-3, children were randomised to either MiSight® 1 day or Proclear® 1 day {both omafilcon A,
CooperVision, Inc.). The lenses were identical in material and geometry except for the front optical zone design.
At the end of year-3, all those wearing Proclear 1 day were switched to MiSight 1 day, therefore all wore MiSight
1 day in years 4 6. Subjects agreed to wear the lenses at least 10-hours/day, 6-days/week, After dispensing,
study visits were at 1-week, 1-month, 6-months and every 6-months until 6-years. At each visit, ocular mea-
surements and subjective responses were recorded. Biomicroscopy used 0-4 grading scales; grade 0 represented
no findings.

Results: 144 children were enrolled: 69F:75M; mean age 10.1 years; mean cycloplegic spherical-equivalent
refraction -2.11D; ethnicities included 34 East-Asian, 12 West-Asian, and 79 Caucasian, 92 completed the 6-
years, Only three subjects discontinued due to an ocular adverse event (AE). No contact lens related AFs were
classified as serious. The incidence rate of infiltrative ALs was 0.61% (6.1/1000 wearing-years; 95%CL: 0.24%
1.57%). The most common biomicroscopy findings were limbal, bulbar and Larsal hyperaemia and tarsal
roughness. 99% of all biomicroscopy findings were grade-1 or lower. After 6-years of lens wear, ocular health by
biemicroscopy was similar to pre-lens wear.

Conclusions: Across the b-years, there were no contact lens related serious AEs and biomicroscopy showed no
significant changes. Results suggest that children this age can successfully wear daily-disposable hydrogel con-
tact lenses with minimal impact on ocular physiology.

1. Introduction

myopia control lens designs. About a decade ago, initial contact lens fits
for refractive correction were typically only undertaken on teenagers.

Fitting children with soft contact lenses for myopia control currently
represents a very small percentage of all soft lens fits. [1] However,
interest in this category is increasing worldwide, with many reports
supporting soft lenses as a viable option for children and for myopia
progression control specifically [2-10].

The average age of first contact lens fit can be expected to decrease as
both parents and practitioners show increased interest in the benefits of

* Corresponding author.
E-mail address: jwoods@uwaterloo.ca (J. Woods).
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[11,12] A recent fitting survey report indicates that the current median
age for myapia control soft lens fitting is age 12, and that fitting children
as young as age 8 is increasing in frequency [13]. With the increasing
prevalence of myopia globally, particularly in Asia [14], it is anticipated
that fitting children as young as age 8 will become more commonplace,
The safety of soft contact lens wear for children in this age group re-
quires evaluation. Areas of consideration are inflammatory/infection
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risk as well as contact lens induced mechanical or hypoxic responses.

Many publications have addressed the risk factors for ocular adverse
responses in soft lens wearers, hoth for an adult population, [15-23] as
well as in child and teenage populations [11,24-30]. A consistent
message from many such reports is that the risk of adverse responses is
lower with a daily disposable madality compared to re-usable daily wear
lenses [22,23,26,29,31]. Despite this wealth of literature, there are very
few multi-year prospective investigations that report specifically on the
physiological response to daily disposable soft contact lens wear in
young children and adolescents [28,32,33]. Prior (o this paper, the
longest such physiological report in the literature specific to children
wearing a daily disposable soft lens is a 3-year clinical trial published by
Walline et al. [32]

When children are fit with contact lenses for myopia control, it is
anticipated that they will wear lenses for decades. Lenses will be worn at
least throughout their adelescent years while the risk of myopia pro-
gression remains, and quite likely throughout adult life as a refractive
error correction. Providing practitioners with data about adverse events
and the ocular physiological response of children to contact lens wear
will allow them to better counsel patients, and their parents, on the risks
and benefits of soft lenses as an option for myopia control, For this
reason, multi-year prospective data from clinical trials with frequent
follow-up and careful examination will serve to further inform the
profession. This paper presents physiological response data from a long-
term clinical trial, cbserving children fit with daily disposable soft
contact lenses and followed through early adolescence.

2. Methods

The clinical trial was designed to compare the clinical performance
of a dual-focus daily disposable contact lens designed to slow myopia
progression (MiSight® 1 day, CooperVision, Inc.) fo a marketed daily
disposable contact lens (Proclear® 1 day, CooperVision, Inc.). The study
was conducted at four sites in four countries; Canada, Portugal,
Singapore and the United Kingdom. All study investigators were trained
on the ICH guidelines for Good Clinical Practice and the study was
conducted in accordance with the tenets of the 1964 Helsinki Declara-
tion and its later amendments.

During the first three years, the srudy design was a randomised,
double masked (child, parent and investigator) parallel group clinical
trial. After meeting eligibility requirements, children were randomised
to wear either MiSight 1 day or Proclear 1 day. Details of the clinical trial
design and the results regarding myopia control effectiveness over three
years have been presented in an earlier publication. [8] At the 3-year
visit, all children were offered the possibility of continuing in the sec-
ond phase of the study, in which they would be dispensed with
open-label MiSight 1 day lenses and followed for an additicenal three
years.

Both study lenses were the omafilcon A material and were identical
in diameter, base curve design, edge design and overall thickness and
geometry (Table 1). The only difference between the lenses was the
inclusion of the front surface dual-focus centre-distance optical zone in
the MiSight 1 day lens, which is designed to slow the progression of
myopia in children. This front surface curvature design difference has

Table 1
Contact lens parameters used in the clinical trial.

MiSight® 1 day Proclear® 1 day

Manufacturer CooperVision, Inc. CooperVision, Inc.
Material omafilcon A omafilcon A
Replacement schedule Daily disposable Daily disposable
Base curve / Diameter, mm 8.7 /14.2 87 /14.2

Water content 60% 60%

Dl/t (-3.00 D) 2810 ° 28 210 ¥

—0.75DS to -6.00DS
(0.25 steps)

—0.75DS to -6.00DS
(0.25 steps)

Initial power range
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negligible impact on lens thickness or surface smoothness. Based on
these similarities, both lenses could be assumed to be equivalent from
the perspective of mechanical or physiological interaction with the
ocular surfaces. Thus, data from the two lens types are combined for the
purposes of reporting physiological response and adverse events in this
population of children followed for six years.

Children attended a screening visit when informed consent/assent
was obtained prior to any study data being collected. The major inclu-
sion/exclusion criteria were:

o Age B-12 years, inclusive;

Cycloplegic spherical equivalent auto-refraction in each eye of
-0.75D to -4.00D, inclusive;

Neophyte to conlact lenses and no previous exposure (o any myopia
control treatment;

Good health with no regular ocular medications;

No systemic medications that may interfere with contact lens wear,
pupil size or accommodative/refractive state;

No history of ocular or systemic disease that could influence
refractive development.

Both the child and the parent/s received instruction on proper con-
tact lens wear and care procedures and the child received practical
tuition on how to insert and remove the lenses. After successful
dispensing, follow-up visits were scheduled at 1 week, 1 month, 6
months and every 6 months thereafter until 6 years. The children were
asked to wear the study lenses bilaterally for a minimum of 10 hours/
day, 6 days/week and their compliance to the wearing schedule was
confirmed at each visit,

To ensure uniformity across all investigators and siles, investigalors
were trained on the evaluation, diagnosis codes and reporting of po-
tential adverse events as well as on the biomicroscopy grading scales
used in the clinical trial. Children and parents were advised on the signs
and symptoms that could indicate a possible adverse response and they
were encouraged to call the office or a 24-hour number if they had any
concerns, Unscheduled visits were arranged as needed, Any medical
complications, both ocular and non-ocular, were reported as adverse
events. Examples of non-ocular adverse events that occurred during the
clinical trial were ankle fracture, broken arm, and appendectomy. These
non-ocular adverse events are unrelated to contact lens usage and are
not the subject of this paper and thus results are not presented here.

Ocular adverse events were classified into Serious, Significant or
Non-significant adverse events based largely upon 15011980:2012:
Contact Lens and Lens Gare Products — Guidance for Glinical Investigations.
Serious Adverse Lvents included any vision-threatening conditions or
any event that could result in permanent impairment of a body function
or permanent damage te a body structure. Significant and Non-
significant Adverse Events are not considered Serious Adverse Events
and they may or may not require therapeutic treatment and/or tempo-
rary cessation of contact lens wear. ‘I'able 2 shows the classification table
of ocular adverse events provided to investigators as a reference for this
clinical trial.

The biomicroscopy assessment involved careful examination of the
external adnexa and ocular surface. Corneal infiltrates/opacities were
detailed in number, size and position. The grading scales for each var-
iable were accompanied by descriptions in order to aid uniformity across
investigators and sites.

The eyelids were everted to assess palpebral hyperaemia and
roughness. To assess corneal and conjunctival integrity, sodium fluo-
rescein was instilled, and observations were made using blue light and a
yellow barrier filter.

The following asscssments were graded using a 0-4 scale and re-
ported in integer steps, with the exception of corneal staining type and
conjunctival fluorescein staining which employed 0.5 steps:

« Limbal hyperacmia, single overall grade
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Table 2
Adverse event categorisation reference table for investigators.

Serious Adverse Events (SAE)

» Presumed Microbial keratitis (MK)/infectious corneal uleer

# Permanent decrease of = 2 lines in Snellen best spectacle corrected visual acuity
(BSCVA)

= Central or paracentral corneal opacity

= Corneal neovascularisation within the central 6 mm (Grade 4)
» Uveitis

« Endophthalmitis

« Hypopyon

« Hyphaema

o Iritis

s Other serious event

Significant Events

* Peripheral non-infectious uleer/scar

eSympromatic corneal infiltrative events

« Superior epithelial arcuate lesions (SEALs)

s Any temporary loss of > 2 lines of BSCVA (for > 2 weeks)

sCorneal staining = Grade 3

«Corneal neovascularisation > Grade 2

«Any event which necessitates temporary lens discontinuation 3 2 weeks
oOther significant event

Non-significant Events

Non-Significant Infiltrative Events (« Grade 2 and non-symplomatic)

sPapillary conjunctivitis Grade 2 (only if a change of 2 grades from baseline)
sBlepharitis

sMeibomianitis

«Contact dermatitis

sLocalised allergic reactions

sConjunctivitis: bacterial, viral, allergic

sAny comeal event which necessitates temporary lens discontinuation = 1 day and
= 2 weeks

«Other non-significant event

Bulbar hyperaemia, single overall grade

Palpebral hyperaemia, central zone of upper and lower

Palpebral roughness, central zone of upper and lower

Corneal fluorescein staining in each of the five zones; type, extent,
depth

Conjunctival fluorescein staining in each quadrant

Corneal vascularisation

Orther findings

The grades represented the following severity levels: 0 — none, 1 —
trace, 2 = mild, 3 = moderate and 4 = severe. Corneal staining type, area
and depth were graded according to the more explicit descriptions based
on the Cornea & Contact Lens Research Unit (now Brien [Holden Vision
Institute) grading scale. 124] While type, extent and depth of staining
were all collected, only the grading of corneal staining type is presented
here, because this variable directly grades the severity level of the
corneal damage with grade 1 (trace) representing minimal superficial
staining and grade 4 (severe) including large abrasions, ulceration or
epithelial loss. Extent and depth of staining add descriptive details
regarding area of the cornea affected and degree of fluorescein
penetration.

Patient-years of lens wear was calculated for each individual from
the time of dispensing to the time of discontinuation or completion of
the 6-year visit. No discounting was performed for temporary discon-
tinuation of lens wear during the trial. The incidence of adverse re-
sponses in patient-years was calculated by dividing the total number of
events by the number of patient-years of wear. All ocular adverse events
for all subjects are included in the analysis. The 95% confidence in-
tervals were calculated using the method given by Wilson. [35]

3. Results

The baseline demographics for the enrolled subjects have been
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reported previously. [8] The combined demographics for the entire
group are summarised in Table 3.

The accountability of all subjects enrolled in the study is shown in
Table 4. Of the 144 subjects randomised to MiSight 1 day or Proclear 1
day, 135 were dispensed lenses and 109 completed the first 3-vear phase
of the trial. One subject was ineligible to continue to the second phase of
the study due to a newly added systemic growth hormone medication
with unknown effect on axial elongation. Ninety-two (92) subjects
completed the full 6-years.

The reasons for discontinuation are shown in Table 5, Only three
discontinuations were related to adverse events, one of these being a
non-ocular adverse event (diabetes). Of the two discontinuations for
ocular adverse events, only one was related to the contact lenses
(infiltrative keratitis). The second was due to an episode of uveilis
related to herpes zoster.

Nine subjects (6.3%) were never dispensed lenses and a further 5
subjects (3.5%) discontinued before the first month, primarily due to
unacceptable lens fit or inability to cope with lens insertion and removal
techniques adequately. Over the remainder of the six years, a further 38
subjects discontinued from the study.

The mean weekday wear time for all evaluable subjects increased
from 12.8 h per day at 6 months to 13.9 h per day at six years. The mean
number of days per week that the children wore lenses was consistent
across the six year with a mean wearing days above 6.5 days per week
from one month to the six-year visit. The total patient-years ol wear
observed over six years was 653 subject-years.

3.1. Ocular adverse events

Forty (40) ocular adverse events were reported in 30 subjects over
the course of the six years of follow-up, Twelve (12) of the events were
binocular and 28 were monocular. Table 6 provides a summary of all
ocular adverse events reported over the six-year peried. Each count in
this table represents a single adverse event episode. Each adverse event
episode is listed under either the monocular or the binocular column,
according to whether one or both eyes were affected. The final column
indicates how many of the presentations were considered by the inves-
tigator to be potentially contact lens wear related, based on history and
presentation. The majority (93%) of the events were considered as Non-
significant Adverse Events. Only one ocular Sericus Adverse Event was
reported, a uveitis associated with herpes zoster which occurred in Year
5. This subject had experienced two previous events, superficial punc-
tate staining (Year 4) and blurry vision (Year 5). All three events were in
the subject’s right eye only. Two other events were considered as Sig-
nificant Adverse Events. Both were new peripheral corneal sears noted
at a follow-up visit, One of the subjects (Year 4) recalled some irritation
two months prior to the scheduled visit at which the scar was noted, The
second subject (Year 6) was asymptomatic at a scheduled visit but the
investigator noted a small embedded foreign body and a new peripheral
scar, There were 4 reports of minor infiltrative events with no associated
symptoms and all were noted at scheduled visits.

Across the six years, there were two occasions of a subject being
discontinued by the investigator due to an ocular adverse event, One
was the case of uveitis which was considered not to be contact lens

Table 3

Demographic data at baseline, n — 144,
Age 10.1 L 1.4 years (range 8-12)
Sex. 69175
Ethnicity East Asian: 34

West Asian: 12

Caucasian: 79

Other: 6

Mixed: 13
Cycloplegic spherical equivalent —2.11D 1 0.79 (range -0.77 to -4.00)
auto-refraction
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Table 4
Subject accountability across six years.

Contact Lens and Anterfor Eye 44 (2021) 101391

Table 6
Study ocular adverse event summary.

Completed Visit Discontinued Monocular Binocular # of all events
{(each count. {each count considered as
Enrollment 144 0 :
N 1 eye) 2 eyes) potentially CL
Dispensed contact lenses 135 9 related
Completed first month 130 5
Completed year 1 122 8 Serious Events (n = 1)
Completed year 2 17 5 T .
Completed year 3 109 s . IL\.-‘elL\s (ds:.m]mmd with 1 0 0
Completed year 4 100 9 1etpes Zoster
Completed year 5 98 2
Completed year 6 92 6 Significant Events (n = 2)
+ New peripheral scar 2 0 2
Table 5 Sienifi . .
Discontinuations across the 6 years, totalm — 52. Nou-Siguificant £veuts (n = 37)
Non-Significant Tnfiltrative 4 0 3
Reason # of Time of Count  Tens- related? o rommgnLeal o vatve
Events (<Grade 2 and non-
Subjects Qccurrence ic)
Year 3 o Papillary conjunctivitis 1 1 1
infilrrativi Grade =2 ly if a che
Adverse event — Ocular 2 (JL]fJ.lEr«:i[l\e 1 ¥ rade =2 (only if a cl l:dnge
keratitis) of 2 grades [rom baseline)
Year5 (uveitis) 1 N « Blepharitis 0 1 0
= Mcibomianitis 1 1 0
adverse event - Non- Year 3 . « Lacalised allergic reactions 0 1 1
ocular 1 (diabetes) 1 N « Conjunctivitis: bacterial, 1 1 0
viral, allergic
First month 6 v o Any corneal event which 5 1 5
Unacceptable Lens Fit 7 Vear 4 ) ¥ n:ecessir.a[es temporary lens
discontinuation =1 day and
<2 weeks
First month 5 Y .
Lens handling 6 Hrstmorn Foreign bod)
Year 1 1 Y .
punctare kerati
. panus; corneal staining
First month 1 Y » Other Non-significant 12 7 10
Year 1 1 Y .
Dissatisfaction with - e event
comfort ° Year2 1 ¥ Eye irritation; lens rentoval
Year 3 1 Y difficulty; mild dryness;
Year 4 1 ¥ sl fryperaemia;
subcorgunctival
Dissatisfaction with Year 2 1 ¥ haemorrhage, smail
vision or 7 Year 4 3 Y epithelial opacity;
llnforrecfad Year 6 3 epq'.sc?erixis;l ugﬂmmpin:f;
astigmatism burning/stinging; foreign
body; asymplomalic red
N Year 1 1 Y eye: Dlurry vision
Not happy v\nrfh Jens . Yo 3 N M
;w::r:"crl:re e Year 4 2 ¥
pec Year 6 1 Y adaptation to lens wear but is also likely an effect of the increased fre-
. quency of scheduled visits at study start-up. Over the course of the six
Protocol prohibited 3 5"5( ;W"h } : years, 40% of the adverse events were minor complications noted at
o ear L. . .
medication Year 4 T N scheduled visits; examples of such minor events were tarsal hyperemia,
irritation from a lens trapped under the upper lid, and a single asymp-
Motivation/ Year 1 4 N tomatic infiltrate associated with viral cold, Investigators reported that
Aotivationy/ - f
Inconvenience 7 Year 2 2 K 45% of the ocular event episodes were not lens-related. All of the ocular
Year 3 ! N adverse events are shown in T'able 6, including those that were minor
YVear 3 5 . complications and those not considered to be contact lens related.
ear - .
Relocated 5 Year 4 N N Fig. 1 shows the number of subjects enrolled ar each age and the age
Year 6 2 N at which all ocular adverse events were noted. The mean age at adverse
event presentation was 12.6 + 2.0 years of age. No ocular adverse events
First month 1 Unknown were observed in children under 10 years of age.
Lost-to-Follow-Up 4 Year 1 1 Unlmown There were no contact lens related corneal infections reported. Four
Year 3 1 Unknown . N .
Year 5 1 Unknown contact lens related corneal infiltrative events were reported in three
subjects over 6 years. Based on 653 subject-years of observation, this
TOTAL 52 represents a crude incidence rate for corneal infiltrative events of 0.61%

related, and the other was a subject who experienced a second occur-
rence of asymptomatic infiltrative keratitis which was considered
possibly conlact lens related.

Approximately one-third {13/40) of these ocular adverse events
were reported in the first year of wear, with 6/13 of these reported in the
first month, This may be partially due to minor accurrences during

or 6.1 per 1000 wearing years (95% CI: 0.24%-1.579%).

3.2, Ocular health: biomicroscopy findings

Table 7 summarises the biomicroscopy evaluations from all visits,
scheduled and unscheduled, across the entire six years, The majority of
evaluations (99% of total findings) were Grade 0-1. The highest
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Fig. 1. Age at ocular adverse event presentation (n — 40), age of enrolment in study (n — 144).

frequency of findings greater than zero were for (arsal hyperaemia,
tarsal roughness, and bulbar hyperaemia. There were only five incidents
of a biomicroscopy finding grade higher than 2 (mild) across all the
scheduled study visits; one limbal hyperemia, two bulbar hyperemia,
one tarsal hyperemia, and one tarsal roughness.

A comparison of the reported findings at the Baseline Visit, prior to
any contact lens wear, and at the Final Visit (6-year visit or exit visit for
discontinued subjects) shows that there was no change in ocular phys-
iology signs over the contact lens wearing period.

4. Discussion

This clinical trial was designed to assess the efficacy of MiSight 1 day
for contrelling myopia progression and to assess the safety of soft con-
tact lens wear in a young necphyte cohort, fitted at age 8—12 and fol-
lowed through early adolescence. The lenses in this trial were worn on a
daily disposable modality, which has long been the recommended mo-
dality in children because it avoids compliance concerns related to
cleaning, storage and replacement, [36] and is considered to be asso-
ciated with fewer adverse events in a young population [22,23,26,29].

This study is unique in that it is a long-term prospective clinical trial
allowing multi-year assessment of the safety of this daily disposable soft
lens in this young population. This six-year clinical trial represents the
equivalent of 653 lens-wearing vears. In order to advise parents and
children considering soft lenses as a myopia control strategy, eyecare
practitioners should understand how children respond in their carly
years of contact lens wear. Clinical trials provide a more detailed and
extensive assessment of safety than retrospective chart reviews and
routine clinical practice, largely due to the increased frequency of study
visits and the more detailed documentation requirements,

Contact lens wear safety can be further assessed by reviewing dis-
continuations, together with the reasons behind them. Ninety-two sub-
jects completed the full six years, representing 68% of the subjects that
were originally found eligible to participate, with only one discontinu-
alion due (o a lens-related adverse evenl. Overall, this would be
considered a high retention rate for such a long clinical trial with a strict
visit schedule and it compares favourably with two recent trials
involving children wearing daily disposable contact lenses for myopia
control; in the first year of a 2 year trial of a novel myopia control daily
disposable lens, Cheng et al. [33] reported 21 (17%) children dis-
continued and Ruiz-Pomeda et al. [28] reported high retenticn across a
two year trial of the MiSight 1 day lens, with only five of the 44 children
discontinuing (11%). A recent publication, by Walline et al. [37], on
monthly replacement lenses worn for myopia control, reported a very
high 98% retention at the end of the three year trial.

@

In this study, more subjects discontinued during the first month (14
children; 9.7%) than during any of the subsequent single year periods.
Most of these early discontinuations were due to inadequate lens fit or
an inability to handle the lenses. These reasons have previously been
reported to be among the most common reasons for early contact lens
drop-out among the general population. [38] The rest of the discontin-
uations were a mix of lens-related reasons, like lens discomfort or
preferring the appearance of spectacles, and other reasons, like reloca-
tion, starting a prohibited medication or inability to maintain the study
schedule.

Just over half of the ocular adverse events were considered to be
contact lens related (22,40, Table 6). Practitioners are well equipped to
deal with ocular adverse events such as ‘dryness” and ‘lens stinging on
insertion’. However, events of corneal infection or inflammation pose
greater concerns. There were no cases of microbial keratitis in the study.

The discontinuation rate of the younger population in this study
compares favorably with studies of neophyte adults fitted into daily
disposable lens wear. In a recent study in which the neophytes adults
were {it with a silicone hydrogel daily disposable, there were premature
discontinuations in 39.5% (15/38) of the lens wearing population
within the one-year study duration. [39] Of these 40% (6/15) dis-
continued at or before the one-month visit. Another study, that looked at
necphyte adult wearers over one yeat, this time with daily disposable
hydrogel lens wear. [40] observed discontinuations in 33% (46/139),
with 10% (14/139) occurring in the first month.

In this study there were no cases of microbial keratitis, and the rate of
corneal infiltrative events was 0.61% (95% CL 0.24%-1.57%).
Comparing adverse event reporting across studies can be challenging
due to varying study designs, protocol definitions and methods of
reporting, This particular protocol required all negative experiences to
be captured as adverse events and it is quite possible that some of the
events reported in this trial, such as ‘mild dryness’, ‘lens caught under
lid’ and ‘lens stinging on insertion’, would not be reported as adverse
events in all trials. Similarly, comparing adverse events in clinical trials
Lo those reported in retrospeclive chart review or survey studies can be
problematic because the latter capture only those adverse events that
prompted a visit to the clinic.

Chalmers et al. [22] used a registry/survey methedology to deter-
mine ocular adverse event rates in 1171 predominantly adult daily
disposable lens wearers over one year. Specifically, they investigated
incidences of lens related ‘red or painful eye’ events that prompted an
office visit and reported an annualised rate of 1.6% (95% CI: 0.8-3.2,
based on 498 lens wear years) for silicone hydrogel lenses and 0.6%
(95% Cl: 0.2-1.9, based on 471 lens wear years) for hydrogel lenses.
They also reported rates for infiltrative events of 0.4% in silicone
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Table 7
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Summary of bioricroscopy findings across all study visits over six years. Comparison of baseline visit to final visit (n — 288 eyes) (0 — none; 1—trace; 2—mild;

3=moderate; 4=severe).

Variable Grade Findings across Findings at all Findings at all
all Visits Baseline Visits Final Visits
Count % Count % Count %
of eyes of total of eyes of total of eyes of total
L] 2160 76 199 69 212 71
1 754 23 89 31 58 20
Limbal hyperaemia 2 7 0.2 0 0 0 0
3 1 0.03 0 0 o 0
4 0 1} 0 0 o 0
18 missing”™ 6
[ 2071 64 144 50 179 62
1 1121 35 142 49 89 31
. 2 28 1 2 1 2 ]
Bulbar hyperaemia 3 2 01 o 0 ° °
4 L] 4] 0 0 1] 0
18 missing™ o
Q 1878 57 156 54 167 58
1 1320 40 106 37 114 40
L b B 2 82 3 26 9 4 1
Tarsal hyperaemia 3 1 0.03 0 0 0 o
4 ] o o [} o 0
3 missing” 1
0 1895 58 140 49 174 60
1 1329 11 134 a7 108 38
Tarsal roughness 2 56 2 14 5 3 !
3 1 0.03 0 0 0 9
4 0 1} 0 0 o 0
3 missing 1
0 2437 74 234 81 233 81
0.5 605 18 38 13 45 16
1 221 7 14 5 6 2
Corneal staining type* 1.5 9 0.3 1 0.3 1 0
2 13 04 1 0.3 1 0
all >2 0 4] 0 0 0 0
2 missing™ 1
0 243 74 237 82 233 81
0.5 a42 20 40 14 43 15
1 182 6 9 3 9 3
Conjunctival staining" 1.5 28 1 2 1 1 0
2 2 0.1 0 0 o 0
all >2 0 0 0 0 o 0
2 missing”™ 1
Q 3200 98 288 100 272 94
1 &1 3 ] 0 13 5
Corneal vascularisation 2 0 o o 0 0 0
all >2 0 1] 0 0 o 0
3 missing” 1
0 3250 a9 284 99 284 99
1 27 1 2 0.7 o ]
Other findings 2 3 01 2 0.7 [ 0
all >2 0 0 0 0 0 0
4 missing” 1

" The highest staining grade of all the regions, per subject, is reported.
* Data was missing from data collection documents.

hydrogels and 0% in hydrogels. In contrast to the current study, these
subjects were only followed for one year, and the adverse events
captured were only those that prompted an office visit, not discovered at
scheduled study visits that naturally increase the discovery of asymp-
tomatic events.

The Contact Lens Assessment in Youth (CLAY) [25] study retro-
spectively reviewed charts from 3549 patients for the presence of infil-
trative events. There were 260 subjects in the 8—12-year-old cohort,
similar to our enrolled cohort. The rate of significant infiltrative events

was 0.97% (95% CI: 0.03%-2.35%) in this population. However, in the
13-17-year olds, closer to the age of our cohort at the end of six years
the reported rate was 3,35%, This rose even higher in the
18—25-year-old group. Our study would suggest a similar rate (0.61%)
of infiltrative events to the younger cohort in the CLAY study, with the
obvious considerations that the children in our study were closely su-
pervised and only prescribed in a daily disposable modality.

A more recent publication [30] combined retrospective chart review
data {sample of 782 charts) with clinical trial data for a total of 963
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children aged 8 17 years who had worn varicus soft lenses for an
average ol 2.8 years; a total of 2713 lens wearing years. The authors
reported an annual incidence rate of 0.66% for all inflammatory adverse
events (which included infiltrative keratitis, contact lens associate pe-
ripheral ulcer and contact lens related acute red eye) which is very
similar to the 0.61% rate for infiltrative events reported in this study.

Other multi-year clinical trials involving children have reported a
range of results for adverse events. In trials involving daily disposable
soft lenses, Cheng et al. [33] and Ruiz-Pomeda et al. [28] each reported
just two subjects with non-serious, non-device related ocular adverse
events, in approximately 100 and 80 lens wearing years, respectively.
Walline et al. [32] reported five ocular, lens related adverse events
across their three year trial, equivalent to approximately 600 daily
disposable lens wear years. In a mare recent trial, Walline et al, [37]
followed almost 300 children wearing two different monthly replace-
ment soft lenses for three years and the results indicated a device
related, moderate severity, ocular adverse event rate of approximately 4
per 100 lens-wearing years and an infiltrative event rate of approxi-
mately 2.0%. Sankaridurg et al. [27] fitted 240 children with monthly
replacement silicone hydrogel lenses in a daily wear moedality for two
years and reported a rate of 14.2 ocular, device related adverse events
per 100 lens-wearing years. They also reported 25 corneal infiltrative
events, which approximates to a rate of over 6 per 100 lens-wearing
years. These last two studies reported higher rates than was found in
this trial, but it has been reported previcusly that re-useable contact
lenses are associated with a higher rate of adverse events than the daily
disposable modality. [22,23,26,29,31] The results of this trial are a
valuable addition to this literature to provide more understanding of the
response of children to daily disposable lens wear,

The ocular physiological response of this child/adolescent popula-
tion was assessed using detailed biomicroscopy assessments at all study
visits. The majority of the biomicroscopy assessments were grade zero.
Considering assessments at all visits across the entire period, including
unscheduled visits associated with adverse events, there were only five
biomicroscopy findings greater than grade 2 (mild). Given the full-time
wear schedule of hydrogel daily disposable lenses, any hypoxic changes
were of interest. Corneal neovascularisation and limbal hyperaemia are
recognised as indicators of corneal hypoxia [41] and throughout the
entire study period, just 2% of all these assessments were greater than
grade 0, There were sporadic reports of grade 1 neovascularisation
(trace congestion and dilation of limbal vessels / single vessels extension
<1.0 mm) and less than 1% of the reports of limbal hyperaemia were
greater than grade 1, with only a single incidence of grade 3 reported.
There was no change noted between baseline and final visit in any
corneal sign. These results show there was no clinical evidence of hyp-
oxic or physiological changes with this population wearing the oma-
filcon A hydrogel daily disposable lenses. This supports other literature
that have reported ne clinically relevant hypoxic changes with a healthy
population wearing hydrogel lenses in a daily wear, daily disposable
modality. [42-44] Hypoxic changes were not expected because the ox-
ygen transmission through these thin lenses of low/mid myopic powers
meets the requirements for daily wear in an adult population, and it is
reassuring to see this confirmed within this paediatric population.

It was ol interest to note the relatively high baseline visit incidence of
grade 1 bulbar hyperaemia, tarsal hyperaemia and tarsal roughness,
compared to other biomicroscopy variables. It may be intuitive to expect
children in this age group to present with more ‘quiet’ eyes. While it was
encouraging to see these incidences reduce over the study period, this
finding serves as a reminder (o practitioners that lid eversion should he a
routine part of the paediatric assessment.

Overall, the children in this clinical trial were successful contact lens
wearers. They achieved relatively long wearing hours, exhibited low
grades of and clinically insignificant biomicroscopy findings and there
were no lens-related serious adverse events. The reasons for lens wear-
ing success are often multifactorial, with lens fit, lens material /surface
and subject habits all contributing. A good lens fif was an important
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criterion for continuing in this study and therefore a poor fit resulted in
the subject being discontinued from the study. This approach of not
accepting a sub-optimal lens fit is encouraged in clinical practice to
avoid mechanical, lens related adverse responses. The surface of the lens
is also an important factor in the physiological response. The omafilcon
A material with MiSight 1 day and Proclear 1 day has been shown to
have good resistance to lipid and protein deposition and it also dem-
onstrates low dehydration properties. [45,46]

It could be argued that there are aspects about clinical trials that lead
to higher retention and success than the clinical practice setting. The
regular visit schedule in a clinical trial allows frequent training of both
the chid and the parent on good contact lens habits, and it has been
suggested that retraining will improve outcomes. [29] Compliance with
lens replacement is also likely to be improved when the products are
provided at no charge, as they were in this trial. Compliance with the
lens replacement schedule has been shown to be a risk factor for lens
related complications, as has overnight wear. [17,18,21,25] Children
receive additional protection from parents, who will generally be vigi-
lant to ensure overnight wear and napping do not oceur, thereby helping
to reduce adverse events and improve success rates, Walline et al. [2]
has reported that there is no difference in adverse events in the ten year
period post lens fitting, between children who were fit younger than
thirteen, compared to those fit as a teenager. Indeed there have been
several reports that suggest the under thirteen age group may be less at
risk for contact lens related complications. [6,25] All of these points are
reassuring as we are faced with treating the ever-younger, fast pro-
gressing myope.

The safety and ocular health results of this study can be considered
relevant to future cohorts of children fit with hydrogel, daily disposable
contact lenses for myopia control, because the lenses were worn full-
time, just as they will be worn for any future myopia control contact
lens design. There was a high retention rate in this age group across the
six years.

5. Conclusions

The omafilcon A daily disposable contact lenses were well accepted
in full-time wear and perfermed well in this 8—12-year-old neophyte
cohort across six years. There were no contact lens related serious
adverse events. Discontinuations and biomicroscopy data were compa-
rable with other daily disposable clinical trials in a similarly aged pop-
ulation. These results suggest that children as young as eight years of age
can successfully wear daily disposable, hydrogel centact lenses for
multiple consecutive years, making these lenses a viable and safe
method for delivering optical management of myopia progression
control.

6. Statements of significance

A report of ocular health data and safety profile from a longitudinal
clinical trial involving & neophyte paediatric population wearing daily
disposable hydrogel soft contact lenses over a six-year period.
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Introduction

Abstract

Purpose: T'o ascertain the safety of soft contact lens (SCL) wear in children
through a retrospective chart review including real-world clinical practice set-
tings.

Methods: The study reviewed clinical charts from 963 children: 782 patients in 7
US eye care clinics and 181 subjects from 2 international randomised clinical trials
(RCTs). Subjects were first fitted while 8-12 years old with various SCL designs,
prescriptions and replacement schedules, and observed through to age 16. Clinical
records from visits with potential adverse events (AEs) were electronically scanned
and reviewed to consensus by an Adjudication Panel.

Results: The study encompassed 2713 years-of-wear and 4611 contact lens visits.
The cohort was 46% male, 60% were first fitted with daily disposable SCLs, the
average age at first fitting was 10.5 years old, with a mean of 2.8 £+ 1.5 years-of-
wear of follow-up observed. There were 122 potential ocular AEs observed from
118/963 (12.2%) subjects; the annualised rate of non-infectious inflammatory
AFs was 0.66%/year (95% CI 0.39-1.05) and 0.48%/year {0.25-0.82) for contact
lens papillary conjunctivitis. After adjudication, two presumed or probable micro-
bial keratitis (MK) cases were identified, a rate of 7.4/10 000 years-of-wear (95%
Cl1 1.8-29.6). Both were in teenage boys and one resulted in a small scar without
loss of visual acuity.

Conclusion: This study estimated the MK rate and the rate of other inflammatory
AEs in a cohort of SCL wearers {rom 8 through to 16 years of age. Both rates are
comparable to established rates among adults wearing SCLs.

they experience the onset of myopia.”” Despite well-estab-
lished information on the safety of SCLs in adults, the rate

The efficacy of myopia control soft contact lenses to slow
the progression of myopia has been demonstrated in a
nuwmber of clinical trials to date.” ® In 2019, the US Food &
Drug Administration (FDA) approved the first sofl contact
lens (MiSight® 1 Day) indicated to slow the progression of
myopia in children who, at the initiation of treatment, are
8-12 years of age.” These developments will increase the
use of myopia control soft contact lenses around the world,
Clinical prescribing of soft contact lenses as a myopia con-
trol strategy will continue to increase overall soft contact
lens (SCL) use in children, starting at 8-12 years of age as

84

of serious adverse events (AEs) with SCL use in this
vounger age group has not been widely studied, since there
was no specific indication for their use in the paediatric
population before the introduction of myopia control soft
contact lenses.

Microbial keratitis (MK) related to SCL wear is the most
serious AE experienced by SCL wearers, and in some
instances may be sight-threatening,'® Fortunately, the con-
dition is rare, but it must be differentiated from other non-
intectious corneal inflammatory events (CIEs), as MK and
CIEs may require different pharmaceutical management
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and clinical care until the events are resolved.'* The relative
safety of SCL wear across ages 8 33 years was the focus of a
large retrospective chart review conducted in 2009 by the
Contact Tens Assessment in Youth (CTLAY) Study Team."
! That investigation over-sampled for young patients aged
8 12 years old, and found that although the types of SCL-
related complications in the 8- to 12-year olds was similar
to that of older SCI. wearers, the overall AT and CIT. rates
were lowest in this age group, and was less than one third
of the rate for 15- to 25-year-olds'>™"* "I'his relatively low
rate of complications in voung SCL wearers echoed find-
ings from an earlier study of SCL wear between 2005 and
2008, where SCL wearers from 8-12 years old again showed
a much lower rate of eye care visits related to complications
from SCL wear compared to older wearers.'” Those studies
were designed Lo estimale the rale of corneal infiltrative
events (CLEs) and were not of sufficient size to determine
the rate of rarer, sight-threatening microbial keratitis (MK)
in the 8- to 12-year age group. The CLAY study included
243 children who were fitted between 8-12 years old, and
the study of private practices had fewer than 30 wearers
who were fitted at that age, ">

The purpose of this study was to ascertain the safety of
SCL wear in children through a retrospective chart review
that included real-world clinical practice settings and data
from randomiscd, controlled clinical trials.

Methods

The current study was a retrospective cohort charl review
that included wearers of all types of SCLs who were fitted
while they were aged 8-12 years (inclusive). Tt was specifi-
cally designed Lo be of sullicient size Lo estimate the rate ol
MK in wearers initially fitted at that age, and to characterise
the AEs experienced by children and young adolescent SCI.
wearers. The retrospective cohort chart review utilises many
of the approaches outlined by the US Food and Drug
Administration’s 2017 Guidance — Use of Real-World Evi-
dence to Support Regulatory Decision-Making for Medical
Devices.'® Clinical charts from young SCL wearers in seven
geographically-diverse US eve care clinics, and case report
forms from two randomised clinical trials (RCTs) of MiS-
ight™® 1 Day SCLs (CooperVision, www.coopervision.co.
uk)®® conducted in Canada, Portugal, Singapore, Spain
and the United Kingdom, were retrospectively reviewed to
document the safety of SCI. wear in children,

Cligible data were included from children aged 8-16 who
were originally fitted with SCLs while they were 8-12 years
old (inclusive). For each visit documented in the clinical
charts and in the case report forms, the wearet’s age, visit
date, chiel complaint, evidence of continued SCL use,
visual acuity with SCLs and results of biomicroscopy were
recorded. The details of which SCLs they were wearing

Re(CSS adverse events in children

(refractive power, brand and replacement schedule) were
only captured at the first visit. The study was expressly
designed to study salety with SCL wear. No atlempl Lo
measure the progression of refractive error was made,
knowing that it could not be measured precisely through a
chart review.

Community sites were invited to participate in a chart
review study of paediatric SCT. wearers, To minimise any
bias in chart selection, the sites were not informed that the
primary focus was a review of adverse events. L'o ensure an
adequate sample of children in the appropriate age group
and to minimise missing data through treatment outside of
the practice, sites were required to be practising primary
eye care, be licenced to treat complications associated with
SCL wear and to have a sufficient SCL patient population
who were fitted while 8 12 years old. Adequate record
keeping was mandatory and the Principal Site lnvestigators
were trained in protecting the privacy of human research
participants. Sites were chosen to include various practice
scltings, locations, sizes and geography. ZTable S1 lists the
sites and investigators in the community clinics.

For the review of patient charts in community eye care
clinics, an Institutional Review Board (IRB) Waiver of
Informed Consent was obtained from Sterling IRB
(SIRB#6156). Subjects were identified onsite by the
rescarch leam using site-specific search methods since cach
office’s search capabilities differed depending on their elec-
tronic medical record systems. In general, lists of patients
who were in the age category were reviewed to find those
who were fitted with SCLs belore they turned 13 years old
by searching backward in their medical records. All visits
until they reached their 17th birthday were documented, Tf
a child had not attended a visit in the previous nine
months, the family was contacted via e-mail or post in
order to determine whether the child was still wearing
SCLs. They were also asked whether they had “experienced
any red or painful eye that required a visit to an eye doctor
or emergency room since their last visit” to the prescribing
practice, If so, records would be obtained from that treating
office. Two sites did not agree to this active follow-up of
their patients.

The RCT audit included two investigations; the longitu-
dinal study of MiSight® 1 Day SCLs* in Canada, Portugal,
Singapore and the United Kingdom, and the MASS Study
in Spain.® Principal investigators from other published
RCTs of children in this age group were approached to
determine whether their data could be included and AEs
adjudicated, but none were able to share the data due to
contractual or IRB-related constraints. Both audits were
covered under the oviginal IRB approvals for the studies.
The audit reviewed and documented the data listed above
in all case report forms from subjects who (1) presented
with any documented ALs, (2) had unscheduled visits or
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(3) discontinued the study before completion. In addition
a random sample of 15% of all records were reviewed for
possible signs of adverse response. Bach visit for these sub-
jects was documented in an Fxcel spreadsheet (Microsoft,
www.microsoft.com) pre-populated with response options,
The study sample size was planned around a maltrix
showing the MK rate and 95% confidence interval with var-
ious numbers of events and years-of-wear observed. The
sample size was estimated for a single proportion in PASS
15.01.1 (NCSS Statistical Software, www.ncss.com). For
example, for a study with 1-3 potential MK events, the
minimum years-of-wear was 2600 to estimate a rvate with a
reasonable confidence interval. Without knowing the
results of the adjudication process at the time of the active
chart review (and therefore the final number of MK cases),
subjects were included until it was estimaled that this ade-
quate number of vears of lens wear had been observed.

Definitions of adverse evenls

Similar to other North American post-market surveillance
studies of contact lenses,'” ** the definition of MK was as
follows:

“Presumed Microbial Keratitis™:

1. One or more corneal stromal infiltrates >1 mm with
pain >mild plus 1 or morc of: anterior chamber reaction
>minimal or mucopurulent discharge or positive cor-
neal culture.

2. The presence of a subsequent corneal scar was a require-
ment if follow-up data and medical records were avail-
able. In the absence of data regarding resolution with a
scar, aggressive treatment consistent with the standard
of care for MK in North America was considered indica-
tive (choice of medication, high frequency of dosing,
etc.).

“Probable microbial keratitis” adjudication was allowed
it not all of the criteria were met; for example, if the size of
the lesion was less than 1 mm, the pain was minimal, there
was no anterior chamber reaction, mucopurnlent discharge
or positive corneal culture.

All cases adjudicated as presumed or probable MK were
included in the MK rate calculation, A classification of MK
unvelated to contact lens wear was reserved {or cases such as
herpes simplex keratitis or staphylococcus marginal keratitis
where, in the Adjudication Panel’s judgment, the aetiology
was unrelated to SCI wear. These would not be counted as
MK events in the rvate calculation.

Table 1 shows the definitions used for adjudication of
significant AEs, including inflammatory and mechanical
events. Non-significant AEs that were incorporated into
this possible classification included SCL-related dryness,
corneal abrasion, superficial punctate keratitis, corneal
oedema, allergic conjunctivitis, bacterial conjunctivitis,

R L Chalmers et af

Table 1. Definitions for significant adverse events*

Adverse Event Signs

Inflammatory Events:
Contact Lens  Peripheral  Single, circular focal infiltrate (up to
Ulcer (CLPL) or Sterile 2 mmy}; peripheral ar mid-peripheral
Infiltrative Keratitis location; overlying camcal staining;
surrounding diffuse infiltration; no
anterior chamber reaction
Contact Lens Acute Red Eye  Diffuse infiltration in peripheral comea;
(CLARE) multiple small focal intiltrates;
overlying corneal staining uncomiman
Diffuse or small focal infiltration in
anterior stroma, with overlying
corneal staining

Infiltrative Keratitis (IK)

Mechanical Events:
Contact Lens Paoillary
Canjunctivitis (CLPC}

Papillae on upoer tarsus, localized to
one region or evenly distributed acrass
tarsus

Suoerior Epithelial Arcuate Arc shaped, greyish white, peripheral

Lesion (SEAL) lesion in the superior cornea. Corneal
staining and surrounding diffuse
infiltration

Discrete area of full thickness loss of
eoithelium; may be single or multiple

Corncal Erosion (CE)

“Adapted from Sweeney."!

episcleritis, sub-conjunctival haemorrhage and hordeolum.
All adverse evenls were collected (or review by the Panel re-
gardless of whether they were specified as related to contact
lens wear.

Images of patient charts were electronically scanned for
all visits in which a potential AE was documented, regard-
less of seriousness, until the AE was resolved. These
included instances where biomicroscopic signs were noted
at routine visits without complaints of discomfort or red-
ness associated with SCL wear. 'L'he chart was then redacted
of all personal information, site information and lens
brand. Redacted records were batched and sent to the three
Adjudication Panel members for independent review for
diagnoses of each AE. Panel members had been chosen for
their independence from the sponsor, and depth of experi-
ence as researchers or dlinicians with management of com-
plications associated with SCL wear. 'T'he Panel was not
aware of the number of wearers in the dataset or the num-
ber of years observed at any point in the adjudication pro-
cess. For any cases in which a unanimous diagnosis was not
achieved independently, the Panel convened via telephone
to discuss the AEs until they agreed to a diagnosis through
A COTSENSUS ProCess.

Data analysis

Years-of-wear were compuled from the fitting date up Lo
the last visit through 16 years of age. The annualised
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incidence rate of MK was calculated by dividing the num-
ber of MK cases by the years-of-wear. A Poisson distribu-
Lion was used Lo caleulate the 95% confidence interval. The
event rate for significant AEs was also calculated in a simi-
lar manner. All statistical analyses were performed using
SAS software Version 9.3 (SAS Inslilute, www.sas.con).
Non-significant AEs were tabulated and are reported, but
the rate for each category was not analysed.

Results

Charts from 963 children were reviewed: 782 palients from
7 US cye care clinics and 181 subjects from two intcrna-
tional RCls. All of the community cinics that were
approached participated by allowing access to their clinical
charts. The study included 2713 years-of-wear and 4611
visits. The cohort was 46% male, 60% first fitted with daily
disposable SCIs on average when 10.5 years old, with a
mean  observation period of 2.8 £ 1.5 vears of wear.
Delails of enrolment in cach of the communily clinics are
shown per site in Table 2. Due to different practice sizes,
the unequal contribution of subjects was expected in this
retrospective cohort review, but no site contributed more
than 30% of the years of wear observed in the community
clinics. After the completion of the active follow-up query,
clinical status of 728/782 (93.1%) of the cohorl was current
within 9 months or less. The remaining 54/782 (6.9%)
either had a clinical visit more than 9 months since com-
pletion of the chart review or did not respond to the active
follow-up query. This total includes 13 (1.7%) wearers for
whom we could not obtain permission from the clinical site
to send an active follow-up query.

The random sample of 15% ol all records in the RCT
reviewed for possible signs of adverse response found no
new ATs that had not been identified during the conduct of
the trials.

‘The demographics and lens wear history of the observed
cohorts in the seven community clinics and two RCTs are
described in Table 3. Subjects from the community clinics
had been fitted with a variety of lens types and wearing reg-
imens. All of the RC'L subjects wore lenses in a daily dispos-
able (DD) regimen.

Table 2. Details for community clinic sitcs

Re(CSS adverse events in children

Table 3. Demograohics and 1st lens details for observed cohort

Cc ity Randomized
Clinic Clinical Trial
Patients Subjects Total Cohort
# of Wearers N /82 (81.2%) 181 (18.8%) 963 (100%)
(row%)
Sex— N (%) 354 (45.3%) 90 (49.7%) 444 (46.1%)
Male
(col%)
Years-of-Wear
Total 2134.1 years 578.9 years 2713.1 years
Mean £+ SD 2.7 =1.6years 3.2 £ 14years 2.8+ 15vyears
Range 001t076yrs  0.02to50yrs  0.01t07.6yrs
Soft CL Design (col %)
Single Vision 511 {65.3%) 181 (100%)* 682 (70.8%)
Sphere
Toric 213(27.2%) - 213(22.1%)
Multi-ocal 47(6.0%) - 4/ (4.9%)
Unknown 11(1.4%) - 11 (1.1%)
Lens Replacement Schedule
Manthly 196 (25.1} - 196 (20.3%)
2-Wecekly 165(21.1%) - 165(17.1%)
Daily 401 (51.3%) 181 (100%) 582 (60.4%)
Unknown 20(2.6%) - 20(2.1%)

*0r dual focus.

Age at first SCL fitting is shown in Figure 1. The US Cen-
sus data on the racial and socio-cconomic demographics of
the community clinic cities are shown in Table S2. This
data is included to demonstrate our attempt to observe a
diverse racial, economic and geographic sample of SCL
wearers. Race and socioeconomic status were not captured
in eye care clinic charts.

A unanimous agreement from the independent adjudica-
tion was reached on less than half of the diagnoses, requir-
ing telephone discussion to reach a consensus. Conditions
that were more likely to have agreement during the inde-
pendent adjudication were those that presented with a clear
history and succinct signs such as sub-conjunctival haem-
orrhage, hordeolum and corneal foreign body. Differences
were oflen minor, e.g., conjunclivilis vs allergic conjunc-
tivitis. Differentiating inflammatory conditions into the
categories listed in able I usually required discussion.

Location Tucson, AZ Atlanta, GA Scranton, PA Westerville, OH Campbell, CA Kirkland, WA Carmel, IN
Practice type Multi-OD Multi-OD Multi-OD/MD Multi-OD Multi-OD Multi-OD Multi-OD
1 Office 1 Oftice 14 Offices 4 Offices 1 Office 2 Offices 2 Offices
N 59 92 230 158 77 40 126
¥rs observed 1408 259.0 640.7 405.3 226.5 96.4 365.4
% Ycars* 6.6% 12.1% 30.0% 19.0% 10.6% 45% /1%
0D, Doctor of Optometry; MD, Doctor of Medicine.
*9% of Community Clinic Years.
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Figure 1. Age at 15t SCL Fitting N = 963

After adjudication, two microbial keratitis (MK) cases
(one presumed and one probable) were identified from the
community sites; a rate of 7.4/10 000 years-of-wear (95%
Cl 1.8-29.6). The details of each case follow. Neither of the
MK events was unanimously adjudicated as MK on the ini-
tial review by the expert Panel, but these diagnoses were
reached after the Panel’s independent consensus discussion.
Figure 2 shows the annualised rate of MK in children wear-
ing soft contact lenses and the other post-market safety CL
study in children utilising overnight  orthokeratology
lenses."

The first case was considered a presumed MK in a 14-
year old male who reportedly had been sleeping in his daily
disposable lenses. He presented with light sensitivity and
pain, a marginal ulcer in the inferior central region and no
anterior chamber reaction. During an emergency room visit
he was treated with ofloxacin every 30 min, then with besi-
floxacin every 2 h and oral ibuprofen the following day at
his eye care practitioner. At resolution he had 6/6- acuity
and an off-axis mild scar. During the initial adjudication
round, this case was judged to be a probable MK, CLPU
and MK by the three adjudicators.

The second case was a probable MK in a 13-year-old
male who wore daily disposable lenses. He presented with
an irritated eye that started hurting 1 day previously, and a
mid-peripheral small infiltrate, trace cells and flare. He was
initially treated with besifloxacin every 30 min for 2 h, and
then every 2 h for the rest of that day. The following day he
received one drop of homatropine, loteprednol every 8 h as
well as combined loteprednol and tobramycin (Tobradex)
every 2 h for 2 days, which was then tapered to every 6 h.
At resolution he had 6/6 acuity and no scaring was noted.

R L Chalmers et al.

7.4/10,000
ReCS55 All SCLs
8- 16 years
13.9/10,000

Bullimore 2013
Ortho-K < 18 yrs.

0 20 40
Incidence per 10,000 person-years (95% C.1.)

Figure 2. Comparison of annualised MK rate in ReCSS and other con-
tact lens studies. Horizontal lines show the 95% confidence interval
95% CI for ReCSS Study (N = 963): 1.8 to 29.6/10 00C; Bullimore'?
2013 (N = 677 1.7-50.4/10 000

Dhuring the initial adjudication round, this case was judged
to be TK, corneal infiltrate and probable MK.

Figure 3 shows the annualised rates of significant AEs
observed in this study. The combined CIE events (IK,
CLARE, CLPU) occurred at a combined annual rate of
0.66%/yr. Figure 4 illustrates the age at onset for all of the
MK + CIE events.

Table 53 lists the frequency of non-significant ATis and
AFs that were not related to SCL wear. A wide variety of
AEs was observed, most of them easily managed by tempo-
rary discontinuation of lens wear (e.g., superficial punctate
keratitis, abrasion) or therapeutic management (e.g., con-
junctivitis, blepharitis). The bottom of Table S3 lists the
AEs that were not related to SCL wear; three anterior cham-
ber AEs (Herpes Zoster, post-traumatic hyphema and a
non-specific iritis with no corneal involvement) and other
cases of headache and general discomfort.

Discussion

Leading researchers in this field have concluded that, “one
of the major challenges for improved uptake and accep-
tance of contact lenses centres on the perceived risk of com-
plications with lens wear”® and that “safety of all refractive
correction and management options must alse remain at
the forefront of practitioners’ recommendations”.** The
current study fills a significant gap in understanding of the
safety of SCL wear specifically in children and young teens
who began to use lenses before they turned 13 years of age.

This retrospective cohort study design allowed the accu-
mulation of sufficient real-world patient experience o esti-
mate MK with a reasonable margin of error. The age range
studied aligns with the Indications for Use of the only soft
contact lens currently approved for myopia control by the
United States Food and Drug Administration.” This study
of existing SCLs can be considered applicable to new myo-
pia control soft contact lenses that use currently marketed
materials with only slightly modified optics. Results from
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0.48%/yr

CLPC

0.37%/yr

| 0.08%/yr

ClEs =

CLARE 0.66%/yr

0.26%/yr

CLPU
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Incidence % per year (95% C.1.)

Figure 3. Annualised rate of Significant Adverse Events in the ReCSS
Study. Horizontal lines show the 95% confidence interval. CLPC = con-
tact lens oapillary conjunctivitis, IK = infiltrative keratitis, CLARE = con-
tact lens acute red eye, CLPU = contact lens peripheral ulcer.

this chart review of typical SCLs should be applicable for
myopia control lenses whose myopia control function is
accomplished through optical designs, but are otherwise
similar in all other aspects to marketed SCLs.* ®

This study observed the safety outcomes in the medical
charts of 782 young SCL wearers in US clinical practices
and 181 subjects in two RCTs. Every effort was made to
find these young wearers in a variety of clinical practice set-
tings (size and location of practices, number of practition-
ers, number of locations within the practice, age of

ReCSS adverse events in children

practitioners, etc.). The children were observed for an aver-
age of 2.8 years and up to 7.6 years for a total of 2713
wearer-years. In comparison, the largest previous effort to
study AEs in young SCL wearers, the CLAY 2011 study,
had only 243 wearers and approximately 200 years-of-wear
in the 8-12 year old age group; that was appropriate to find
overall AE rates but was too small to estimate an annualized
rate of MK."* The 2013 post-market surveillance study by
Bullimore et al reported on 1145 years of wear in minors
up to age 18, but the proportion fitted before age 13 was
not noted.'” Figure 2 shows the rate of MK in that clinical
trial relative to the current study. Additionally, in a 2017
review of serious AEs in children wearing SCLs, Bullimore
found that there were no MK events reported among min-
ors in any of the prospective clinical trials reviewed (over
1800 years of wear).?”

Figure 5 shows the annualised rates of all ClEs + MK
combined in this study with the CLAY study cohort by age
group.'’

Clinical trials of the efficacy of myopia control soft con-
tact lenses have been designed to test the effect of lens wear
on refractive error, and are typically in the range of 200
subjects followed longitudinally for at least 2 years.”"*
This retrospective cohort study design allowed us to follow
this large diverse cohort of young wearers fitted by many
practitioners in practice. The observed follow-up times ran-
ged from a few days (for a small number of subjects that
discontinued early in the RCT) to over seven years.

Weaknesses in the retrospective cohort approach include
the inability to balance the age at first fitting across the age
group from 8-12 year olds. An observational study can
only examine those patients who were actually prescribed

B MK ECIE

Number of Adverse Events

QO P N W A U OO N X W
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Figure 4. Corneal infiltrative and microbial keratitis events observed by age of onset in ReCSS Study. N = 963.
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Figure 5. Comparison of annualised rate of Significant Inflammatory
Events (All CIEs + MK} in ReCSS and the CLAY study'® by age group
Horizontal lines show the 95% confidence interval. Sample sizes: CLAY
Study'” 18-25 years N = 1129; 13-17 years N = 811; 8-12 N = 243,
ReCSS Study 8 16 years N = 963.

and wearing the SCLs under investigation. Also, due to the
unknown number of young SCL patients that would be
identified in each practice, the sequential review yielded
unequal numbers of wearers at each site, because there were
different numbers of SCL-wearing children in those prac-
tices. Unequal sample sizes between sites is typical in obser-
vational studies. There were no more than 30% of the years
of wear observed in any one practice. Additionally, in this
type of study, without a concurrent questionnaire at the
time of the events regarding how SCLs were being used
(overnight wear, swimming, etc.) it is not possible to study
risk factors for the AEs that were observed.

Most professional organisations recommend at least
annual visits for children and SCI. wearers.”> One strength
of the study was the addition of an active follow-up step for
any children who were still wearing lenses but had not been
seen by the practice in the past nine months, which we were
able to do in five of the seven community clinic sites. This
outreach step resulted in only a small percentage (6.9%) of
subjects who either did not respond with their current dis-
position or had not been examined in nine months, an
acceptable rate for a retrospective cohort study.**

The annualized rate of MK in this study, 7.4/
10 000 years-of-wear, was computed from two cases; one
“presumed” and one “probable” case. This rate is slightly
lower, but not significantly different, from the MK rate
from the other post-market study with overnight orthoker-
atology CLs in children shown in Figure 2. The current
study provides a lower rate and tighter confidence interval
than other paediatric post-market studies, which may offer
reassurance to clinicians who are counselling parents of
young children regarding the safety of myopia control soft

R L Chalmers et af.

contact lenses. The rate is also comparable to established
rates of MK in adults, from 1-4/10 000 for adults with daily
wear hydrogel lenses'® and 18-20/10 000 for overnight wear
of silicone hydrogel lenses.'>'7'*

Tt is notable that the two MK events occurred in young
teens aged 13 and 14 years old from community practices,
one of whom reported overnight wear of his DD SCLs.
During the adjudication process, these AEs were not unani-
mously judged as MK cases by all three experts but were
discussed by the panel to reach that consensus diagnosis.
This lack of early agreement on the diagnosis amongst the
panel reflects the relatively mild severity and positive out-
comes that did not affect visual acuity in cither case. Most
of the CIEs occurred in this age range as well.

The current results were observed in patients using pur-
chased lenses in the “real world” and not exclusively in
RCT's where lenses are often supplied for free. The authors
assume that there were examples of non-compliance of
SCL-related behaviours in this age group as in adults; some
patients sleeping while wearing SCLs or wearing them while
swimming, etc.*” In fact, these young wearers may be more
compliant, as the CLAY Study team, using a validated con-
tact lens risk questionnaire, found that CL compliance was
related to age, with the youngest group showing the highest
level of compliance.”® The patients’ young age does give the
eye care practitioner the opportunity to engage parents as
additional support for supervision of compliant lens wear.
A rigorous programme of training and retraining on the
best practices for safe SCL use that is engaging to young
wearers will be important to the long-term safety and suc-
cess of myopia control soft contact lenses as a management
option for myopia.

When combining MK plus other inflammatory AEs in
this age group, the annualised rate was 0.74%/yr, which
compares very well with the 0.97%/yr and 3.35%/yr
reported in the CLAY study groups that were between 8-12
and 13-17 years old respectively (Figure 5)."* 'The CLAY
study was selected for comparison because it included a
similar retrospective chart review study design, and had a
substantial number of wearers who were fitted while they
were 8-12 vears old and reported events by age groups
when they experienced an AE. The current findings are very
similar to but slightly lower than rates from the two young-
est age groups reported in the CLAY study, as shown in Fig-
ure 5. This could be attributed to the fact that the current
study had a much higher proportion of DD lens use com-
pared with the CLAY study (8-12 year olds; 60.8% wvs
15.8%)."% "This may explain the lower rate in the current
study as the use of DD lenses is associated with a reduced
rate of inflammatory events.'>**" Inflammatory AEs are
of special interest as they typically require pharmaceutical
management and differential diagnosis with MK to assure
there is no risk of vision loss.
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The summary of non-significant AEs experienced by
these young wearers shows a relatively high rate of conjunc-
livitls (19 cases) and abrasion/forcign body cvents (14
cases), which seem reasonable in a sample of school aged
children, These AT results show the safety outcomes pri-
marily derived (rom routine eye care practice visits and not
exclusively from clinical trials with frequent defined visits;
most of these youngsters received eye examinations
approximately annually, and only presented for interim vis-
its when they experienced problems. Compared to safety
results derived exclusively from clinical trials, these results
are likely to be more generalizable to the post-market expe-
rience after myopia control soft contact lenses are pre-
scribed more widely to young patients in practice.

These results give assurance of an acceptable range of
safely during SCL wear in children which will be reinforced
with teaching protocols that emphasise best practices for safe
SCI wear. Much of the safety discussion amongst myopia
control researchers promotes the potential long-term safety
implications of reduced retinal discase and other sight-
threatening ocular abnormalities if higher levels of myopia
can be avoided;™ although it may be difficult for families
and eye care practitioners to imagine that far into the future.
‘I'he results of the current study help to answer parents’ and
practitioners’ concerns about the risk/benefit of real-world
SCL use in children and young teens and assure the relative
safety of SCL use in this age group.
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6.1. Exploring further quantifications of efficacy across the 6-year trial

The 6-year clinical trial of the MiSight contact lens indicated that hydrogel myopia control
contact lenses could be worn safely by children on a full-time basis over many years. The
evidence detailed in Chapter 4 also provided support for continued slowed eye growth for the
original treated group as well as slowed growth and progression in the original control group
who began treatment during the second three-year study period. However, due to the lack
of a concurrent matched control group during the second three-year phase, efficacy was
assessed less rigorously using comparative analyses between treated and untreated
populations over different phases of the study. For example, efficacy estimates were derived
by comparing untreated progression (T3 group) in the first three years (Years 1-3) with treated
progression for the same population in the subsequent three years (Years 4-6). Efficacy was
also implied for the continuing treatment group (T6) by comparing growth and progression
during treated years 4-6 with that observed during years 1-3, and also by comparing T6
results with the newly treated T3 group during the second three-year period. While
informative, such methods are inherently limited by the absence of concurrent matched
untreated control data.

One of the primary challenges in efficacy assessment is the inherent variability in myopia
progression due to demographic and environmental factors. For instance, race, gender,
geographic location, and even seasonal variations significantly influence untreated myopia
progression. (Goss and Rainey 1998, Fulk, Cyert et al. 2002, Donovan, Sankaridurg et al.
2012, Gwiazda, Deng et al. 2014) The general slowing of myopia progression with age further
complicates efforts to isolate treatment effects within a cohort and complicates comparison
between studies. (Jones, Mitchell et al. 2005, Chua, Sabanayagam et al. 2016) These age
and environmental effects are likely contributors to the reported high variability over time in
growth and progression of myopic eyes which complicates efficacy assessment from
comparisons of pre-treatment and during treatment growth and progression. (Mutti, Sinnott
et al. 2022)

Projections of long-term myopia control treatment efficacy are crucial for contextualizing
myopia control within broader healthcare objectives such as reducing risk of future eye
disease (Flitcroft 2012) given the correlation of myopia level to risk of eye disease. (Bullimore
and Brennan 2019) The link to future eye disease prevention also enables an estimation of
the cost vs. benefit of these interventions on health systems, (Fricke, Sankaridurg et al. 2023,
So, Lian et al. 2024) which may play an important role when government consider investment
and/or promotion of infrastructure to support myopia control interventions. These projections
were uncertain because many clinical studies of myopia control are short term (Lawrenson,
Shah et al. 2023) with data collected for only one or two years and many of these studies
exhibit a reduction in efficacy after the first year. (Brennan and Cheng 2019, Brennan,
Toubouti et al. 2020) Reductions in efficacy defined by absolute mm or diopters were also
observed in the MiSight Trial (Chapter 3). This raises the important question of whether
myopia control interventions can be sustained over the extended periods, which can exceed
10 years, during which the myopia continues to progress? (Hardy, Hillis et al. 2013, Qin, Peng
et al. 2022)

In addition to the inherent challenges of long-term clinical trials, maintaining untreated control
groups over long periods poses ethical dilemmas, as discussed in Chapter 4, particularly as
myopia control treatments become more widely available. In the MiSight trial and similar
studies, untreated groups were transitioned to treatment after the initial phase or
discontinued, limiting the ability to measure long-term efficacy against a concurrent control
group. (Lam, Tang et al. 2023, LI, Huang et al. 2024, Berntsen, Ti¢ak et al. 2025) High dropout
rates in control groups, driven by parental reluctance to withhold treatment, exacerbate this
issue. (Arumugam, Bradley et al. 2024) Therefore, although regulatory pressures and clinical
P. CHAMBERLAIN, PhD THESIS, ASTON UNIVERSITY 2025
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trial rigor prioritize a concurrent control group, after efficacy had been established for MiSight
(Chapter 3), continuing the untreated control group would be an example of denial of
treatment.

In the next two chapters, the precise axial length measurements collected during the 6-year
MiSight clinical trial are utilized to explore novel approaches to evaluate myopia control
efficacy given that long term treatment efficacy will not be able to be assessed by comparing
treated to concurrent randomized and masked untreated control groups. Axial length
measured with an optical biometer (IOL Master, Zeiss) has proven repeatability (95% limits
of agreement (LOA) of -0.047 to +0.039. (Lam, Chan et al. 2001) The IOL Master LOA is
equivalent to a dioptric value of -0.09 to 0.08 diopters which contrast to the less precise (more
variable) LOA of spherical refractions between -0.36 to +0.40 and between -0.9 to 0.65
diopters, respectively for automated and subjective refractions. (Bullimore, Fusaro et al.
1998) These results suggest that myopia progression may be more precisely monitored using
optical biometry. (Brennan, Toubouti et al. 2020)

6.2. Efficacy in the context of emmetropic eye growth

A pertinent question in myopia control is what is the maximum achievable efficacy?
Theoretical scenarios where 100% efficacy is attained by stopping axial elongation in treated
populations (average growth equal to zero for multiple years) implies a regression in axial
length for half of that population. This seemingly implausible outcome is compounded when
there is evidence of continued axial elongation throughout childhood and into teenage years
for non-myopic eyes. (Zadnik, Mutti et al. 2004, Mutti, Sinnott et al. 2023, Rozema, Dankert
et al. 2023)

Given that emmetropic eye growth does not impact refractive stability, it is often termed as
“physiological eye growth” or more accurately, fully “compensated eye growth”.(Mutti, Sinnott
et al. 2023) This occurs as a result of matched increases in the optical length (focal plane
location) and anatomic length (retinal plane location). Because corneal power stabilizes at an
early age, (Mutti, Sinnott et al. 2018) it is likely that crystalline lens position and power
changes are responsible for the overall reduction in optical power as the eye grows during
childhood and adolescence. (Zadnik, Mutti et al. 2004, Mutti, Sinnott et al. 2018, Rozema,
Dankert et al. 2019)

The Orinda Longitudinal Study of Myopia (OLSM) tracked axial growth of emmetropic children
with at least 2 years of follow up data between the ages of 6 and 14 years old.(Zadnik, Mutti
et al. 2004) Inspection of the axial length of emmetropic eyes of children between 8 and 15,
mirroring the ages of the MiSight trial participants, reveals average annual axial length
increases of approximately 0.15mm at age 8, declining gradually to level less than 0.1mm
between ages 12-14. This finding was further supported by the larger data set collected in
the Collaborative Longitudinal Evaluation of Ethnicity and Refractive Error (CLEERE) study,
a follow-on study from OLSM which expanded sites to explore ethnic differences in myopia
progression and eye growth.(Mutti, Hayes et al. 2007) The average axial elongation of
0.1mm per year observed in the CLEERE emmetropic populations between 10 and 13 closely
mirrors the axial growth rate observed in the MiSight treated population (Chapter 3). (Multti,
Hayes et al. 2007) The similarity of axial growths of MiSight treated eyes and emmetropic
eyes of the same age led to the hypothesis that MiSight therapy returned eye growth in
progressing myopic eyes to physiological eye growth. A further publication from the OLSM
study provided equations to predict eye growth for both emmetropes and myopes for a given
age, allowing estimates of average growth for a population of age-matched emmetropic eyes
(Jones, Mitchell et al. 2005) to be compared directly with the average growth observed in the
MiSight treated eyes. (Chamberlain, Peixoto-de-Matos et al. 2019) Similarly, the replicate
study of ocular component changes in Singapore, provided growth curves for emmetropic
Asian eyes.(Wong, Machin et al. 2010) The publications in this chapter compared annual
axial growth in MiSight treated eyes to expected growth of age-and race-matched emmetropic
eyes via these models.
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6.3. Exploring alternatives to concurrent control groups for quantifying
efficacy

When seeking FDA approval for the MiSight lens, the agency expressed concern that the
studied population was not representative of myopia progression in the United States, and
related to this, a concern that any efficacy measure would also not be representative of that
population. At that time, data from three US based studies reported untreated myopia
progression in children corrected with either single focus contact lenses or spectacles.
(Gwiazda, Hyman et al. 2003, Walline, Jones et al. 2008, Walline, Walker et al. 2020) The
average age of the studied US populations at study initiation ranged from 9.4 to 10.5 years
old, close to the MiSight study average of 10.1 years. Each study explored myopia
progression for 3 years. Although axial length measurements are more repeatable, (Brennan,
Toubouti et al. 2020) they are not a direct measure of myopia progression because some of
the axial growth of myopic eyes can be considered normal “compensated” or non-myopia
generating eye growth. (Mutti, Sinnott et al. 2023) However, high precision optical biometry
provides a precise way to compare growth of untreated myopic eyes, with myopic eyes
undergoing myopia control therapy and with emmetropic eyes. Figure 10 details the 3-year
axial elongation of untreated myopic eyes over a 3-year period measured in 4 studies,
including the MiSight trial. Despite these trials being conducted across a 20-year period with
slightly different ages, they show remarkable consistency in average 3-year axial elongations.

— 0.9
S
£ 0.8
g:o 0.7
s 0.6
G 0.5
< ’ - = MiSlIght Control
o 0.4
X .
3 0.3 Achieve Contro
.g 0.2 —— COMET Control
< 0.1
0 = BLINK Control
Baseline 12 24 36
e MiSlIght Control 0 0.24 0.45 0.62
Achieve Control Group 0 0.26 0.45 0.63
e COMET Control 0 0.31 0.53 0.68
e BINK Control 0 0.29 0.5 0.66

Figure 10: Axial length growth of young myopic eyes recorded at 12, 24, and 36 months after a
baseline measure are plotted for 4 different studies: Control group from the MiSight trial and the
Blink, COMET and Achieve studies in the US.

The consistency observed in untreated myopia progression data suggests that historical axial
growth data could be used to predict future eye growth of myopic eyes. This approach allows
researchers to make reliable projections about the expected progression of untreated myopic
eyes. To achieve this, predictive models have been developed that utilize historical
progression data to estimate future trends. A meta-analysis examining axial elongation in
progressing myopic eyes across multiple global populations found that annual growth rates
followed an exponentially slowing trajectory.(Brennan, Shamp et al. 2024) Notably, the study
reported that Asian eyes exhibited a 38% higher growth rate compared to non-Asian eyes, a
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pattern that aligns with numerous studies documenting differences in myopia progression in
Asian cohorts versus non-Asian cohorts.

Due to the wide variation observed annual growth rates between and within study
populations, it is not recommended to simply create a ‘virtual control group’ using only mean
baseline age and racial mix of a baseline population, but rather, use existing untreated data
in the study cohort and then apply the average 15% per year slowing rule to the measured
axial elongation. (Brennan, Shamp et al. 2024) This approach was used to predict the
expected axial lengths of the original control eyes in the MiSight trial if they had remained
untreated for the second three-year phase of the 6-year study. The applicability of the 15%
slowing per year rule to the study cohort was confirmed for the MiSight untreated control
cohort by comparing untreated growth in Years 2 & 3 relative to that observed in year 1. This
"virtual control group" approach has since been utilized in multiple studies and provides a
framework for quantifying long-term efficacy. (Bullimore and Brennan 2023, LI, Huang et al.
2024)

In the two publications of this chapter, we examined different strategies to assess myopia
control efficacy when no concurrent randomized control group was available. First, using
historical axial growth data in emmetropic eyes, eye growth was compared in MiSight treated
eyes to that observed in emmetropic eyes and test the hypothesis that MiSight treatment
slowed the accelerated eye growth that underlies myopia progression to that observed in
non-myopic eyes. (Chamberlain, Jara et al. 2021, Chamberlain, Hammond et al. 2024)
Historical growth data observed in untreated myopic eyes was used to predict the axial growth
of the initial control eyes as if they had remained untreated. These “virtual” controls were
used as would be a concurrent study control to assess treatment efficacy by the amount of
slowing created by treatment. We also employed an approach to assess treatment efficacy
based upon time, not mm or diopters, which did not require the control group to be maintained
for the full 6 years of the extended clinical trial. With this approach we assess how long it took
treated eyes of individuals and the cohort means to reach levels observed in those untreated
control eyes during years 1-3 of the study.
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6.4. Publication: Axial length targets for myopia control
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Introduction

Abstract

Purpose: Both emmetropic and myopic eyes clongate throughout childhood. The
goals of this study were to compare axial elongation among untreated progressing
myopes, progressing myopes treated with a myopia control contact lens and
emmetropes, in order to place axial elongation in the context of normal eye
growth in emmetropic children, and to consider whether normal physiological
eye growth places limits on what might be achieved with myopia control.
Methods: Axial elongation data were taken from the 3-year randomised clinical trial
of a myopia control dual-focus (MiSight® 1 day) contact lens. These were compared
with data for myopic and emmetropic children in two large cohort studies: the
Orinda Longitudinal Study of Myopia (OLSM) and the Singapore Cohort Study of
the Risk Factors for Myopia (SCORM). Each study’s published equations were used
to calculate annual axial elongation. Four virtual cohorts—myopic and emmetropic
for each model—were created, each with the same age distribution as the MiSight
clinical trial subjects and the predicted cumulative elongation caleulated at years 1, 2
and 3 for myopes and emmetropes using both the OLSM and SCORM models.
Resuits: The untreated control myopes in the MiSight clinical trial showed mean
axial elongation over 3 years (0.62 mm) similar to the virtual cohorts based on
the OLSM (0.70 mm) and SCORM (0.65 mm) models. The predicted 3-year axial
elongation for the virtual cohorts of emmetropes was 0.24 mm for both the
OLSM and SCORM models—similar to the mean 3-year elongation in MiSight-
treated myopes (0.30 mm).

Conclusions: The 3-year clongation in MiSight-treated myopes approached that
of virtual cohorts of emmetropes with the same age distribution. It is hypothe-
sised that myopic axial elongation is superimposed on an underlying physiologi-
cal axial elongation observed in emmetropic eyes, which reflects increases in body
stature. We speculate that optically based myopia control treatiments may min-
imise the myopic axial elongation but retain the underlying physiclogical elonga-
tion observed in emmetropic eyes,

similar.! Although axial length is highly correlated with
adult spherical refractive error,” a large vange of axial

Myopia is quantified by the dioptric distance of the eye’s
far point. This definition of myopia has important histori-
cal value in that it specifies the power of the optical lens
requited to correct it, but it belies the fact that the primary
origin of the majority of myopia does not lic with the opti-
cal components of the anterior eve, but rather in excessive
axial elongation of the globe. Indeed, the distribution of
corneal power among different refractive groups is very

lengths are observed for any single refractive error,’ indicat-
ing that axial length is not uniquely associated with spheri-
cal equivalent refractive errors and eye size differences can
exist without generating myopia. Larger emmetropic adult
eyes also have longer focal lengths due to larger radii of the
cornea and lens, with increasing lens radii (surface flatten-
ing) playing the major role in maintaining emmetropia.’
Furthermore, the relationship between axial length and
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Axial elongation in myopia and emmetropia

refractive error may be nonlinear and vary with age, eye size
or both.*?

The cye and its components grow [rom birth through
childhood. Corneal power reaches an average power of 43 to
44 D by 9 months of age and vemains stable throughout
early® and later childhood.” In contrast, all eyes elongale
steadily throughout childhood.® Vitreous chamber depth is
the largest single component of overall axial length, which
elongates from an average of 12 mm at 3 months™ to a final
average value of around 16 mm in emmetropic eyes.” The
rate and time course of axial elongation and ultimate axial
length varies across refractive groups,**!* In myopes, axial
length follows a similar rate of growth to emmetropes up to
a few years before myopia onset.® ‘I'hereafter, at the ages
when axial elongation is steadily slowing in emmetropes it
B Indeed, the peak rate of
axial elongation occurs in the 2 to 3 vears before myopia
onset.® Refractive error changes are larger before. as well as
after, the onset of myopia compared to eyes that vemain
emmetropic.® Thereafler, (he rate of myopia progression'”
and axial elongation'* decreases steadily, likely following an
exponential decay.>'* The crystalling lens undergoes age-re-
lated flattening from birth to 10-12 years of age,”'™'"
although lens power decreases beyond this age.”'> Power
changes of the lens compensate for ongoing axial elongation,
which maintains emmetropia. Although the lens (attens at a
higher rate in myopic eyes, it is insufficient to compensate
for the more rapid axial elongation.'>'®!”

In a recent summary report, the increased precision of axial
length measurements, combined with the observation that
future pathologies in highly myopic eyes are associated with
excessive axial elongation of young eyes, prompted a conclu-
sion that, “the goal of all clinical tials for myopia control
should be the reduction of axial elongation.”" Indeed,
increasing levels of myopia arve strongly associated with a
range of diseases,'”?” including myopic maculopathy,?* open
angle glaucoma,™ posterior subcapsular cataract™ and retinal
detachment.” Furthermore, visual impairment is more
strongly associated with axial length than refractive error.® Tt
is not surprising, therefore, that axial clongation has become
an important outcome measure in clinical trials of interven-
tions to slow the progression of myopia.'*#* Most,”"* though
not all,™™ widely adopled interventions show concurrent
slowing of myopia progression and axial elongation. Three-
year clinical trials of myopia control are rare,”* but the MiS-

continues, and even accelerales.

. )
ight® 1 day dual-focus soft contact lens demonstrates a slow-

3 and 6-

ing of axial elongation across all 3 years of treatment
year findings have been presented recently.”

Myopia routinely develops between the ages of 5 and
15 years,™ and therefore its time course overlaps that of
the coordinated cye growth that results in and maintains
emmetropia. This raises the issue of whether the increases
in axial length among children with progressing myopia

P Chamberlain et af

reflect only abnormal myopic elongation, or some combi-
nation of normal and abnormal eye growth. Here, the tra-
jectory of axial clongation in treated and untreated myopic
eyes are compared with published models of eye growth in
progressing myopes and emmetropes.””” The goals of the
analysis were:

e 1o comparc cye growth, in terms of axial clongation
among untreated progressing myopes, treated pro-
gressing myopes and emmetropes;

@ ‘Lo place the axial elongation in treated and untreated
myopes in the context of normal eye growth in
emmetropic children;

@ 'To consider whether normal physiological eye growth
places limits on what might be achieved in myopia
control.

Methods

The current study analysed axial elongation data obtained
during a 3-year randomised conlrolled clinical trial of a
myopia control dual-focus contact lens (MiSight™ 1 dayv).**
Tn brief, the study enrolled 144 myopic children aged 8 to
12 years with no prior contact lens experience in a 3-year,
double-masked, randomised ¢linical trial at four investiga-
tional sites in Canada, Fngland, Portugal and Singapore.
Around hall of the participants were of European descent
and a quarter were Fast Asian. Subjects with -0.75 to
—-4.00 D of myopia and <1.00 D of astigmatism were ran-
domised to either a MiSight contact lens (treated) or Pro-
cear™ 1day single vision lens (untrealed), both
manufactured in omafilcon A (CooperVision, Inc., coope
rvision.com) and worn on a daily disposable basis. Compli-
ance was high, with mean reported wearing time at the end
of the study over 13 hours per weekday and over 12 hours
per weekend day. Primary cutcome measures were cyclo-
plegic auto-refraction measured using the Grand Seiko
Binocular Auto-refractor/ Keratometer WR-5100K or
WAM-5500 (Grand Seiko Co., grandseiko.com) and axial
length measured using the TOLMaster (Carl Zeiss Meditec,
zciss.com). Of the subjects who were dispensed lenses, 81%
(105/135) completed the 3-year clinical trial (53 treated, 56
untreated). Unadjusted mean myopia progression was 0.73
D lower in the treated group than the untreated group
(-0.51 £ 0.64 D vs —1.24 = 0.61 D, p < 0.001). Mean axial
elongation was 0.32 mm less in the treated group than the
untreated  group (030 — 0.27  vs  0.62 — 0,30 mm,
£ < 0.001). Changes in refractive error and axial length
were highly correlated (v = —0.90, p < 0.001).

The above longitudinal axial length data were compared
with data for myopic and emmetropic children in two large
cohort studies: the Orinda Longitudinal Study of Myopia
{OLSM) in the United States™ and the Singapore Cohort
Study of the Risk Factors for Myopia (SCORM).*® Both
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studies used cycloplegic auto-refraction for refractive error
and contact ultrasound for axial length and have published
cquations for the growth of ocular components in chil-
dren."7

The OLSM included children between 6 and 14 years of
age who were required Lo atlend al least three annual visits
to be included in the analysis. Of the 1504 children
recruited, 737 were eligible for the analysis. Of these, 247
children were classified as myopic (178 white and 59 Asian,
with at least —0.75 D in both meridians), of whom 76%
were emmetropic or hyperopic at baseline, and 194 persis-
tent emmetropes (170 white and 16 Asian).” SCORM
included children aged between 6 and 12 years and, again,
at least three visits were required to be eligible for the anal-
ysis. Of the 1979 children recruited, 1775 were eligible of
whom 616 were progressing myopes (at least —0.50 D
spherical equivalent) and 369 were emmetropes. This pop-
ulation was predominantly Chinese in ethnicity.*”

The OLSM and SCORM published equations for axial
length™ (hat were used to compare with the MiSight clini-
cal trial data. The OLSM paper presents two separate equa-
tions for children younger or older than 10.5 years,” The
SCORM paper presents a quadratic model for axial elonga-
tion fitted for ages up to 12 years.”” Unfortunately, their
model asymptotes at age 13 years and thereafter predicts
shrinking of eye length. Given that comparisons were Lo be
made for children through the age of 15 years, their equa-
tions for vitreous chamber depth, which do not suffer from
the same limitations, were substituted. Their reported lon-
giludinal changes in anterior chamber depth and lens thick-
ness cancel each other, so vitreous chamber depth is a
reasonable surrogate for axial length,

In summary, the following equations as a function of age
were nsed.

OLSM ™:
Myopes up te 10.5 years:

Axial Length = 18.144 +2.391 In(age).
Myopes after 10.5 years:

Axial Length — 17.808 —2.560In{age}.
Emmetropes up to 10.5 years:

Axial Length = 20.18% — 1.258In{age).
Emmetropes after 10.5 years:

Axial Length = 21.353 — 0.7591n{age).

SCORM 7
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Myopes:

Vitreous Chamber Depth = 20.83 —29.811 age
0.025 age.

Emmetropes:
Vitreous Chamber Depth =17.18  10.045age™".
In = natural logarithm.

Using the above equations, axial lengths (or vitreous
chamber depth) at ages 8 through 15 years were calculated.
Thereafter, annual elongation was calculated.

Finally, four virtual cohorts were created, each with the
same age distribution as the MiSight clinical trial subjects
at bascline: 14% of 8 year olds, 27% of 9 year olds, 16% of
10 year olds, 23% of 11 year olds and 20% of 12 year olds
{mean = 10.1 years). The predicted elongation was calcu-
lated at years 1, 2 and 3 for myopes and emmelropes using
both the OLSM and SCORM models.

Results

Table 1 shows the annual axial elongation rates {mm/year)
predicted by the OLSM and SCORM models in myopes
and emmetropes. As expected, annual axial elongation is
higher in myopes than in emmetropes, and annval axial
elongation decreases with age.

Table 2 and Figure 1 show the observed cumulative axial
elongation at years 1, 2 and 3 of the MiSight clinical trial
for both treated and control groups. Also shown are elon-
gation rates for myopes and emmetropes as predicted using
both the OLSM and SCORM models for virtual cohorts.

‘The untreated control myopes in the MiSight clinical
trial show similar cumulative axial elongation over 3 years

Table 1. Annual axial clongation (mmdyear) as a function of age pre-
dicted by the OLSM7 and SCORM?” models in myooes and emmetropes

Myopes Emmetropes
Age OLSM SCORMY OLSM SCORM
8 0.28 0.39 0.15 0.14
9 Q.25 Q.31 013 a1
10 0.30 0.25 0.09 .09
11 0.22 0.20 0.07 0.08
12 Q.20 Q.7 0.06 .06
13 0.19 0.14 0.06 0.06
14 0.18 0.12 0.05 0.05

All values arc in mm. OLSM, Orinda Longitudinal Study ot Myopia;
SCORM, Singapare Cohort Study of the Risk Factors for Myooia.

“For the SCORM cohorts, equations for vitreous chamber depth elonga-
tion were used

@ 2021 The Authors. Ophthalmic and Physiofogical Opiics published oy lohn Wiley & Sons Lta on behelf of College of Optometiists. 3

P. CHAMBERLAIN, PhD THESIS, ASTON UNIVERSITY 2025

92



Axial elongation in myopia and emmetropia

P Chamberlain et a.

Table 2. Predicted cumulative elongation at years 1, 2 and 3 for myopes and emmetropes using both the OLSW and SCORM? models for a virtual

cohort with the same age distribution as the MiSight clinical trial subjects

“Virtual Cohort”

“Virtual Cohort” myopes MiSight trial myopes emmetropes
Duration OLSM SCORM Control Treated OLsSm SCORM
1-year 0.25 0.26 0.24 .08 0.10 0.08
2-year 0.48 0.46 0.45 021 0.18 Q.17
3-year 0.70 0.63 0.62 0.30 0.24 0.24

Also shown are the values for cumulative axial elongation from the MiSight clinical trial 3 All values are in mm. OLSM, Crinda Longitudinal Study of

Myopia; SCORM: Singapere Cohort Study of the Risk Factors for Myopia.

(0.62 mm) to those predicted for the virtual cohorts of
myopic children based on both the OLSM (0.70 mm) and
SCORM (0,63 mm) models (Table 2), In contrast, the
mean 3-year elongation in MiSight treated myopes is signif-
icantly lower (0.30) mm, and not substantially different
from the predicted axial elongation rates for the virtual
cohorts of emmetropes (0.24 mm, for both the OLSM and
SCORM models).

Discussion

The mean axial elongation in children wearing Proclear
single vision soft contact lenses in the MiSight clinical
trial was 0.62 mm over 3 years,” which is very similar
to that predicted for age-matched virtual cohorls of
myopes using the growth models from OLSM and
SCORM (0.70 and 0.63 mm, respectively). Other studies

in the USA have reported similar mean 3-year clonga-
tion in cohorts with a comparable age distribution.*>*!
In contrast, the mean axial elongation in children wear-
ing the dual-focus MiSight soft contact lenses was
0.30 mm over 3 vears,”* which is less than half that for
the untreated control subjects and similar in magnitude
to that predicted for age-matched virtual cohorts of
emmetropes using the growth models from OLSM and
SCORM (both 0.24 mm).””

Tt is noteworthy that emmetropic eyes in OLSM and
SCORM  continued e¢longating throughout childhood,
albeit at a slower rate than myopic eyes.”” Axial elongation
continues into the late teens in both myopes* and emme-
tropes,” although only around 0.06 and 0.03 mm/year,
respectively. In emmetropes, the ongoing axial clongation
is compensated by crystalline lens flattening and thinning,
such that refractive error does not change to a meaningtul

0.8
= MiSight Treated Myopes
0.7 4 e MiSight Control Myopes
-+ « « OLSM Myopes -
_ 067 — —SsCcoRM Myopes
E « s+ OLSM Emmetropes
= 0.5 4 == = SCORM Emmetropes
K]
=]
[} 0.4
c
o
2 034
|
0.2
0.1 4
0

Baseline Year 1

Year 2 Year 3

Follow-Up

Figure 1. Cumulative axial elongation (mm) for treated and control myopes in the MiSight dinical trial are compared to the virtual myooic and
emmetropic cohorts developed using both the OLSK” and SCORM®” models (see Methods). OLSM: Orinda Longitudinal Study of Myopia; SCORM

Singapore Cohort Study of the Risk Factors for Myopia
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degree,”*>' although the rate of crystalline lens change

may not differ significantly between emmetropes and
myopes’ and some,* though not all,*® studies have
reported adult myopes to have thinner crystalline lenses
than adult emmetropes. However, it is likely that crystalline
lens thinning in myopes is simply insulficient Lo compen-
sate for their more rapid axial clongation. Presumably
ongoing eye growth in emmetropes reflects increases in
body stature before, during and after puberty. Cross-sec-
tional***” and longitudinal studies*® demonstrate an asso-
ciation between axial length and height, with taller
emmetropic children having longer eyes. A recent longitu-
dinal study demonstrated a high correlation between 2-year
changes in height and axial length in emmetropes over two
consecutive periods (7= 0.71 and 0.63), while myopes
show no consistent association.® This leads to two
hypotheses. First, myopic axial elongation is superimposed
on this underlying physiological axial elongation, Second,
optically based myopia control treatments may minimise
the myopic axial elongation but may not be able Lo prevent
the underlying physiological elongation. Based on the
OLSM and SCORM gmwth curves, on average, emmetro-
pic eyes elongate at 30% to 40% the rate of myopic eyes
(Yable 2, Figure 1.7 The aforementioned hypotheses
would thus predict that myopic contral methods that slow
progression by more than 60% Lo 70% in a population may
be challenging to attain. In other words, the slowing of axial
elongation in the MiSight clinical trial approaches the pop-
ulation limits placed upon therapy by physiological eye
growth. 1t is noteworlhy that no 2- or 3-year clinical trials
of optical myopia control modalities exceed this value.*”

Since this work was first presented,” the notion of
underlying physiological growth has been embraced by
others. Some presenters have also begun to adjust and re-
quantify the efficacy of myopia control studies to claim
higher percentage treatment effects based on this possible
physiological eye growth.> 'I'here are, however, two reasons
not to adopt this generalised approach of applying an arbi-
trary correction factor based on current understanding of
eye growth. First, there is currently no evidence for two
mechanisms (pathological and physiological) driving axial
elongation. Tt is the total eye growth that is crucial to ocular
health,™ so distinctions belween mechanisms of action
may have no clinical ramifications. Second, any reports of
percentage treatment efficacy are confounded by age,
underlying progression rate and likely ethnicity.”® Adjust-
ing these rates for, as yet, unproven physiological growth
would further obfuscate comparisons among myopia con-
trol therapies.

Although these data suggest that the MiSight dual-focus
conlacl lens is able Lo slow eye growth Lo non-myopic
levels, studies using daily dosing with higher concentrations
of atropine (1%) have stopped eye growth, For example,

Axial elongation in myapia and emmetropia

the Atropine for the Treatment of Childhood Myopia
(ATOM) Study reported a reduction in axial length
(=0.14 + 0.28 mm) in the first year for 166 cyes treated
unilaterally with 1% atropine, followed by a + 0.12 mm
elongation in the second year.”' More recently, Yi er al™
reported virtually no change (-0.03 £ 0.07 mm) in 66 chil-
dren treated bilaterally with 1% atropine for 1 year. These
data suggest that, in the short-term, high concentrations of
atropine may arvest axial elongation, although the mean
elongation in the second year of the ATOM study is identi-
cal to that of treated eyes in the MiSight clinical trial data
used for this study (Table 2), Unfortunately, atropine-trea-
ted cyes show a dramatic acceleration of myopia progres-
sion and axial elongation following cessation of treatment.
The atropine-treated eyes in the ATOM study elongated by
over 0.30 mm in the year following discontinuation of
treatment, compared with around 0.15 mm in the
untreated eyes,53 Furthermore, concentrations as high as
(.5% have far less influence on axial elongation. For exam-
ple, in a 2-ycar clinical trial, axial length increased by 0.27,
0.28 and 0.41 mm in subjects treated with 0.5%, 0.1% and
0.01%, respectively.*

The literature on optical interventions in animals has the
potential to contribute to our understanding. Unfortu-
nately, these experiments are typically conducted on neona-
tal animals, undergoing a rapid period of cye growth. Lor
example, Hung ef al.”™ demonstrated that +3 or +6 D
lenses imposed in front of one eye of infant rhesus monkeys
ranging from 72 to 113 days induced hyperopic ani-
sometropia and a relative slowing of axial clongation in the
treated eve. Nonetheless, while the treated eves showed up
to 0.4 mm less relative elongation, they still elongated by 1
Lo 2 mm. In other words, imposition ol plus lenses did not
completely arrest growth of infant eyes.

The comparison of axial elongation among untreated
progressing  myopes, treated progressing myopes  and
emmetropes has some limitations. Lhe predicted axial
elongation for age-matched virtual cohorts based on the
growth curves published by OTSM and SCORM agree well
with the reported mean axial clongation for the untreated
myopes in the MiSight clinical trial. ‘The ethnic composi-
tion of the children in the MiSight clinical trial includes a
minority of Asian eyes, and is similar Lo the ethnic distri-
bution within the OLSM cohort, although the studies were
conducted over 20 years apart. For further comparison,
the 3-year mean axial elongation for children wearing sin-
gle vision spectacles in the Correction of Myopia Tvalua-
tion ‘I'rial (COMEL) was 0.75 mm, but their mean age
was younger by a year (9.3 = 1.3 years).”' Likewise, a clin-
ical trial of myopic US children with a mean age of
10.4 £ 1.1 years al bascline reported mean 3-year axial
elongation of 0.63 and 0.59 mm in those randomised to
soft contact lenses (n = 247) and spectacles (n = 237),
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respectively.*® More recently, another study of US children
(n=97) with an average age of 10.3 £ 1.1 years ran-
domised to single vision contact lenses in a myopia con-
trol clinical trial found a 3-year progression of (.62 mm.*!
Tn summary, the mean axial elongation of the untreated
myopes in the MiSight clinical trial is consistent with
other similar aged cohorts.

Tnspection of Table 1 demonstrates that the predicated
elongation based on the SCORM model is higher than that
for OLSM for 8 and 9 year olds, but the opposite is true for
older children. As described earlier, the use of vitreous
chamber depth was necessary and this may have underesti-
mated axial clongation, given that increases in vitrcous
chamber depth account for around 90% of axial elonga-
tion.”™ Furthermore, the SCORM models are based on
children no older than 12 years, and this may limit the
accuracy of the growth curves at older ages.

While the SCORM model only represents data from chil-
dren who are myopic at all timepoints,” the OLSM model
includes both consistent and incident myopes.” As dis-
cussed in the introduction, axial elongation accelerates over
a few years prior to myopia onset and is fastest in the 2 to
3 years immediately before onset. Thus, axial elongation in
the SCORM model includes myopes in various phases of
their refractive history. This can be partially quantified by
comparing axial clongalion rates from the SCORM model
for both progressing and incident myopes (Iable 3). At
younger ages, the progressing myopes elongate faster, but
by 10 or 11 years of age there 1s little difference.

As described in the Methods, there are differences
between the OLSM and SCORM cohorts and the criteria
adopted by the respective authors when developing their
growlh models. These may have contributed to discrepan-
cies between the virtual cohorts derived from the models.
OISM followed children between 6 and 14 years, while
SCORM studied children between 6 and 12 years, Tn
OLSM, myopia was defined as at least —0.75 D) in both
meridians, whereas in SCORM the definition was at least

Table 3. Annual vitreous chamber elongation as a function of age (in
years) oredicted by the SCORM® models for progressing and incident
myooes

Age Progressing myopes Incident myopes
8 0.38 032
9 a.31 0.27
10 0.25 0.23
" Q.20 019
12 Q.7 0.16
13 0.14 0.14
14 0.12 0.12

All values are in mm.
SCORM, Singapore Cohort Study of the Risk Factors for Myopia.

P Chamberlain et af

-0.50 D} spherical equivalent. Likewise, emmetropia was
defined differently: —0.25 to +1.00 D in both meridians and
-0.50 to +1.00 13 spherical equivalent, respectively. OLSM
used 1% tropicamide for cycloplegia, but SCORM used 1%
cyclopentolate, although any differences attributed to these
choices should be minimal.*® Finally, among the children
contributing te the OLSM models, 33.5% were myopic,
compared with 68.6% of those for the SCORM models, Tt
should also be noted that the MiSight clinical trial excluded
children with astigmatism greater than 0.75 D, whereas
both the OLSM and SCORM models appear to have
included myopes regardless of astigmatism. Given the asso-
ciation of myopia with astigmatism,””>*
influenced our findings, but it is unclear in which direc-
tion.

A curious feature of the axial elongation rate of the pre-
dominantly Singaporean Chinese myopes in SCORM is
that it is similar in magnitude to the rate in OLSM. Tt
would be expected that the axial elongation for myopes in
the SCORM model would be higher given that the rales of
myopic progression® and axial elongation' are 50%
higher among myopes in Asia compared to children of
European descent. Both OLSM and SCORM used ultra-
sound to measure axial length, while the MiSight clinical
trial used the TOLMaster, While the latter technique has
superior repeatabilily, any systematlic differences between
the methods is small and invariant with axial length. Such
small differences are very unlikely to affect the applicability

of models of axial elongation based on one technique to
G610

this may have

measures made with the other.

When comparing axial elongation among refractive
groups, it must be acknowledged that emmetropic eyes are,
on average, shorler than myopic eyes. Thus, the compar-
isons between myopes undergeing myopia control treat-
ment in the MiSight clinical trial with emmetropes might
be improved by matching the groups for baseline axial
length. ‘The mean baseline axial length of the MiSight trea-
ted myopes was 24.42 mm, whereas an age-matched virtual
cohort of emmetropes would be 23,66 and 23.32 mm,
based on the OLSM and SCORM models, respectively. As
shown in Table 3, the SCORM authors publish separate
growth curves based on both 616 progressing myopes (used
herein) and 601 incident myopes, i.e., emmelropes who
become myopes. As would be expected the modelled axial
length is around 0.08 mm shorter in the incident myopes
compared to the progressing myopes, but the predicted rate
of axial elongation (Table 3) differs by no more than
0.02 mm per vear beyond 10 years of age. Furthermore,
neither the OLSM nor SCORM models factor in baseline
eye size. However, there was no correlation between base-
line axial length and 3-year clongation in the MiSight ¢lini-
cal trial, although this and other trials show thatr axial
elongation is slower in those who were older at
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baseline.”**” Indeed, data from this MiSight study shows
that when the control group illustrated in this analysis were
switched to the MiSighl lens al an average age of 13.1 years,
the subsequent 2-year axial elongation was equivalent to
that of the original MiSight group continuing in treatment,
despite the fact that the original control group commenced
the 2-year assessment period with greater refractive crror
and longer eves, as a result of the treatment effect in the
first 3 years of the trial.

Finally, this analysis represents average change across a
population of children. Individuals within a population
display great variation; for example, the standard deviations
for axial clongation for the 3-year MiSight clinical trial were
0.27 and 0.30 mm in the treated and control groups,
respectively.”* The same is true for refractive error with
some Lrealed children showing myopia progression similar
to the mean progression in untreated children. Conversely,
some treated children and very few untreated children show
almost no progression. For example, in the MiSight clinical
trial, 41% of treated eyes showed —0.25 D or less progres-
sion over 3 years compared with 4% of the eyes in the con-
trol group. Future research may explain why some subjects
progress less than others, and the factors that affect the
variation in treatment effect. This may lead to improved
treatments, as the search for optimal myopia control
modalitics is still in ils carly stages.

In summary, the untreated myopes in the MiSight clini-
cal trial show 3-year axial elongation similar to control
myopes in other clinical trials®"*" and similar to that pre-
dicted from models of cye growth based on large
cohorts.” 'I'he myopes treated with the MiSight lens show
similar 3-year axial elongation to that of emmetropes pre-
dicted by models of eye growth. 1L is proposed thatl axial
elongation in patients undergoing myopia control be con-
sidered in the context of both normal myopic and emme-
tropic eye growth and expectations be set accordingly,
Nonetheless, arbitrarv correction factors to account for the
impact of physiological eve growth should not be applied
when reporting myopia control levels, until this area has
been better understood.
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INTRODUCTION

Abstract

Purpose: Accumulated axial growth observed during a 6-year clinical trial of a dual
focus myopia control contact lens was used to explore different approaches to as-
sess treatment efficacy.

Methods: Axial length measurements from 170 eyes in a &-year clinical trial of
a dual focus myopia control lens (MiSight 1day, CooperVision) were analysed.
Treatment groups comprised one having undergone 6years of treatment and the
other (the initial control group) having 3 years of treatment after 3 years of wear-
ing a single vision control lens. Efficacy was assessed by comparing accumulated
ocular growth during treatment to that expected of untreated myopic and emme-
tropic eyes. The impact of treatment cn delaying axial growth was quantified by
comparing the increased time required to reach criterion growths for treated eyes
and survivor analysis approaches.

Results: When compared to the predicted accumulated growth of untreated eyes,
6years of treatment reduced growth by 0.52mm, while 3 years of treatment initi-
ated 3years later reduced growth by 0.19 mm. Accumulated differences between
the growth of treated and untreated myopic eyes ranged between 67% and 52%
of the untreated myopic growth, and between 112% and 86% of the predicted dif-
ference in growth between untreated myopic and age-matched emmetropic eyes.
Treated eyes tock almast 4years longer to reach their final accumulated growth
than untreated eyes. Treatment increased the time to reach criterion growths by
2.3-2.7 times.

Conclusion: Estimated growth of age-matched emmetropic and untreated my-
opic eyes provided evidence of an accumulated slowing in axial elongation of
0.52mm over 6years, and the treated growth remained close tc that expected of
emmetropic eyes. Six years of dual focus myopia control delayed the time to reach
the final growth level by almost 4 years.

KEYWORDS
axial length, contact lenses, emmetropic eye growth, myopia, myopia control, myopia progression

and most striking in young adults in east Asiawhere the vast
majority of eyes are m).r0p'|v:.3'5 Longer eyes, responsible for

Axial growth of the vitreous chamber, unaccompanied by higher levels of myopia, are associated with an increased
compensatory reductions in optical power in the cornea or risk of maculopathy and other sight-threatening pathclo-
lens,"” is generally responsible for myopia development.  gies later in life,"® and with reduced best-corrected visual
Recent increases in myopia prevalence are present globally acuity earlier in life.” Numerous optical interventions have

provided the ariginal work is properly cited, the use is non-commercial and no madifications or adaptations are made.
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been employed to slow or stop this progressive condition,
some proving effective in slowing axial growth and myopia
progression over 2 or 3years of treatment.”™'? Efficacy of
these myopia control interventions has been established by
implementing rigorous randomised controlled trial (RCT)
protocols. However, since treatments with proven efficacy
have become available, ethical and practical concerns,]3
specifically recruitment and retention of control groups for
long periods, have necessitated alternate study designs to
evaluate efficacy that do not retain a contrel group for the
full study duration. For example, cross-over'? comparisons
with pre-treatment'® and delay in reaching a criterion level'®
have all been employed to assess treatment efficacy. Also,
due to the wealth of published data on axial growth in my-
opic and emmetropic eyes,”® the growth of treated eyes
can be compared with the growth of untreated myopic and
age-matched emmetropic eyes from other studies. %2

Myopia is a progressive condition which can start in
early childhood with a mean onset of approximately 8 years
of age®® and a mean age of stabilisation of approximately
15years.”? Earlier onset is associated with faster progres-
sion, as well as the possibility of a longer duration of pro-
gression resulting in higher levels of myopia.24 Therefore,
myopia control treatments may need to be effective over
multiple years and be suitable for both children and ad-
olescents. To explore the multi-year long-term effects of
treatment with a dual focus myopia control contact lens
that has been proven effective in controlling myopia and
axial growth during a 3-year RCT,' both the initially treated
and untreated control groups were fitted with the dual
focus lenses for a second 3-year study period.” Although
this transitioning of the initial control group to treatment
resolved ethical concerns of leaving them untreated after
the dual focus lenses had proven effective, it created chal-
lenges for assessing efficacy because axial growth of the
treated eyes during Years 4 through 6 could not be com-
pared with concurrent control eyes. In this report, the
accumulated 6-year data from the MiSight 1 day clinical
trial"® were used to examine four different approaches for
assessing efficacy by comparing axial growth of treated
eyes to that observed in: (1) a concurrent matched control
group (Years 1-3)'% (2} untreated myopic eye growth ap-
plied to the known rates of the observed control cohort as
reported in the literature (Years 4—6)21; (3) reported age-
matched growth of non-myopic (emmetropic) eyes® and
(4) the ability of treatment to delay a criterion level of pro-
gression in months or),rears.mﬁ

METHODS

Study design

Details of the 6-year clinical trial were described by
Chamberlain.'®"® After the completion of the 3-year Part

1 multicentre, double-masked, randomised, controlled
clinical trial (ClinicalTrials.gov Identifier: NCT01729208),

Key points

+ In the absence of a contrel group, pricr myopia
progression, emmetropic eye growth and delay
in time to progress analysis methods can be
used to estimate myopia control efficacy.
During each of six treatment years, a dual focus
soft contact lens slowed eye growth to less
than half of that observed in untreated individ-
uals, paralleling modelled emmetropic growth
rates.

» When myopic individuals begin wearing dual
focus soft contact lenses between 8 and 12 years
of age, the probability of 20.3mm eye growth
occurring within 1-3 years decreases by 95%.

the investigation became an open-label study in which all
eyes were treated without masking or randomisation. All
subjects who successfully completed Part 1 (36 months}
were invited to enrol in Part 2, during which all eyes were
fitted with the dual focus myopia control lenses (MiSight
1day, omafilcon A, misight.com). Initial visits for Part 2
took place immediately following the 36-month exit visit
and re-consent occurred between December 2015 and
February 2017, Subjects remained masked to their Part 1
cohort assignment. Both parts of the trial were conducted
at the same four investigational sites (University of Minho,
Portugal; Aston University, UK; National University Hospital,
Singapore and the University of Waterloo, Canada} and
registered under the same identifier. The study was con-
ducted in conformance with the ethical principles of the
Declaration of Helsinki, with the International Council for
Harmonisation guidelines for Good Clinical Practice and
all applicable local regulations. It was reviewed by an in-
dependent ethical review board and conformed with the
principles and applicable guidelines for the protection of
human subjects in biomedical research. Axial length was
measured using an optical hiometer (ICL Master 500; Carl
Zeiss, zeiss.com) with cycloplegia being induced with two
drops of 1% tropicamide instilled 5min apart. The 6-year
accumulated growth analysis was performed only on the
170 eyes from 85 subjects who completed the 6-year study.

Efficacy analysis

The effectiveness in slowing axial growth was assessed by
comparing the growth of treated eyes to three different
benchmarks. (1) A concurrent untreated myopic control was
available for Years 1-3, (2) Prior published growth data for
age-matched untreated myopic eyes from a meta-analysis
of 78 axial length studies that identified a simple exponen-
tial decay in growth rate (growth in Year n=0.85xgrowth
in Year n— 1) of myopic eyes as they age."” This exponential
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growth rule was used to estimate annual and thus cumu-
lative axial growth for the control group following 1 and
3years of measured growth. (3) The axial growth of age-
matched emmetropic eyes'” was used to compare treated
axial growth to that expected of non-myopic eyes. Efficacy
was assessed based on growth relative to that expectedin
an age-matched emmetropic population. The functicns
fitted to the axial growth of emmetropic eyes (Ages 6-14)
from the Orinda Longitudinal Study of Myopia {OLSM)"
were used to compile weighted average expected axial
length growth for the age distribution of our sample.?? (4)
Instead of assessing treatment efficacy in millimetres, a
fourth approach assessed the increased time in months or
years taken for the treated eyes to reach a criterion growth.
Time at which eyes under continued treatment reach the
criterion growth after the control group has been termi-
nated can, therefore, contribute to the assessment of ef-
ficacy. In addition to performing this analysis on the cohort
mean data, the time to reach a criterion growth for each
individual eye was quantified and myopia progression ex-
pressed as a binary outcome (i.e., growth has or has not
reached criterion).27 This survival analysis was performed
using the R statistical software (r-project.org, version 4.1.1)
assessing the time that individual eyes took to reach a cri-
terion 0.3 mm axial growth, which represents a close axial
length approximation to a 0.75D criterion suggested by
others.”® The Kaplan—Meier method was used to estimate
the survival curves for each contact lens type (single vision
vs. dual focus). Log-rank tests were performed to compare
the survival curves between the lens treatment groups
with Cox proportional hazard models. Survival plots were
generated using the ‘survminer’ package within R to visu-
alise survival curves for each lens types.

RESULTS

Axial length growth from the initial baseline visit was
plotted for the group who wore the treatment lens for all
6years (T6, n=80 eyes) and for those who only received
treatment during the final 3years (T3, n=90 eyes). These
average data were compared to previously published av-
erage values for age-matched myopic'® and emmetropic
axial length growth"” (Figure 1).

Axial length growth from baseline for the T6 treated
eyes was compared directly with the growth of the control
group for Years 1-3,° and then with a virtual control group
for the subsequent Years 4-6."° To assess the appropriate-
ness of the myopic eye growth model to the study data,
the cumulative growth of untreated myopic eyes predicted
by the model (observed Year 1 growth plus the predicted
15% slower growth during each subsequent year'®) was
compared to the observed growth of the untreated con-
trol eyes during Years 2 and 3. Differences between model
and observed cumulative growths were negligible {0.01
and 0.001 mm at Years 2 and 3, respectively) indicating the
close alignment of both model and observed untreated

O P O %mgcmgam 201
SrTOMETRI8TS

Months in study

FIGURE 1 Average axial length change from baseline for the
cohorts who completed the 6-year study and either received treatment
for all 6 years/72months (T6) or were untreated for Years 1-3 and
received treatment for Years 4-6/36-72months (T3). Average growth
expected for age-matched emmetropic (black dashed lines, Orinda
Longitudinal Study of Myopia {CLSM)') and myopic (orange dashed
lines, meta-analysis'”) eyes were plotted along with the observed

axial length growth of study eyes during treatment (purple solid lines)
orwhen untreated {control eyes during Part 1, arange solid lines).
Horizontal blue dashed lines indicate the final {72 month) growth of
treated eyes, while blue arrows indicate the study duration required for
untreated eyes to reach these levels. Error bars are+2 SEM.

growth in the current data set. Using the observed growth
during Year 3 of the control group and the 15% slow-
ing during each subsequent year, the estimated growth
of the control eyes if left untreated was used as a ‘virtual
control” during Years 4-6 (Figure 1, orange dashed curve).
Accumulated differences in axial length growth for T6 eyes
increased during each treatment year, reaching 0.37 mm at
the completion of Part 1 and 0.52mm at the end of Year 6
(Table 1). Using the same virtual control, the axial growth
of the T3 group also slowed during each treatment year
with an accumulated slowing of 0.19 mm over treated Years
4-6 (Table 1). When the difference in growth between the
treated eyes and the controls was computed as a percent-
age of the untreated growth, the accumulating treatment
effects remained approximately stable over 6 years, show-
ing a decline from 68% to 67% slowing during the first year
of treatment to 52% by the last year of treatment.

Figure 1 also plots the estimated average axial growth
of an emmetropic population'” having the same age distri-
bution as the experimental group (black dashed lines) and
reveals the slower growth of emmetropes relative to un-
treated myopic eyes. Expected emmetropic growth during
Years 1-6 has been plotted relative to the axial length at
baseline for comparison with the Té6 data, and relative to
the axial length observed at 36 months for the T3 group.
In both cases, the similarity of the observed treated axial
length growth and the expected growth for age-matched
emmetropes reveals that eyes treated with the dual focus
myopia control contact lens were growing at rates ap-
proximating those expected in age-matched emmetropic
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Cumulative treatment efficacy for each successive treatment year of the Té and T3 cohorts. Té and T3 indicate the two treatment groups

that either underwent 6 years of treatment or 3 years of treatment after 3 years of wearing a single vision control lens, respectively.

TABLE 1
Study years
1 2
Te
T-U{mm) -0.17 —0.29
{T-W/U (%) 68 62
T—E{mm) —0.02 0.00
{T-UME-U) (%) 12 100
T3
T—U {mm)
{T-U)JU (%)
T—E{mm)

(T-WAE-U) (%)

3 4 5 6
-0.37 -0.44 —0.50 -0.52
58 57 55 52
0.03 0.04 0.06 0.09
93 9N 20 86
-0.10 -0.16 -0.19
67 60 52
-0.01 0.00 0.02
110 101 90

Note: Efficacy was defined by the difference in axial growth in treated (T) and untreated (U) eyes in mm (T—U) and as a percentage of the untreated growth ((T—U)).
Efficacy was also defined by the difference in treated (T) and emmetropic (E) growth in millimetres (T=E) and as a percentage of the untreated myopic growth that
exceeded expected emmetropic growth {T—UW(E - U). Negative values indicate that the treated eyes grew slower than the comparators.
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FIGURE 2 The probability of an eye not reaching a criterion
cumulative growth of 0.3 mm from baseline plotted as a function of
time after baseline for the untreated control eyes (T3 years 1-3, orange)
and the dual focus myopia centrol treated eyes (Teyears 1-6, purple).
The horizental dashed line at 0.50 on the y-axis represents the point
where 50% of the eyes in the cohort have reached or surpassed the
eye growth criterion (0.3 mm). The corresponding vertical dashed
line for each lens type denotes the time-to-event, that is how long it
took 50% of eyes to reach the growth criterion. T6 and T3 indicate the
two treatment groups that either underwent 6 years of treatment or 3
years of treatment after 3 years of wearing a single vision control lens,
respectively.

eyes. The resulting observed slowing (difference between
untreated and treated eyes in millimetres) as a percent-
age of the differences expected between myopic and
emmetropic eyes is another estimate of efficacy (slowed
growth as a percentage of the extra myopic growth in the
untreated eyes, Table 1). If returning the accelerated axial
growth of a myopic population to emmetropic levels is a
target for 100% efficacy, then the similarity of growth in

dual focus treated and emmetropic eyes suggests a high
efficacy was achieved, with average slowing of growth
ranging between 112% and 86% of this emmetropic target
(Table 1).

An alternative approach for assessing efficacy quantifies
the treatment effect as a slowing in time of the progres-
sion, for example, the increased time to reach a criterion
progression transforming the results from technical units
of mm to familiar units of time. Two examples of this ap-
proach are shown in Figure 1 (blue dashed lines), in which
the time taken by untreated eyes to reach the final growth
levels of treated eyes was assessed. The 0.48 mm of growth
observed after 72 months of treatment was reached by the
control eyes after only 25.4 months, revealing a treatment
induced delay in growth of 3years and 11 months, or alter-
natively an increase in the time to reach this growth level of
2.8 times. A similar analysis for the eyes treated only during
the second 3-year period showed that the treated growth
after 3years of treatment was reached after 15.4months in
untreated eyes; a 2.3 times delay in growth.

The treatment effect, defined as time to reach a crite-
rion growth, can also be quantified by setting a criterion
and observing how long treated and untreated eyes can
‘survive’ before reaching the criterion growth. Such a‘sur-
vival analysis™'®* was used to plot the likelihood that
a given eye in the current 6-year study had not reached
a criterion axial length growth for both the untreated
eyes measured during Years 1-3, and the treated T6 eyes
measured over the 6-year trial. The resulting step-like
plots (Figure 2) do not reflect sudden bursts of growth
but rather the episcdic (yearly) measurement cycles at
which growth could be assessed, and indicate the likeli-
hood that the critericn growth was achieved sometime
during the year prior to the time when measurements
were taken. Using a criterion of 0.3-mm axial growth, the
median time to this event was 24.8 months (95% Cl: 24.5,
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25.9) for untreated control eyes and 60.6 months (95% Cl:
59.8, 70.4} for dual focus treated eyes, increasing the sur-
vival time by 35months or 2.9years (slowing by a factor
of 2.4). The Cox proportional hazard ratio gives an indica-
tion of the cumulative risk of axial growth occurring over
a specified time-period compared to placebo.? The haz-
ard ratic is calculated by dividing the risk of treated eyes
reaching the criterion in the 3-year interval by the risk of
untreated eyes reaching the same criterion. When these
risks were compared over 3 years {years 1-3) for the 0.3-
mm criterion, the Cox hazard ratio was 0.05 (95% Cl: 0.04,
0.07), indicating a significantly {p < 0.0001) reduced risk of
0.3-mm axial length progression for eyes fitted with the
dual focus myopia control lens. Alternatively stated, dual
focus lens wear reduced the likelihood of 0.3 mm of axial
pregression by 95% over a 3-year time-pericd when com-
pared with a single-vision correction.

DISCUSSION

Ethical and practical concerns motivated a change from a
two-arm RCT of a dual focus myopia control contact lens to
an open label study design at 36 months in which all eyes
were subsequently treated during Years 4-6." This change
at 36moenths eliminated direct comparison between the
observed axial growth of treated eyes during Years 4-6
and a concurrent control group of untreated eyes; a situ-
ation faced by others in the myopia control field who con-
duct clinical trials beyond initial proof of efficacy.” This
analysis examined some alternative approaches for esti-
mating efficacy in the absence of the concurrent control
by employing prior reported average myopic'® and emme-
tropic"” axial growth as comparators (Figura 1), and also ex-
amining the delay in time to progress by criterion amounts
(Figures 1 and 2). These approaches allowed the accumu-
lated treatment effects of the dual focus contact lens to be
assessed over the full 6 years of treatment (Table 1).
Employing a virtual control group provides a convenient
strategy to avoid denying treatment to myopic children
assigned to a control group but lacks the assured cohort
matching achieved by randomisation and inclusion crite-
ria.* Therefore, the estimates of efficacy based upon virtual
control groups may be less accurate than those achieved
with a concurrent matched control group. The close match
between the virtual control growth data and our observed
control data (Figure 1) during Years 2-3 provides confidence
that the virtual myopic axial length growth control group
was representative of our cohort. Such an approach of
employing measured pre-treatment growth to customise
generic growth models may have widespread applicability
in continued assessment of efficacy when a control group
is no longer available, This approach provided evidence
of an accumulated slowing of axial elongation of 0.52mm
over the 6years of treatment. The data show a widening
gap between treated and untreated growth {Figure 1), es-
tablishing a year-on-year accumulation of treatment effect

O P O %mgcmgam 203
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(Table 1) with the dual focus lens. The cbserved treatment
effect in the first year accounted for 33% of the total treat-
ment effect over 6years. These results do not support the
view that treatment largely works for only 1year. Absolute
treatment (slowed growth in millimetres) varies from year
to year, generally declining as the children age.

Treated eyes slowed axial growth to slightly less than
half of that observed in untreated eyes and within a few
percentage points of emmetropic eyes. Comparison
of treated axial length growth to emmetropic eye
growth??22 ganerates another opportunity for assessing
treatment efficacy. The standard approach of quantifying
slowed growth as a percentage of untreated growth will
achieve 100% efficacy if treated eyes were to stop grow-
ing completely. However, young eyes can continue to grow
into the teenage years without generating myopia."”"® If
emmetropic growth is considered a treatment target, then
efficacy may be considered as 100% if the treated axial
length growth slows to levels seen in an age-matched
emmetropic population. By this criterion, the dual focus
contact lens achieved efficacies ranging from 86% to 112%.
However, when using prior published data for untreated
myopic axial length growth for comparison, estimates of
treatment efficacy using age-matched emmetropic axial
length growth from prior publications may not be as ac-
curate as those derived from an age- and demographically
matched concurrent emmetropic control group. Also, the
myopic eyes recruited into this 6-year study were already
larger than age-matched emmetropic eyes due to their al-
ready existing myopia, and therefore it is crucial to empha-
sise that slowing axial length growth to emmetropic rates
does not equate to returning eye size to emmetropic levels.
Growth rates would have to be slowed to less than emme-
tropic rates, or in some cases reversed in order to achieve
an emmetropic eye size.

Although treatment slowed axial growth to levels sim-
ilar to those seen in age-matched emmetrepic eyes, my-
opia progression did not stop, but rather continued at a
slowed rate.!®"® Emmetropic growth rates in already my-
opic eyes may not ensure emmetropia because of an ab-
sence of the compensatory optical changes responsible
for maintaining emmetropia that are active in growing
emmetropic eyes.'®*' These data suggest that the human
crystalline lens may be limited in its ability to reduce
power in response to axial elongation, and this limit will
be selectively manifest in faster growing myopic eyes re-
sulting in greater ‘uncompensated growth®' Consistent
with the hypothesis that axial growth in treated myopic
eyes is uncompensated by reduced power of the lens, em-
metropic levels of axial growth in treated eyes were as-
sociated with slowed but not zero myopia progression.*’
Future treatments may go beyond both benchmarks and
return a large progressing myopic eye to a refractive and
axial emmetropic status.

Using either cohort mean analysis or individual eye sur-
vival analysis, the efficacy of the dual focus myopia control
lens can be guantified by the delay to progress to some
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criterion level and the associated reduced risk of develop-
ing a criterion level of growth (Figures 1 and 2). Eye growth
after 6years of treatment was reached in approximately
2years by the untreated eyes, emphasising the dramatic
slowing of growth during treatment. Further, treatment
reduced the likelihood of 0.3 mm of growth during Years
1-3 by 95%. Therefore, three different analysis approaches
comparing treated growth in millimetres to a virtual con-
trol, comparing growth in millimetres to age-matched
emmetropic eyes and comparing time to reach a criterion
growth for treated and untreated eyes all offer an oppor-
tunity to quantify the accumulated treatment efficacy over
6years in the absence of a concurrent control during the
last 3 years of the study.

Numerous arguments have been made as to which is
thebest way to characterise myopia treatment effects.'>*
One can describe a treatment effect in absolute mea-
sured units {(mm, dioptres and months) or when scaled
as a proportion or percentage of untreated growth. Each
of the three methods used in the current analysis iden-
tified a different percentage efficacy value: slowing by
50%—-60% of age-matched myopic axial length growth;
slowing by almost 100% of the extra (non-emmetropic)
axial length growth and increasing time to reach a crite-
rion growth by between 2.3 and 2.8 times. Emphasising
that myopia control treatment can slow axial length
growth to levels seen in hon-mycpic eyes may be eas-
ily interpretable and familiar to those who have used
population-based growth charts to compare their chil-
dren to national averages.*

CONCLUSIONS

Over the initial 3years during which a concurrent control
was available, eyes treated with the dual focus MiSight
1 day myopia control contact lens experienced 0.37 mm of
slower growth {Approach 1). Employing virtual controls of
untreated myopic eyes revealed an accumulated treatment
effect of 0.52mm after 6years of treatment (2). At all study
years, treated eyes generally grew at rates expected of
age-matched emmetropic eyes (3). By employing a time to
reach a criterion growth as an alternative measure of treat-
ment efficacy, the dual focus treatment delayed growth by
up to 47 months, and a survival analysis indicated a 95%
reduction in the chance of 0.3-mm growth over 3years of
treatment with the dual focus lens (4).
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CHAPTER 7:QUANTIFYING TREATMENT DOSE IN INDIVIDUAL
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7.1. Motivations for measurement of refractive state in clinical trials

Most of the myopia progression data presented in clinical trials, including across this thesis,
whether expressed in refractive error or axial elongation, is derived from aggregated, cohort
averages. In other words, studies typically report the efficacy of an intervention as a single
mean value for the entire treated group. However, as treatments based on inducing myopic
defocus become more widely implemented in clinical practice, eye care practitioners are
increasingly required to assess and discuss expectations for treatment efficacy of individual
patients.

The data from the MiSight clinical trial clearly demonstrate that axial growths and myopia
progressions during treatment vary enormously from eye to eye (e.g. Chapter 3, Figure 2;
Figure 3,(Chamberlain, Peixoto-de-Matos et al. 2019), Figure 4,(Chamberlain, Bradley et al.
2022)) shows that the variability in axial growth of treated eyes is associated with the pre-
treatment eye growth, which in turn is affected by age and other demographic factors (e.g.
gender, and ethnicity), as well as environmental influences (for example, whether a patient
lives in an urban or rural setting). There are also additional, perhaps unmeasured, factors
unique to each patient and their living environment that may influence the rate of eye growth
and progression such as after-school tutoring and reading. (Peng, Zhang et al. 2023) Beyond
these patient-specific characteristics, variability can exist in the actual treatment dose
delivered to each eye. The current chapter explores treatment dose delivered by MiSight 1-
day lenses to children participating the MiSight clinical trial.

Factors such as how well the treatment optics are centered relative to the pupil, (Walther,
Meyer et al. 2024) variations in pupil size under different lighting conditions, (Winn, Whitaker
et al. 1994) accommodative response in myopes (Nakatsuka, Hasebe et al. 2005, Mutti,
Mitchell et al. 2006) and particularly myopic eyes wearing the treatment contact lens, (Cheng,
Xu et al. 2019) and also the inherent shape of the posterior globe can all influence the actual
level of defocus that reaches the retinal image. (Pope, Verkicharla et al. 2017) Even though
the lens design (such as the MiSight design described in Chapter 2) incorporates
approximately +2.00 diopters of additional positive power distributed in annular treatment
zones—intended to produce a consistent myopic defocus signal across a range of pupil
sizes—the actual defocus “dose” that each individual eye receives can vary with the above-
mentioned factors.

Studies of macaque monkeys have led to the conclusion that the peripheral or non-foveal
retina plays a key role in regulating eye growth (Smith, Kee et al. 2005, Smith, Arumugam et
al. 2020) which has led to studies of peripheral optics and refractive states in human myopic
eyes. (Verkicharla, Mathur et al. 2012, Atchison and Rosén 2016, Zheleznyak, Barbot et al.
2016) Efforts to understand the role of peripheral optics in myopia development and myopia
control have focused on measuring relative peripheral refraction, comparing the refractive
state in the periphery with that at the fovea. (Mutti, Sholtz et al. 2000, Mutti, Hayes et al. 2007,
Mutti, Sinnott et al. 2011) A number of studies have proposed that chronic exposure of the
peripheral retina to hyperopic defocus (relative peripheral hyperopia) may be a key driver for
myopia onset and progression, (Mutti, Hayes et al. 2007, Charman and Radhakrishnan 2010,
Atchison and Rosén 2016) which in turn has led to the hypothesis that controlling myopia
might be achieved by eliminating or even reversing this peripheral hyperopic defocus. In
clinical trials, instruments such as the Grand Seiko open field autorefractor have been used
to quantify the combined refractive effect of the eye plus the contact lens. (Fedtke, Ehrmann
et al. 2009, Berntsen and Kramer 2013, Hair, Steffensen et al. 2021) However, these
instruments only provide a single measurement value—usually taken from a small central
region of the pupil (approximately 2.3 mm in diameter. (Altoaimi, Kollbaum et al. 2018) With
the addition of multifocal or zonal contact lenses, the refractive state can vary considerably
across the pupil. (Sah, Jaskulski et al. 2022) This variation is compounded by off-axis
aberrations (such as coma and astigmatism) (Escudero-Sanz and Navarro 1999, Mathur,
Atchison et al. 2008) and by the cosine compression of the pupil in the periphery, which further
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distorts the refractive measurement. (Mathur, Gehrmann et al. 2013) Moreover, when a zonal
multifocal lens is used, the axial separation between the lens and the eye introduces a
significant parallax effect, making peripheral measurements even more challenging, this
situation can be starkly illustrated in the example of artificial small pupils inlaid into the cornea
where these effects are most pronounced. (Langenbucher, Goebels et al. 2013, Atchison,
Blazaki et al. 2016) These examples illustrate the unsuitability of employing basic
autorefractor measures to measure the refractive states of individual eyes fit with the dual
focus MiSight lenses, especially when considering non-foveal refractive assessment.

A second factor that may be generating chronic hyperopic defocus stems from the indoor and
close-proximity environments experienced by modern children, which are considered a
significant risk factor for development and progression of myopia. (Flitcroft 2012) Because of
the near proximity of indoor stimuli, young eyes will be chronically accommodating to achieve
approximate focus. However, accommodative lags are routinely observed in children and can
be larger in myopic eyes. (Nakatsuka, Hasebe et al. 2005, Mutti, Mitchell et al. 2006, Cheng,
Xu et al. 2019) The presence and magnitude of hyperopic defocus experienced during near
vision may also be affected by a myopia control treatment optic (e.g. MiSight), although data
from eyes not undergoing myopia control treatment suggest that the dual focus optics of
MiSight have little effect on accommodative accuracy. (Altoaimi, Kollbaum et al. 2018, Sah,
Jaskulski et al. 2022) If accommodative lags are of equal magnitude to the treatment optic
add powers, the near viewing treated eyes will not be exposed to myopic defocus, but instead
have added hyperopic defocus.

7.2. Establishing instrumentation for measurement of complex optical
designs

Recognizing the potential risks of eye globe shape and accommodative lags to the treatment
strategy of delivering significant amounts of myopically defocused light to the retina, the CVI
team in collaboration with Aston University in the UK and Indiana University in the US sought
to examine the amount of myopic defocus (and in parallel any decrease in hyperopic defocus)
present in eyes being treated with MiSight. This chapter 7 of the thesis describes one part of
this study in which we monitored refractive states of 17 MiSight study subjects at each
location of their pupils as they accommodated to targets over a wide range of distances. The
peripheral retina measurements and analysis are complete but have not yet been published.

To better capture the optical impact of dual focus lenses, we identified a novel pyramidal
wavefront sensor aberrometer—the Osiris aberrometer—developed by Costruzione
Strumenti Oftalmici in Firenze, Italy. This instrument features a high sampling density (with a
sampling size of just 41 ym), which allows it to measure the wavefront slope at many points
across the pupil, thus can be ideally suited to measure refractive state locally within any
region of a multizone lens. (Sah, Jaskulski et al. 2022, Sah, Meyer et al. 2023) Unlike
traditional autorefractors that deliver a single refractive value, the Osiris aberrometer is
capable of mapping the detailed distribution of refractive errors across both central and
peripheral regions of the pupil. After validating the Osiris device for measuring both lower
order and higher order aberrations (Singh, Jaskulski et al. 2019) an identical instrument was
installed at the Aston University School of Optometry lab. The core aberrometry data were
exported to our research partner at Indiana University to extract refractive state and defocus
(refractive state — target vergence) maps of the pupil of eyes who participated in the six-year
MiSight trial. From these defocus maps, the amount of myopic defocus was quantified and
considered as a measure of treatment “dose”. Could these measurements reveal that some
patients might receive a “stronger” myopic defocus dose than others, ultimately influencing
treatment efficacy?

To summarize, the journey from a population-based average efficacy to understanding
individual treatment responses in myopia control is complex. Not only do inherent
demographic, genetic, and environmental factors contribute to variability in eye growth, but
so does the intricacy of how a multifocal treatment contact lens interacts with each individual’s
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ocular optics and affects the treatment dose. Advanced measurement techniques, such as
those provided by the Osiris aberrometer, offer a promising pathway to accurately map the
spatial distribution of refractive error across the pupil. This, in turn, allows clinicians to better
understand the “dose” of myopic defocus each patient receives and to tailor treatment
approaches accordingly. Ultimately, as we refine these optical measurement methods and
integrate them with our understanding of individual accommodative behavior, we may move
closer to personalized myopia control strategies that address the unique optical and
physiological profile of each patient’s eye.
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Publication: Myopia Control Dose Delivered to Treated Eyes by a

Dual-focus Myopia-control Contact Lens

ORIGINAL INVESTIGATION

Myopia Control Dose Delivered to Treated Eyes by a Dual-focus

Myopia-control Contact Lens

Viswanathan Ramasubramanian, BSOptem, PhD, FAAQ™ Nicola S. Logan, PhD ? Susie Jones, PhD,? Dawn Meyer, OD,!
Matt Jaskulski, PhD,! Martin Rickert, PhD,' Paul Chamberlain, BSc,® Baskar Arumugam, PhD,® Arthur Bradley, PhD,®

and Pete S. Kollbaum, 0D, PhD, FAAQ'

SIGNIFICANCE: Consistent with closed-loop models of regulated eye growth, a successful dual-focus (DOF) myopia-
control contact lens focused a significant proportion of light anterior to the central retina in eyes of treated children
viewing near and distant targsts.

PURPOSE: This study examined the optical impact of a DF contact lens during near viewing in a sample of habitual
DF lens wearing children.

METHODS: Seventeen myopic children aged 14 to 18 years whe had completed 3 or & years of treatment with a DF
contact lens (MiSight 1 Day; CooperVision, Inc., San Ramon, CA) were recruited and fit bilaterally with the DF and
a single-vision (Proclear 1 Day; CooperVision, Inc.} contact lens. Right eye wavefronts were measured using a py-
ramidal aberrometer (Osiris; CSO, Florence, Italy) while children accommodated binocularly to high-contrast letter
stimuli at five target vergences. Wavefront error data were used to compute pupil maps of refractive state.

RESULTS: During near viewing, children wearing single-vision lenses accommodated on average to achieve ap-
proximate focus in the pupil center but, because of combined accommodative lag and negative spherical aberra-
tion, experienced up to 2.00 D of hyperopic defocus in the pupil margins. With DF lenses, children accommodated
similarly achieving approximate focus in the pupil center. When viewing three near distances (0.48, 0.31, and
0.23 m), the added +2.00 D within the DF lens treatment optics shifted the mean defocus from +0.75 to
—1.00 D. The DF lens reduced the percentage of hyperopic defecus (2+0.75 D) in the retinal image from 52 to
25% over these target distances, leading to an increase in myopic defocus (£-0.50 D) from 17 to 42%.

CONCLUSIONS: The DF contact lens did not alter the accommodative behavior of children. The treatment optics
introduced myopic defocus and decreased the amount of hyperopically defocused light in the retinal image.
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In response to the high prevalence of myopia in young adults,
approaching 100% in certain demographics,®® research efforts
have sought to slow or stop the accelerated growth of voung eyes.”
Alonger eye is associated with sight-threatening retinal pathologies®®
in later years. Most extant methods at the time of writing use various
optical strategies to alter the retinal image in progressing myopic
eyes.” 12 Spectacle lenses containing central clear zones surrounded
by either groups of plus powered small lenslets!&131% or arrays of
scatter sources'® have demonstrated some efficacy at slowing my-
opia progression. Repurposed presbyopic multifocal contact lens
designs® %17 have generally proven less effective than a novel
dual-focus contact lens!! specifically designed for myopia control,
which received U.S. Food and Drug Administration approval in the
United States in 2019.'® MiSight 1 Day {omafilcon A; CooperVision,
San Ramon, CA; coopervision.com) soft (hydrophilic) contact lenses
with dual-focus optics were approved by the U.S. Food and Drug Ad-
ministration for daily wear and are indicated for the correction of my-
opic ametropia and for slowing the progression of myopia in children
with nondiseased eyes, who at the initiation of treatment are 8 to
12 years of age and have a refraction of —0.75 to —4.00 D {(spherical
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equivalent) with <0.75 D of astigmatism. The lens is to be discarded
after each removal.

One type of myopia control intervention includes optical fea-
tures designed to focus some proportion (e.g., 25 to 50%) of the
light anterior to the retina. The resulting myopic defocus has been
shown to attenuate or prevent the eye elongation induced by simul-
tanecusly present hyperopic defocus in model work.'?%° Pub-
lished data show that the small lenslets included in the Defocus In-
corporated Multiple Segments spectacle lenses (MiYOSMART;
Hoya Vision Care, Tokyo, Japan) have approximately +3.50 D of
added power,'%1% whereas the dual-focus contact lens (MiSight
1 Day} includes annular zones containing approximately +2.00 D
of added power.?! Missing from these descriptions of the lenses
themselves is a guantification of the myopic defocus dose deliv-
ered to the myopic child's retina. This distinction is important be-
cause the ability for a myopia control intervention to deliver myopic
defocus depends on the eye's optics and the lens' treatment zone
design. Said another way, just because a lens has a zone or zones
of +2.00 or +3.50 D, this does not mean this is the amount of my-
opic defocus that is introduced by the lenses when worn. Two key
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parameters of the eye's optics will dominate the resultant defocus
present at the retina. First and most significant is the accommoda-
tive response, %2 which is known to lag at near in most eyes and can
lag more in some eyes than others, ! potentially being larger in my-
opic eyes.??2* Accommodative lags will generate hyperopic defocus
in the retinal image. Increased lags in myopic eyes wearing multi-
focal contact lenses have been reported,”‘ which can become am-
plified after sustained use of the multifocal lenses.'® Also, negative
sphetrical aberration found in accommodating eyes®®2® generates
a hyperopic shift in refractive error with increasing distance from
the pupil center.2® For example, young accommodating eyes may
have sufficient negative spherical aberration to counteract positive
spherical aberration introduced in a contact lens,>® which may ex-
plain the low impact of preshyopic contact lens designs when im-
plemented as myopia control therapy.'®

Model work has shown that the magnitude of introduced defocus
will regulate eye growth™—33 and the proportion of defocused light
infroduced to the retina.®* Also, in the presence of a grow signal,
studies have shown that more diopters of plus defocus®® and a
greater proportion of myopically defocused light”®% can both am-
plify the slowing effect of this optical treatment strategy. The pres-
ent article sought to quantify the myopic defocus dose delivered
and the associated reduction in hyperopically defocused light by
the treatment cptics of a dual-focus contact lens to the retina of
children undergoing myopia control therapy.

Because the treatment optics of this contact lens are restricted
to twe narrow annuli, assessing the refractive impact of such lens
designs with instruments that integrate cver some device-determined
region of the pupil cannot capture the zone-specific refractive im-
pact.?’+3® Spatially resolved aberrometers, however, are ideally suited
for this task in that they measure wavefront slope at many hundreds of
locations in the pupil from which local refractive states can be calcu-
lated.'® Introduced myopic defocus and reduced hyperopic defocus
produced by the treatment optics can be quantified by assessing the
refractive state in the geographic regions of the pupil covered by the
treatment optic. Examining the full pupil, the same aberrometry data
can be used to quantify increases in the proportion of myopically
defocused light and decreases in the proportion of hyperopically
defocused light in the retinal image.'*%** Because of the success
of the dual-focus contact lenses in slowing rate of myopia progres-
sion, ' 13249 it was hypothesized that the dual-focus contact lens
can consistently (&) deliver a significant dose of myapic defocus over
a wide range of viewing distances in the eyes of treated myopic chil-
dren and {b) decrease the amount of hyperopically defocused light in
the retinal image.

METHODS

Subjects

Seventeen adolescent children aged 14 to 18 years (mean stan-
dard deviation [SD] age, 16.61 [1.63] years) and having com-
pleted either 3 or 6 years of myopia control therapy™® with dual-focus
soft contact lenses (MiSight 1 Day) were tested at the Aston
University (United Kingdom) research clinic during their final year
of treatment. This research was reviewed by the Aston University
Research Ethics board and conforms with the principles and appli-
cable guidelines for the protection of human subjects in biomedi-
cal research. Written informed consent or assent occurred with
each participant as age-appropriate (and guardian consent where
applicable) before entering in the aberrometry substudy. During
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the test visit, optical measurements were acquired from the right
eye while children wore thelr dual-focus treatment lenses in hoth
eyes. Subsequently, children wore matched power single-vision
lenses (Proclear 1 Day; CooperVision) of the same distance pre-
scription in both eyes with approximately 15 minutes of adaptation
period before optical measurements of their right eyes. All partici-
pants were experienced and well-adapted contact lens wearers. No
adaptation problems were reported. As previously published, '’ dis-
tance visual acuity was similar with both single-vision and dual-focus
contact lenses. This study design allowed direct comparison of the
optical impact of dual-focus and single-vision lenses on the central
retinal images of right eyes while binocularly viewing stimuli over a
wide range of distances. Both lenses shared the same base curve
(8.7 mm), diameter (14.2 mm), and material (omafilcon A). The sin-
gle-vision lenses use an aspherical front surface to avoid power vari-
ations in spherical aberration,*' and the dual-focus lenses use a
four-zone concentric design®® with two zones {center zone and ring
2 [R2]} designed to correct the refractive myopia and two annular
zones (ring 1 [R1]and ring 3 [R3]) identified as treatment zones with
added plus power to generate myopic defocus at the retina. Eyes
were fitted with lenses to optimize distance visual acuity using a
maximum plus refraction technique.

Ex Vivo Contact Lens Aberrometry

Maps of optical power (Figs. 1A, B) across two sample -1.00D
lenses (single-vision and dual-focus) were measured ex vivo using a
previously validated*® single-pass Shack-Hartmann aberrometer
(ClearWave; Lumetrics, Inc., Rochester, NY) with a sampling reso-
lution of 104 pm. Distributions of sampled power (Fig. 1D) were
plotted for each refractive correction zone {center zone and R2 of
the dual-focus lens) and the two treatment zones (R1 and R3 of
the dual-focus lens). To allow direct comparison between the two
lenses, the same calculations were performed for the single-vision
lens using identical regions of the measured wavefront (Fig. 1C).
Average powers in the center zone of both lenses were within
0.02 D of the labeled —1.00 D power. The average added powers
in the two treatment zones of the dual-focus lens were +2.00 and
+2.25 D for R1 and R3, respectively. The increase in plus power
within R3 is consistent with a small amount of positive spherical
aberration. Conversely, the outer analysis zones of the single-vision
lens have more negative power because of negative spherical aber-
ration in this lens.*!

Optical Measurements

A validated** double-pass pyramidal wavefront sensor (Osiris;
CSO, Florence, Italy) was used to measure (sampling resolution of
41 pm) the wavefront exiting the right eye as children binocularly
accommodated to high-contrast stimuli at distances of 3.98,
0.98, 0.48, 0.31, and 0.23 m (target vergence (D], of -0.25,
-1.02, -2.08, -3.23, and —4.35 D). At 3.98 m, children viewed
the 0.30 logMAR line on an illuminated Early Treatment Diabetic
Retinopathy Study chart. At near viewing distances, the stimuli
were changing sequences of high-contrast letters (0.30 logMAR
equivalent) displayed on an iPhone 6 (Apple, Cupertino, CA) with
the screen luminance of 150 cd/m2. Reom illumination during
measurements was 6 |ux. Head position was stabilized with both
chin and forehead rests. The instrument measurement axis was
aligned with the eye's primary line of sight. Therefore, when chil-
dren accommodated hinocularly to near stimuli, the left eye con-
verged to maintain fixation, whereas the relative position of the
right remained approximately constant throughout the experiment.
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FIGURE 1. Off-eye optical design of the single-vision and dual-focus lenses. Measured (ClearWave; Lumetrics, lumetrics.com) power maps for two sam-
ple contact lenses (single-vision (A) and dual-focus (B)) with labeled power —1.00 D from which zone-specific power distributions (C, D) were derived.
Rings on the single-vision pewer map (A) mirror the zone boundaries observed in the dual-focus lens (B). Power distributions (C, D) characterize each of

the four zones, guantified using bin widths of 0.25 D.

Before each measurement, children were instructed to blink twice
and keep the letters as clear as they could. Three repeats of good
quality data were acquired at each stimuli position.

Data Analysis

Osiris wavefront error maps were imported into MATLAB
(MathWorks, Natick, MA), and custom software {Indiana Wavefront
Analyzer; MAPLE, Bloomington, IN) was used to compute local
measures of refractive state in the pupil (natural pupil size) using
the slopefradial distance equation.®® The coordinate center was
aligned with the contact lens center. Corrected refractive state maps
were subdivided into geometric zones that matched the measured
geometry of the dual-focus contact lens allowing a zone-specific as-
sessment of the refractive impact of the dual-focus lenses. Data sets
corrupted hecause of blinks, eve lashes, tear breakup, and momen-
tary lapses of gaze and/or accommodation were manually excluded.
Data cleaning used thresholding (exclude values <5% of the mode)
and removal of local samples corrupted at pupil margins. Refractive
states from cleaned data repeats were used to plot pooled refrac-
tive state histograms with bin width of 0.25 D for both dual-focus
and single-vision lenses, In Fig. 2, the “repeat 1" data contain
29,422 measures of refractive states in the pupil (center zone,
5660; R1, 5623; R2, 11,213 and R3, 6926). Therefore, when
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three repeat measurements are pooled, the histograms reveal the
distribution of approximately 88,266 refractive states (center zone,
16,980, R1, 16,869; R2, 33,639; and R3, 20,778) sampled across
the pupil. The data processing seguence is shown with examples
inFig. 2.

From the pocled refractive state histograms, corresponding tar-
get vergence (- 1/target distance in meters) was subtracted to yield
pooled defocus histograms. Defocus (refractive state — target
vergence) histograms across the full pupil were weighted by the
Stiles-Crawford effect (o = 0.115)*> and were used to quantify
the proportion of hyperopic (positive) and myopic (negative)
defocus and focused light present at the retina. Pooled defocus
values from each histogram were used to compute the mean and
SD defocus contributed by each zone.

Stiles-Crawford effect weighted area of full pupil that produced
myopically and hyperopically defocused light was used to quantify
the proportion of myopically and hyperopically defocused light
within the retinal image. Two sets of criteria were used to define
myopic, hyperopic, and focused light. The first analysis used the
common clinical thresholds*®*7 for defining myopia and hyperopia
(refractive state values beyond —0.50 and +0.75 D), and a second
pair of refractive criteria was based on the familiar depth of focus
(+0.25 D) to define focused light (Fig. 3A). The resulting three
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FIGURE 2. Data processing sequence with sample data starting at top left and finishing bottom right. (1) A sample anterior eye image collected from the
aberrometer of an eye fit with a dual-focus CL, measured three times with the clinical Osiris aberrometer, which output three wavefront error maps. (2}
Custom software implemented in MATLAB, '® calculated the local refractive state for each sample in the wavefront revealing the expected four-annu lar-
zone structure of the MiSight CL.1! (3) Raw refractive state data were corrected for prism and lens centration errors, and (4) the measured zone geometry
of this lens was used to locate zone boundaries in the maps. (5) In a few cases (3 of 17), it was observed that children would accommodate accurately on
two of the three trials but fail to accommodate on the third. Mean data excluded the outlier data set. Also, data corrupted by blinks, lashes, and tear
disruptions were excluded. (6) Refractive data from each zone (center zone and three surrounding rings, R1, R2, and R3) were isolated and (7) used
to plot refractive state distributions for each individual zone. (8} Refractive state distributions were converted to defocus distributions by subtracting

the target vergence (in diopters). CL = contact lens.

proportions (myopically and hyperopically defocused light and focused
light) were plotted using three-axes ternary plots,*® which revealed the
proportion of each type of defocus by the position of a datum along all
three axes of this triangular space. The defocus proportions are revealed
by tracing each of the three colored lines that pass through a data point
to the matched colored scale. The example in Fig. 3B shows a data
point representing proportions of 0.3 myopic (red), 0.4 hyperopic
(blug), and 0.3 focused (black) light.

RESULTS

To quantify the retinal defocus generated by each contact lens
zone, the target vergence was subtracted from the measured refrac-
tive state, revealing the presence of myopically (negative valued)
and hyperopically (positive valued) defocused light. On-eye defocus
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distributions are plotted for the full pupil (Fig. 4) and for each zone
(Fig. 5, center zone, R1, R2, and R3) of a sample eye (18-year-old
with a refractive error of —4.50 D in the right eye) fit with either a sin-
gle-vision (top panels) or a dual-focus (bottom panels) lens for all
five viewing distances (target vergences [D] of -0.25, -1.02,
—2.08,-3.23, and —4.35 D). The height of each distribution at zero
on the x axis indicated the percentage of focused light.

Center zone defocus distributions (Fig. 5) provided an indica-
tion of the accommodation accuracy, revealing low |evels of myopic
defocus when viewing a distant target (accommodative lead) and a
gradual drift to hyperopic defocus as the target approached the eye
(accommodative lag). With the single-vision lens, hyperopic defocus
dominated the image generated by the two outer zones being greatest
in R3, especially when the eye was accemmodating (e.g., mode for R3
with —4.35 D target = +2 D). Similar trends were seen in the distance
correction zone data from the same eye fit with the dual-focus lens

Optom Vis Sci 2023; Vol 100(6) 379
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FIGURE 3. Methods used to classify the focused and defocused light in the retinal image. (A) Criteria for classifying myopically (red) and hyperopically
{blue) defocused light and focused (black) light from the continuous distributions of measured retinal defocus. (B) Example ternary plot of the three di-
mensions of proportions of myopie, hyperopic, and focused light (red, blue, and black). Colored arrows show how propartions are determined for a given
data point. Defocus = Refractive state (RS) — Target vergence (TV).
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FIGURE 4. Full pupil defocus distributions from a sample eye. Defocus distributions (0.25 D bins) from the sample eye fit with the single-vision (top
panel) and dual-focus (bottom panel} lenses for the full pupil. The measured refractive states were converted to defocus distributions {(difference be-
tween the measured refractive state and the target vergence: defocus (diopters) = refractive state — target vergence) with positive values indicating
hyperopically defocused light and negative for myopic defocus. Black dashed lines plot the position of the eye's retina where defocus is zero.
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FIGURE 5. Zone-wise defocus distributions with single-vision and dual-focus lenses. Defocus distributions {0.25 D bins) for the same eye as Fig. 4, for
four individual zones {two correction zones [center zone and R2] and two treatment zones [R1 and R3] for all five viewing distances). Defocus = Refractive

state (RS) - Target vergence (TV).

{lower panels, center zone and R2), but the treatment zones (R1 and
R3) revealed an obvious shift toward myopic defocus at all viewing dis-
tances, with defocus in R1 being almost exclusively myopic. The my-
opic shift observed in treatment R3 when viewing the 3.98 m target
gradually shifted toward zero and included some hyperopic defocus
at the nearest viewing distances (31 and 23 cm), reflecting the com-
bined effects of accommodative lag and increased negative spherical
aberration present in this young eye viewing near targets. The clear
double-peaked defocus distributions created by the dual-focus lens
seen in the full pupil data (Fig. 4) at the farther viewing distances
(3.98 m and 98 cm) disappeared as spherical aberration levels in-
crease with accommodation. For each lens and zone, as the target
approached, the eye accommodated and the defocus distributions wid-
ened, revealing increased aberrations in this young accommodating
eye. For example, the SD of the distributions for the full pupil increased
from 0.81 to 1.56 D for the single-vision lens and from 1.23 10 1.54 D
for the dual-focus lens, as the target approached from 3.98 mto 23 cm.

The mean defocus values from each of the four zones are plot-
ted in Fig. 6 for each child {gray lines) and the sample mean (bold
lines and symbols). Although the retinal images of individual chil-
dren included slightly different levels of defocus, the central trends
dominated, resulting in standard error of the mean (shown as error
bars) values on the scale of the plotted symbols (average standard
error of the mean, 0.20 D). The accommodative behavior of these
children can be seen by examining the center zone data (Figs. 6A, B).
With both single-vision and dual-focus lenses, children generally ex-
perienced small accommodative leads at distance (mean, —0.86 D

www_optvissci.com

Optom Vis Sci 2023; Vol 100(6)

for single-vision and —-0.94 D for dual-focus), which transitioned
to accommodative lag at near (mean, +0.59 D for single-vision
and +0.98 D for dual-focus). Notably, these center zone data were
almost identical for the single-vision and dual-focus lenses tmean
difference, 0.14 D across all viewing distances), revealing that in-
troduction of treatment optic zones (R1 and R3} in the dual-focus
lenses did not affect the accommaodative behavior, When comparing
the pupil regions covered by the treatment zones (R1 and R3),
defocus was consistently more myopic (R1 [dual-focus — single-
vision] =-2.05 D, R3 [dual-focus — single-vision] = -2.40 D) when
eyes were fit the dual-focus lens (Figs. 6C, D, G, H). The accommo-
dative lag observed at near in the center zone data (Figs. 6A, B)
steadily increased as measured farther from pupil center (R3 > R2
and R1), resulting in hyperopic defocus in eyes fit with single-vision
lenses at nearest distances (mean defocus for targets 0.33 m and
nearer; R1, 0.88D; R2, 1.27 D; and R3, 1.70 D). This larger hyper-
opic shift at the pupil margins was caused by the well-documented
increase in negative spherical aberration as the eye accommo-
dates.?/**° The combined accommodative lag and negative spheri-
cal aberration reduce the level of myopic defocus introduced by the
treatment optics of the dual-focus lens. For example, R1 and R3 in-
troduced —2.92 and —-2.87 D of myopic defocus, respectively, at
4 m, which reduced to —0.63 and —-0.27 D at 0.23 m. For stimuli
beyond 0.4 m, all children experienced myopic defocus. For stimuli
0.21 mand nearer, 12 (71%) and 10O children (59%) experienced
average myopic defocus in the pupil covered by R1 and R3 treat-
ment zones, respectively.
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FIGURE 6. Mean defocus (defocus = refractive state - target vergence) as a function of target vergence from all children. Mean defocus values (y axis)
observed at each target vergence (x axis) were plotted for each zone (center zone, R1, R2, and R3) for eyes fit with the single-vision (A, C, E, G) or the
dual-focus (B, D, F, H) contact lenses. Data for each of the 17 tested eyes were plotted as gray lines, and the mean of the 17 was plotted as a bold line
and symbcl. Emor bars were +1 SEM. SEM = standard error of the mean.
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FIGURE 7. Zone-wise impact of dual-focus lens on the defocus of eyes comparad with the single-vision control lens. Mean difference in defocus between
the dual-focus and single-vision lens for four individual zones (two correction zones [center zone and R2] and two treatment zones [R1 and R31) as a

function of target vergence in diopters.

The impact of the treatment zones can be quantified by compar-
ing the defocus generated by those regions of the pupil when fit
with the dual-focus with the same regions of the pupil when the
eye was fit with the single-vision lens. The difference in defocus be-
tween the dual-focus and single-vision lens for each zone is plotted
in Fig. 7. The center correction zone generated the same levels of
defocus (mean, 0.01 D}, whereas, in the second correction zone (R2),
on average, there was myopic defocus (mean, —0.66 D). However,
when comparing regions of the pupil covered by the treatment optics
(R1 and R3), the dual-focus lens created, on average, a —2.05-D my-
opic shift in defocus for R1 and a —2.40-D shift for R3, which varied
little with viewing distance. The data in Figs. 6 and 7 show the ability
of the dual-fecus lens to achieve two goals, generating significant
myopic defocus across the full pupil at the greater viewing distances
{mean, —2.25 D between 3.98 and 0.48 m}) and a combined intro-
duction of myopic defocus (-0.91 D for distances <0.31 m) and re-
moval of the significant hyperopic defocus cbserved in eyes fit with
the single-vision lens when viewing near stimuli (mean, 1.29 D for
distances 0.31 m).

The aforementioned analysis of the data in Figs. 6 and 7 charac-
terizes the myopia control dose delivered by each treatment optic in
units of diopters. However, it has been shown in model work®® that
the amount of myopically defocused light on the retina plays a sig-
nificant role in influencing eye growth. Therefore, the next section
focuses on the proportion of the light forming the retinal image,
which can be considered to contribute to myoepia control (increase
in the proportion of myopically defocused light and reduction in the
proportions of hyperopically defocused light}. Central to this analy-
sis is the underlying geometry of the dual-focus lens (Fig. 2) and
the proportion of the pupil covered by each of its zones. The aver-
age percentages of the full pupil covered by each of the four zones
remained relatively stable across all viewing distances because pu-
pil size varied little with viewing distance {(e.g., mean diameter was
6.57 mm when viewing a distance target and 6.34 mm when view-
ing a near target at 0.23 m).

www_optvissci.com

Using the refractive criteria shown in Fig. 3A, the three propor-
tions of focused and myopically and hyperopically defocused light
extracted from the full pupil defocus distributions of each eye and
each lens were depicted graphically in ternary plots for eyes fit with
both the single-vision (Figs. 8A, C) and dual-focus (Figs. 8B, D}
lenses for all viewing distances tested: 3.98 m (filled circles),
0.98 m (open circles), 0.48 m {open squares), 0.31 m (open dia-
monds), and 0.23 m (filled triangles). Predictably, the criterion
set with the wider range for defining “focused” (-0.50 t0 +0.75 D)
generated larger proportions of focused light (Figs. 8A, B) than the
data using the narrow range (£0.25 D) plotted in Figs. 8C and D.
In every case, there was a consistent drift in the data from the upper
regions (red shaded) indicating retinal images dominated by myopic
defocus to the lower left blue region where images were dominated
by hyperopic defocus. For example, while viewing the farthest target,
approximately 62 (single-vision) and 87% (dual-focus) of the full pu-
pil was dominated by myopic defocus, which reduced to 18 (single-
vision) and 27% (dual-focus) for the nearest target. Conversely, the
propertion of hyperopic defocus in the retinal image increased from
10 (single-vision) and 3 {dual-focus) to 69 (single-vision) and 50%
(dual-focus) for the farthest and nearest viewing distances, respec-
tively. The bias toward myopic defocus and away from hyperopic
defocus created by the dual-focus lens can be observed by compar-
ing the locations of corresponding data in the right and left panels of
Fig. 8. Although it is convenient to quantify the proportions (or per-
centage) of the pupil generating each type of defocus, these percent
values will vary with pupil size, as shown for other lens designs with
radially varying power *®

The treatment dose introduced by the R1 and R3 zones of the
dual-focus lens can be quantified as the increase in proportion of
myopically defocused light and the decrease in proportion of
hyperopically defocused light in the retinal image created by the
dual-focus optic; each occurs simultaneously at each viewing dis-
tance. These shifts in the proportion of myopically defocused and
hyperopically defocused light were quantified and are shown in
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FIGURE 8. Ternary plots of focused and defocused light in the retinal image. The three proportions of focused and myopically and hyperopically
defocused light forming the foveal images were extracted from the full pupil defocus distributions (Fig. 4) and plotted for each eye and each lens using
three axes ternary plots. Data for eyes fit with the single-vision (A, C) and dual-focus (B, D} lenses for each viewing distance: 3.98 (filled circles), 0.98
{open circles), 0.48 (open squares), 0.31 (open diamonds), and 0.23 m (filled triangles) are plotted for the sample means (bold symbols and lines) and

for each eye (low contrast gray symbols).

Table 1. Intraduction of additional myopically defocused light (be-
tween 30 and 40%) dominated at the larger viewing distances,
whereas reduction in the proportion of hyperopically defocused
light dominated at the nearest distances. Despite the added plus
power in the treatment rings, the dual-focus lens design was able
to maintain similar proportion of focused light in the retinal image
as the single-vision lens at each viewing distance (average, 20%).

DISCUSSION

The main purpose of this study was to quantify the myopia treat-
ment dose delivered by a myopia control dual-focus contact lens con-
faining two annular treatment zones, which include approximately

www_optvissci.com
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2.00 D of added plus power (Fig. 1). Dose was assessed along two di-
mensions: the diopters of defocus created in the retinal image (Figs. 4
to 7) and the proportion of myopically and hyperopically defocused
light within these retinal images (Figs. 3, 8). The data summarized
in this article show that, on both scales (diopters and proportion of
light in the image), the dual-focus contact lens treatment optics
successfully introduced an average myopia control dose of 200D
into the retinal image at all viewing distances. These results are
consistent with the proposed closed-loop optical mechanisms by
which dual-focus myopia-control contact*® and spectacle!® lenses
achieve treatment success.

The similar defocus levels observed in pupil regions covered by
the center zones (Figs. 6A, B) of both single-vision and dual-focus
lenses reveal that the dual-focus optics did nat disrupt normal
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TABLE 1. Optical impact of dual-focus lens on the proportion of focused and defocused light in the retinal image relative to the single-vision contrel lens

Defocus criterion 1
A Proportion (%) of hyperopic defocus

A Proportion (%) of myopic defocus

A Proportion (%) of focused light

Target vergence {D) (DF-8V) (DF-8V) (DF-5V)
-0.25 -0.04 (-4%) 0.28 (+28%) -0.24 (-24%)
-1.02 -0.11{-11%) 0.38 (+38%) -0.27 (-27%)
-2.08 -0.25 (-25%) 0.35 (+35%) -0.10(-10%)
-3.23 -0.35(-35%) 0.30 (+30%} 0.06 (+6%)
-4.35 -0.20 (-20%) 0.09 (+9%) 0.11 (+11%)

Defocus criterion 2

A Proportion (%) of hyperopic defocus

A Propartion (%) of myopic defocus

A Proportion (%) of focused light

Target vergence {D) (DF-SV) (DF-8V) (DF-8V)
-0.25 -0.11 (-11%) 0.22 (+22%} -0.11(-11%)
-1.02 -0.22 (-22%) 0.35 (+35%) -0.13 (-13%)
-2.08 -0.33 (-33%) 0.35 (+35%} -0.03 (-3%)
-3.23 -0.35 (-35%) 0.33 (+33%) 0.03 {(-3%)
-4.35 -0.17 (-17%) 0.12 (+12%) 0.05 {-5%)

Proportional changes in hyperopically defecused, myopically defocused, and focused light created by the dual-focus and the single-vision contact lenses
for each target vergence and for the two refractive criteria used to segregate the defocus scale into three dimensions (proportions ef focused and of my-
opically and hyperopically defocused light in the retinal image, see Fig. 3A). DF-SV = dual-focus-single-vision.

accommodation.®® The leads and lags similarly contribute to the
defocus levels created by the noncentral annular correction zone,
but at the increased distance from the lens and pupil center of this
annular zone, spherical aberrations of the contact lens and that of
the eye also contribute to the resulting defocus patterns. The es-
sentially normal accommodative behavior seen in eyes fit with the
dual-focus lenses reveals that the correction zones (center zone
and R2} remain the focus target for these eyes, with no evidence
that children use the added plus power in the treatment zones to fo-
cus near targets. This result is crucial for such lenses to be able to
deliver myopic defocus with the treatment optics.

As reported previously for adult eyes,>”-?® spherical aberration
of the adolescent eyes in this study (mean age, 16.61 years) drifted
negatively as the eye's lens changes shape during accommodation.
Changes in spherical aberration of eyes fit with single-vision lenses
were guantified with the Zernike coefficient CAQ for wavefronts
measured across the full pupil at each viewing distance. Average
pupil diameters were 6.60, 7.05, 7.04, 6.85, and 6.34 mm for
viewing distances of 3.98,0.98, 0.48, 0.31, and 0.23 m, respec-
tively. Although there were individual differences in absolute levels
of spherical aberraticn, accommodation induced a negative shift
in all eyes, resulting in a mean spherical aberration (eye + single-
vision lens) that increased from —0.07 to —0.50 pm as the viewing
distance was reduced from 3.98 to 0.23 m with a best fit slope of
—0.105 pm per diopter of target vergence. Spherical aberration of
eyes with dual-focus contact lens was not determined, as the
Zernike polynomials cannot accurately fit the zonal power profile
of this lens {Figs. 1B, D).

Because accommodation was unaffected by the dual-focus op-
tics of the MiSight 1 Day lenses relative to single-vision lenses, oc-
ular spherical aberration changes resulting from changing eye lens
shape are matched for eyes fit with single-vision and dual-focus
lenses. For this reason, the differences in average defocus of each
zone between the single-vision and dual-focus lenses (Fig. 7} generally
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remained unchanged with target vergence. The resulting defocus
differences, however, reflect radial differences in power of the two
lenses. The added plus power in the dual-focus treatment zones cre-
ated hetween —2.00 and —-2.50 D of added myopic defocus and the
negative spherical aberration of the single-vision lens resulted in the
outer correction zone of eyes fit with the dual-focus lens (R2) being
approximately —0.50 D more myopic. The increasing levels of nega-
tive spherical aberration observed in accommeodating eyes resulted
in increased hyperopic shifts that increased with radial distance
from the pupil center (Fig. 6). The hyperopic shifts were small for
distance viewing; for example, the mean shift in the outer correction
ring RZ of the single-vision lens is less than 0.25 D for viewing dis-
tance of =1 m. However, at the closest distances, the hyperopic
shifts can exceed 1.00 D at the edge of the pupils. These high levels
of negative spherical aberration impact the defocus values associ-
ated with each zone.*®°1 For example, the hyperopic drift in defocus
values (Fig. 6) associated with closer viewing distances (31 cm) is
0.49 D in the center zone of the single-vision, and this increases to
0.88DforR1, 1.27 DforR2, and 1.70 D for R3. The extra 1.20 D
of hyperopic shift observed in R3 compared with center zone is di-
rectly attributable to the changes in spherical aberration levels of
the accommodating eyes.

The current study evaluated the real-world situation where con-
tact lenses are nominally decentered on eye, The Impact of contact
lens movement during the interblink interval, however, was mini-
mized with our Blink-blink-capture protocol described in the
methods, which, in most cases, resulted in three consistent repeat
measures. Gontact lens decentrations were small (0.37 mm tem-
porally and 0.36 mm inferiorly} and had little or no effect on the
proportion of light being imaged through the zones. For an average
pupil size of 6.80 mm and average inferotemporal decentration of
0.37 mm, the changes in proportion of light imaged through the
zones were as follows: center zone and R1, 0%; R2, -3.47%;
and R3, +3.47%.
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Myopia Control Dose with a Dual-focus Contact

-- Ramasubramanian et

Quantifying the dose experienced in human children undarge-
ing myopia control treatment is complicated because of the infiu-
ence of accommaodative responses, variability in pupil size (mean
Sh, Q.40 mm), and levels of negative spherical aberration. All thres
factors are expected to vary between individuals and to be signifi-
cantly influenced by fifestyle and educational exgeriences, both
of which have been impiicated in the generation of mycpia,”” ™
Increased outside playiime (with presumed onger viewing distances
and smaller pupils) successiutly lewered tha incidence of myepia on
set in a group of Asian children.>® Restricting myopic defecus to pe-
ripheral 'ens locations, as will happen with a positive spherical aber-
ration multifacal deag n{e.g., +0.175 pmof C430 over a 5-mm pupil
diameter),'® may fail to slow myopia progression either because pu-
pil sizes are teo smalt 10 include the requiredt added plus power or be-
cause the significant negative spherical abarration of the children's
eyes will inevitably reduce or even cance! the positive spherical aber-
ration of a multifocai lens during near viewing.

As with all laboratory studies, this study captures a moment in
time. However, by inference, the dafa provide information about
the extended myopic control dosages experienced by voung eyes
as they are ireated throughout the day and over multiple years. By

using typical smail text displayed on a high-resoiution smartphone
viewed binocularly, the goal was to capture data that are at scme
level reasonably representative of a gooc portion of a child's life
The singular defocus values captured from aberrometry measure-
ments ermbrace menochromatic aberrations of the eye pius lans
combina but, of course, fail to include the spread of defocus
contributed by spectral charges in power of the human eye™
and the effect of soft contact lens decentration on the anterior
eycn surface.

n conclusion, the data preserted ir this study reveal a consis-
tent and universal increase in the nominal "stop” signal (more my-
opic defocus) and a si mu:t qeow reduction in the hypothesized
yperonic defocus “grow” signal™ in the central retina of children
who were being treated with the dual-focus contact lenses. Al-
theugh studies cf infent monkeys have shown that hyperopic
defocus outside of the central retina is sufficient to stimulate
eye growth, %’ near viewing of small targets such as cell phones
or books may oniy generate hypercpic defocus in and around
the centrai retina, with the nonceniral retina being more myopi-
celly defocused by virtue of being farther then the near target be-
ing viewed.>®
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For the practice of myopia control to successfully translate into standard clinical practice there
must be accompanying evidence that interventions to slow the progression of myopia in
children can be safe and effective over the timespan that accelerated eye growth continues.
Assessing efficacy of myopia control treatments is complex due to uncontrolled and unknown
visual experiences, for example, differing educational demands over time. Concerns about
the long-term sustainability of initial myopia control effects and the safety of daily full-time
contact lens wear in young children necessitated comprehensive clinical trials to assess both
efficacy and safety. This thesis is based upon seven publications derived from the first (and
only) six-year clinical study of a myopia control intervention.

This study of a dual-focus soft contact lens aimed to determine whether such a device could
be effectively integrated into clinical practice as a myopia control intervention for treating
juvenile-onset myopia in a young population. To achieve this, a group of young myopes with
no prior contact lens experience were recruited and monitored over a period of six years at
regular intervals. The study design provided data to address two key questions: Could soft
daily disposable contact lenses be worn safely by the target population over the long term
and could this dual focus contact lens slow myopia progression throughout the period in which
the condition typically advances in this demographic?

Safety during the study was monitored using standard measures of anterior ocular health,
assessed with a slit lamp biomicroscope. This procedure was performed comprehensively
every 6 months over the entire 6-year study period. As concluded in Chapter 5, no serious
adverse events related to contact lens wear were observed throughout the study. In total, this
accounted for 653 subject-years of contact lens wear. Across all examinations within this
period, there were only five instances where any graded measure of ocular health was scored
as ‘2’ (mild). The annual incidence rate of corneal infiltrative events (CIEs) was 0.61%,
equivalent to 61 cases per 10,000 patient-years of wear. This data represents the longest
longitudinal assessment of ocular health from contact lens wear in children to date.

A clinical study on myopia control, commonly known as the BLINK study ("Bifocal Lenses in
Nearsighted Kids"), (Walline, Walker et al. 2020) also assessed safety outcomes over a three-
year period in children of a similar age to those in the MiSight study. As observed in the
MiSight study, adverse events were more likely to occur in the first year (Chapters 3 and 5).
However, the rate of corneal infiltrative events in the BLINK study was higher, at 197 cases
per 10,000 patient-years. This increased rate could be attributed to factors such as the use
of reusable lenses with multipurpose care solutions or the difference in lens material (silicone
hydrogel vs. hydrogel), both of which have been implicated with a higher incidence of
infiltrative events.

A literature review by Bullimore on the safety of soft contact lenses in children reported an
incidence rate of 136 cases per 10,000 of CIEs, which included studies involving various
modalities and materials. (Bullimore 2017) This rate, along with those from other longitudinal
studies, aligns with findings from the CLAY study, (Chalmers, Wagner et al. 2011) which
reported a rate of 97 per 10,000 in a similar age group to the BLINK and MiSight studies. The
CLAY study also identified an age-related dependency on CIE rates, with higher rates
observed in the 13-17 and 18-25 age groups. Other studies have also shown that older
teenagers have a higher propensity for CIEs. (Chalmers, Keay et al. 2010, Chalmers, Keay
et al. 2012)

It is reasonable to speculate that, aside from age, other modifiable risk factors may contribute
to increased CIE rates. Factors such as smoking, rinsing lenses with tap water, overnight
wear, and the use of reusable lenses with multipurpose care solutions (often chosen for cost-
effectiveness) have been reported to increase the likelihood of CIEs. (Stapleton, Bakkar et
al. 2021) For the population in the MiSight study, it is reasonable to speculate that many of
these factors are unlikely to be prevalent, given the age and associated parental oversight in
this cohort.
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The CIE rates reported in studies of younger children compare favorably to those observed
in adults. In adults, the rate of CIEs associated with daily silicone hydrogel lens wear is
reported at 316 cases per 10,000. (Szczotka-Flynn, Jiang et al. 2014, Bullimore 2017)
Implying that fitting daily disposable lenses at a younger age, coupled with proper instruction
and compliance, may have a positive impact on reducing CIE incidence. The available
evidence indicates that children experience lower CIE rates compared to older age groups,
which is reassuring given the full-time wear required by myopia control modalities. The rates
observed in the MiSight study are aligned with this general body of evidence that infiltrative
events are at acceptable low levels in children wearing daily disposable contact lenses.

Sight-threatening microbial keratitis events are exceedingly rare. The 653 subject-years
collected in this trial were insufficient to provide a complete picture of these rates. To address
this limitation, the RECSS study (Chapter 5) combined safety data from the MiSight trial with
retrospective data from clinical practices that fit large numbers of children matching the
MiSight trial’s inclusion criteria. The observed infection rate was 7.4 per 10,000, with an upper
confidence limit of 29.6 per 10,000. This rate included all contact lens materials and
modalities, including the use of multipurpose care solutions— a risk factor not applicable to
daily disposable lenses. The observed rate in the RECSS study is higher than the typical 1-
2 per 10,000 observed in adults wearing daily disposable lenses. (Stapleton, Keay et al. 2008)
Potential explanations of this discrepancy may be the smaller sample size and lower
denominator used in the RECSS rate calculation versus established epidemiology studies for
rates of microbial keratitis.

Known risk factors for microbial infection (Morgan, Efron et al. 2005, Stapleton, Bakkar et al.
2021) and the observed compliance with contact lens wear in children (chapter 5) provides
no clear reason to anticipate an increased infection rate in children using contact lenses for
myopia control. The MiSight approval order in the U.S. (https://www.fda.gov/news-
events/press-announcements/fda-approves-first-contact-lens-indicated-slow-progression-

nearsightedness-children) required a post-market surveillance study to expand on the
RECSS findings with a much larger sample, ensuring that the microbial keratitis rate does
not exceed 20 per 10,000 (upper confidence limit). This upcoming study will represent the
largest prospective collection of contact lens safety data across all age groups and lens types.

The foundation of this dissertation was a traditional parallel group, randomized, controlled,
and masked study conducted over three years. The primary objective was to evaluate the
potential of a dual focus contact lens to slow myopia progression, referred to as "myopia
control efficacy." The two primary endpoints commonly used in clinical trials (Wolffsohn,
Kollbaum et al. 2019) to measure this efficacy were changes from baseline of:

1. Cycloplegic spherical equivalent refraction (SER) — measured in diopters (D).
2. Axial elongation (AL) — measured in millimeters (mm).

The study compared these metrics in the treated group fit with dual focus contact lenses
against a demographically matched control group wearing a standard single vision contact
lens correction. The effect size was expressed as the absolute difference in the change from
baseline of both diopters and millimeters between the groups at each year of the study. These
differences between control and treated eyes were also expressed as proportions (%) of the
progression observed in the untreated control arm as a way to include the overall progression
rates of the measured cohort into a measure of efficacy.

There has been considerable debate regarding the optimal method for expressing myopia
control efficacy, which will be explored later in this chapter. (Brennan, Toubouti et al. 2020)
The results of this study, after adjusting for potential demographic imbalances across
treatment groups, showed a lower progression of myopia in the treatment group by each
measure. Specifically, the SER difference after three years was 0.67D, while the AL difference
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was 0.28mm, equivalent to a 59% and 52%, respectively, slowing of SER progression and
AL growth compared to that observed in the control eyes.

At the time of its completion, Part 1 of this six-year study provided the best evidence of
sustained long-term myopia control. More recently, other optical interventions have provided
multi-year evidence of myopia control. The previously mentioned BLINK study ("Bifocal
Lenses in Nearsighted Kids") evaluated three-year changes in myopia progression using a
center distance multifocal contact lenses designed for presbyopia (Biofinity Multifocal). This
study recruited and randomized 294 children, with an impressive retention of 292 participants
over the full three-year period. The BLINK study included three arms: a control group (wearing
Biofinity single-vision lenses by CooperVision Inc.) and two test groups, which used lenses
with medium (+1.50D) and high (+2.50D) additional plus power to create myopic defocus.

Similar to the MiSight design, the multifocal lens used in the BLINK study featured a central
optic zone for distance vision, with additional power applied in the outer optic zone. However,
unlike MiSight, the BLINK lenses did not have alternating power rings, meaning that with
larger pupil sizes, the proportion of defocus within the pupil increased (see analysis in
Chapter 2). The efficacy results for the medium add power intervention were modest
compared to single-vision lenses, so this review will focus on the high add power results.
(Walline, Walker et al. 2020)

Myopia progression in the high add treated eyes was 0.23D less than that observed in the
control eyes after one year of treatment, which increased to 0.33D by the end of the second
year and 0.46D by the end of the third year. For axial length, effect sizes increased from
0.13mm to 0.20mm to 0.23mm at the same time points. Said differently, treatment with the
multifocal CL slowed axial growth by 0.13mm in the first year, 0.07mm in the second year
and only 0.03mm in the final year suggesting a gradual decline in efficacy over time.
(Brennan, Toubouti et al. 2020) The slowing of progression and axial growth observed in the
BLINK study were slightly lower than that observed in the MiSight trial (Chapter 3).

Longer-term assessments of spectacle lens and pharmaceutical myopia control interventions
have been published recently. (Lam, Tang et al. 2022, Li, Huang et al. 2023, Laughton, Hill et
al. 2024) A novel spectacle lens design, incorporating an array of small lenslets approximately
1mm in size, each with +3.50D of defocus, (Gantes-Nufiez, Jaskulski et al. 2023) was initially
studied at a single center in Hong Kong over two years. (Lam, Tang et al. 2019) This study
randomized 183 subjects into test and control groups, with baseline age and refractive error
similar to those in other reported studies. Due to ethical considerations similar to that
discussed in Chapter 4, the control group was discontinued after the second year, but the
test group was followed for an additional year. (Lam, Tang et al. 2022)

To assess the myopia control effects for the third year, the authors created a demographically
matched historical control to estimate untreated progression in the third year. The slowed
axial elongation effects were 0.19mm after one year, 0.29mm after two, and 0.37mm after
three years of treatment. Once again, these results demonstrate a significant reduction in
accrued treatment effect in years 2 and 3.

Another single-center study in China evaluated a different novel lenslet-based spectacle
design, randomizing 170 children into a three-arm study for an initial two-year assessment.
(Bao, Huang et al. 2022) The inclusion criteria, including age and refractive error, were
comparable to those in previous studies. This study featured two test arms with different
levels of aspheric lenslets and a single-focus control group. For the purposes of this review,
only the results of the "Highly Aspheric Lenslets" (HAL) intervention are considered.

As in the previous study, the control group was discontinued after the initial two years.
However, rather than relying on a historical control group, the study recruited an entirely new
untreated population for an additional year while switching the original control group to the
HAL intervention. (Li, Huang et al. 2023) At the conclusion of the third year, 51 participants
remained in the original HAL group. Axial elongation reductions in this group were reported
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as follows: 0.24mm after one year, 0.38mm after two, and an additional 0.11mm during the
third year—less than half of the progression reduction observed in the first year. (Bao, Yang
et al. 2022)

In addition to establishing MiSight as both an effective and safe myopia control treatment, the
extensive and detailed data from this trial offered an opportunity to address some of the broad
scientific issues current in the field of myopia control, including this observed impact of study
duration. The following sections examine the impact of study duration and separately that of
age on treatment, evidence of varied treatment effect in individual eyes, the impact of
treatment on both normal and pathological eye growth, and finally some insights into practical
and ethical inherent in myopia control study designs, and how results from this trial shed light
on the core mechanisms driving eye growth dysregulation in myopia.

8.1. Efficacy Over Time and the Impact of Age

Longitudinal studies of myopia control with three-year data, while important for demonstrating
continued accrual of treatment gains over time, consistently show diminishing gains with each
subsequent year. This trend, observed in other studies of myopia control,(Brennan, Toubouti
et al. 2020) and discussed in the MiSight study (Chapter 3), raises an important question:

Do these reduced treatment effects reflect a change in sensitivity to the myopia control signal
analogous to reduced efficacy of some drug therapies (e.g. cancer drugs), (Komarova 2006)
or are these changes a reflection of the changing pathology cycle unrelated to treatment (e.g.
if there is no myopia progression, myopia control treatment cannot slow this progression)?

An examination of adjusted axial elongation in the treatment group from the BLINK study data
reveals a growth rate of 0.16mm in the first year, followed by 0.14mm in the second year and
0.12mm in the third year—representing an annual reduction in growth between 12% and 14%
as the treatment group ages. On its own, this pattern does not suggest that the treatment
effectiveness is short-lived. Similarly, the test group in the DIMS study exhibited a consistent
progression of approximately 0.10mm per year across all three years. In contrast, the treated
HAL group showed axial elongation of 0.12mm, 0.20mm, and 0.17mm in years one, two, and
three, respectively. Notably, the second-year increase in this group may have been influenced
by COVID-19-related lockdowns, which could have had an unknown impact on eye growth.
(Bao, Huang et al. 2022)

Well-established growth models suggest that untreated axial elongation naturally slows by an
average of 15% per year with age. (Brennan, Shamp et al. 2024) This pattern has been
observed across different ethnicities (Asian and non-Asian), age groups, and levels of
myopia. A 15% reduction in progression will result in a greater absolute year on year slowing
in a fast-progressing Asian population relative to a slower progressing non-Asian population,
as is evidenced within this meta-analysis. Thus, when assessing myopia control efficacy by
comparing treated growth to that of control eyes which are themselves slowing by 15%
complicates the assessment of sustained efficacy. For example, this pattern of 15% slowing
per year will result in greater absolute year on year slowing in a faster growing group of
untreated eyes and thus smaller year on year differences between them and the parallel
treated cohort progressing more slowly. If this general rule applies, it raises important
questions about the continued treatment efficacy of myopia control interventions: Could
decreased absolute slowing in axial elongation measured as the difference in growth of
treated and control eyes over time simply reflect this mathematical trend in the untreated
control eyes? Or, more concerningly, does the data suggest that the treatment is not
producing further reductions in eye growth as subjects age?

Separating a true change in efficacy from a change in the pathology itself is complicated
because of the always present covariate of age. For every subsequent year of treatment, the
child is always a year older. The MiSight trial had annual growth rates from treated and control
eyes spanning the age range from 8 to 17. Subjects were pooled based on their age at the
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start of each study year, regardless of the number of years they had participated in the trial
(Figure 11). (Arumugam, Bradley et al. 2021)
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Figure 11: Annualized changes in axial length (ALmm/yr.) is plotted as a function of subject age at
the start of the year over which growth was measured for control (orange symbols) and treatment
(purple symbols) groups. Univariate models for Estimated Annualized Elongation (EANE) were
created for the untreated population (P1d, orange line) and treated populations (M1d, purple line)
respectively.
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Age at Start of Year Cumulative
Axial
8 9 10 |11 [12 [13 |14 [15 [16 |47 |18 | Elongation
Control 0.30 | 0.26 | 0.23 | 0.21 | 0.18 | 0.16 | 0.14 | 0.12 | 0.10 | 0.08 | 0.07 1.84 mm
Treatment 0.16 | 0.14 | 0.12 | 0.11 | 0.10 | 0.08 | 0.07 | 0.06 | 0.05 | 0.04 | 0.04 0.97 mm
Cumulative
Difference
in Growth
Rates
Difference in 0.14 | 0.13 | 0.11 | 0.10 | 0.08 | 0.07 | 0.06 | 0.05 | 0.05 | 0.04 | 0.03 0.87 mm
Growth Rates
(mm)
Difference as % | 48 48 47 47 47 46 46 46 47 48 49 47%

Table 2: Annualized changes in axial length (ALmm/yr.) is tabulated as a function of subject age at
the start of the year over which growth was measured for control and treatment groups.

Annual growth rates for both groups, as shown in Table 2, slowed by approximately 15% (+/-
5%) per year. This suggests that eye growth decreased with age at a similar rate in both
treated and untreated populations. While the absolute treatment effect diminishes over time,
it remains stable as a percentage of untreated growth.

This pattern aligns with findings from the traditional cohort analysis (Chapter 6), which show
a yearly decline in absolute treatment effects but an approximately consistent percentage
reduction in eye growth (Table 1, Chamberlain et al, 2023). A similar trend is observed in the
Stellest HAL 5-year treatment data (Figure 2 and in (LI, Huang et al. 2024). In year 1, the
treatment effect was 0.22 mm; however, instead of accumulating to 1.1 mm over five years
(5 x 0.22 mm), it resulted in a total reduction of 0.73 mm. Despite this decline in absolute
terms, the treatment effect remained relatively stable as a percentage of control growth,
decreasing only slightly from 58% after one year to 52% after five years. A similar modest
decline was observed in the cohort data in the MiSight study with percentage efficacy decline
from 68% in year 1 to 52% after six years.
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Figure 12: Axial elongation in treated (HAL, Green) and untreated (Red), presented in (LI, Huang et
al. 2024)

The consistent treatment effect, when expressed as a proportion of untreated growth, is likely
due to the natural progression of eye growth with age and underlying pathological cycles.
This finding suggests that quantifying treatment effects as a proportion or percentage of the
study control eye growths may provide a strategy to compare treatment efficacy across
different durations, ages, and ethnicities.

8.2. Treatment Heterogeneity

Clinical trials with parallel treatment and control groups assess efficacy by comparing the
mean outcomes of both groups, producing a single treatment effect value. This value is then
used to evaluate the overall effectiveness of the treatment. However, when efficacy is
expressed in absolute terms, it can present a concerning scenario for rapidly progressing
eyes. For example, an average reduction of 0.25D per year would indicate a highly effective
treatment for eyes that would have progressed by 0.25D/yr if left untreated, but for an eye
progressing at 1D per year or more, this would represent a relatively poor outcome.

Moreover, data from traditional randomized controlled trials (RCTs) provide no insight into the
treatment effects on individual eyes. The RCT design used in the first three years of this trial
only measures overall group differences, making it impossible to determine how much an
individual eye’s growth or progression has changed due to treatment. The unique design of
Part 2 of the MiSight study afforded an opportunity to explore individual responses to
treatment by comparing growth of the control group during years 1-3 with the growth of the
same subjects in treatment during the subsequent 3 years. This analysis detailed in chapter
4 revealed a subset of eyes where progression of eye growth did not slow when entering
treatment and were classed as ‘non-responders’. Figure 4 from the published manuscript in
chapter 6 also reveals the treatment response of eyes that were slower or faster progressing
prior to treatment. Eyes that progressed faster prior to treatment (years 1-3) (x axis) exhibited
the greatest amount of slowing in treatment during years 4-6 (separation of data point from
the Y=Xine).
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The observation that faster progressing eyes receive the greatest absolute treatment effect
can be challenged as “regression to the mean” in that in a noise dominated data set higher
values at time 1, will be more likely to be closer to the mean and hence lower at the second
measurement. (Atkinson and Batterham 2015, Mutti, Sinnott et al. 2022) Such a regressive
trend is expected if growth from year to year was dominated by individual variability in growth
rates unrelated to treatment and if there was little or no treatment effect. A subsequent
analysis based on the data from the manuscript in chapter 4 pooled the faster and slower
quartiles of control eyes based upon pre-treatment growth over 3 years and revealed groups
with consistently faster and slower year-on-year average growth and progression for all 6
years contrary to a regression to the mean expectation (Table 3). (Chamberlain, Arumugam
et al. 2022) Finally, evidence that faster growing eyes slow in subsequent (treated) years
cannot be used as evidence of regression to the mean without a concurrent observation that
slower growing eyes subsequently accelerate their growth (toward the mean) during the same
treatment years. Contrary to this latter expectation, treated growth of the slower eyes in Table
3 remained slower than each year prior to treatment and slower than all three other quartiles
when averaged across the three years of treatment. The observation (Figure 4 chapter 4, and
Table 3) that faster progressing and younger eyes experience the greatest change in growth
once treatment began is confirmation that not all eyes receive the same treatment effect, and
the observed treatment effects in mm approximately scale with the magnitude of the
accelerated growth prior to treatment.

Pre-treatment Myopia Control Treatment
Year 1 2 3 4 5 6

Q1 0.07 0.09 0.06 0.02 -0.01 0.05

Q2 0.19 0.21 0.13 0.00 0.05 0.04

Axial Growth Q3 0.32 0.25 0.18 0.03 0.06 0.06
(mmlyr.)

Q4 0.42 0.34 0.29 0.07 0.03 0.09

Q1 -0.25 -0.23 -0.10 -0.04 0.02 -0.02

Q2 -0.55 -0.32 -0.20 -0.03 -0.15 -0.02
Myopia

Progression Q3 -0.61 -0.40 -0.35 0.00 -0.15 -0.08
(Dlyr.)

Q4 -1.03 -0.49 -0.51 -0.11 -0.23 0.03

Table 3: Annual axial growth and myopia progression of the majority eyes that slowed progression
during treatment grouped by quartiles (Q1-Q4). Quartiles were defined using the accumulated axial
growths observed during years 1-3.

A small but unique group of 9 eyes failed to show any evidence of slowed growth once
treatment began. Evidence of the existence of this subgroup relied on convergent, well-
studied statistical learning, clustering, and regression approaches (Chapter 4). The
underlying latent structure in the axial growth data revealed by these algorithms is consistent
with a heterogeneous treatment effect where most eyes respond to myopia control treatment
(“responders”) while a minority do not (“non-responders”). However, it is possible that failure
to observe a treatment effect in individual cases may reflect inherent within-subject variability
in the measured outcome variable masquerading as treatment heterogeneity. (Atkinson and
Batterham 2015) In studies lacking pre-treatment data, utilizing the absolute growth and
myopia progression during treatment may not reflect treatment heterogeneity because as
revealed in Chapter 4 some eyes grow and progress faster than others both with and without
treatment. (Brennan, Toubouti et al. 2020, Charman and Radhakrishnan 2021) In the present
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analysis, the term “non-responder” is applied only to those eyes that exhibited the same
significant growth prior to and during treatment, which may be a conservative estimate given
the established 15% slowing each year, but given the unknown applicability to individuals of
that analysis was considered an appropriate categorization (Chapter 4, Figure 4). It can also
be seen in Chapter 4 that there are treated eyes that grew at rates as fast as some of the
“non-responder” eyes, but they were included in the majority responder group because their
growth during treatment slowed significantly from their pre-treatment rates. Ironically, if
response to treatment was assessed by monitoring the absolute growth rates during
treatment, the faster progressing eyes in the present study would be considered to have the
least treatment effect in that they grew faster during treatment than other treated eyes
(slope B = 0.29). However, these eyes experienced the greatest slowing once treatment had
begun. Therefore, by an absolute growth criterion, these eyes would be considered least
responsive to treatment, but based upon change in growth rates, they are the most
responsive to treatment. Without tracking prior growth rates, this distinction would be lost.

Although within-individual comparisons of pre-treatment and during treatment effects control
for both measured and unmeasured time-invariant variables (e.g. gender and race), the
approach of using changes in progression or growth once treatment begins remains
susceptible to time-varying factors or individual changes in the study subjects associated with
growth and progression but unrelated to treatment. As emphasized by other publications,
(Senn 2004, Kent, Steyerberg et al. 2018, Atkinson, Williamson et al. 2019) changes in
response of individuals may not provide unambiguous evidence of treatment success (or
failure) because of variations over time unrelated to the treatment effect. Senn suggests that
a repeat cross-over design in which treatment is repeatedly alternated with a control on some
random schedule is the most rigorous approach for assessing treatment effects in individual
cases, but even this approach comes with limitations and is likely to be impractical for
assessing myopia control efficacy since each phase of this design may have to last one or
more years. (Guyatt, Sackett et al. 1988)

Comparison of single measures of pre-treatment and during treatment outcome measures
are vulnerable to inherent variability in these measures making assessment of treatment
efficacy from such data tenuous at best. (Atkinson and Batterham 2015) The current
investigation had three repeat measures of individual eye axial growth and myopia
progression prior to and then during treatment offering an opportunity to identify consistent
changes accompanying treatment.

The data from this study suggest that limiting investigations to a single measure of efficacy
unnecessarily restricts the ability to fully understand the long-term performance of an
intervention. While debates over appropriate efficacy measures continue, the evidence
reviewed in this chapter tells a consistent story: successful optical interventions for myopia
control demonstrate cumulative effects over multiple years and the magnitude of these effects
scale with the severity of progressions and axial growth that would have happened if left
untreated. Treatment works best for those most in need of slowed growth.

8.3. Normal Eye Growth and Myopia Control

The data presented in Chapter 6 (Chamberlain, Jara et al. 2021) showed that the mean axial
elongation of the treated population closely matched the mean growth of an age-matched
population of non-myopic subjects. This finding was later expanded in Chapter 6,
(Chamberlain, Hammond et al. 2024) demonstrating that non-myopic axial growth rates
remained similar to those observed in the treated population across all six years of the study,
including in the subgroup that began treatment at an older age (Figure 1, (Chamberlain,
Hammond et al. 2024)). However, while treated axial growth rates resemble those of
emmetropic eyes, some degree of myopia progression still occurred. (Chamberlain, Peixoto-
de-Matos et al. 2019, Chamberlain, Bradley et al. 2022) The presence of myopia progression
in eyes growing at emmetropic rates suggests an inherent inability of already myopic eyes to
fully compensate for normal (emmetropic) rates of axial elongation. Restated, unlike
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emmetropic eyes that can increase their axial length during childhood and teenage years
without developing myopia, the same level of axial growth in already myopic eyes will be
reflected with increase in refractive error.

Since both emmetropic and myopic eyes both grow throughout childhood and adolescence
(Mutti, Rozema), (Mutti, Sinnott et al. 2023, Rozema, Dankert et al. 2023) growth that does
not generate myopia has been labelled normal or "physiological eye growth," whereas eye
growth that creates myopia is considered "pathological eye growth". More recently, these two
“types” of eye growth have been characterized as “compensated” (axial growth is
accompanied by optical changes that create a matched extension of the optical length of the
eye) and “uncompensated” (extra axial growth that is not accompanied by a matching
increase in the optical length of the eye). (Mutti, Sinnott et al. 2023) The 6-year axial growth
data and emmetropic comparisons shown in Chapter 6 highlight that normal eye growth
occurs over a similar age span as the progression of myopia. (Comet Group 2013, Qin, Peng
et al. 2022) The following section examines the relationship between axial growth and myopia
progression in both untreated and treated eyes to explore the presence of compensated and
uncompensated eye growth.

The close relationship between extra eye growth and myopia has been long established,
(Carroll 1982, Scott and Grosvenor 1993) and Gullstrand’s "exact" and "simplified" schematic
eyes reveal that if axial length alone changed (zero compensatory changes in the eyes optics
to lengthen the focal length of the eye), then - 2.57D (exact) and -2.67 (simplified) diopters of
myopia would accompany each mm of axial growth for an eye length similar to the population
enrolled into the MiSight trial. The gain (D/mm) will be greater for smaller (younger) eyes
exceeding 4D/mm at 1 year of age. (Mutti, Sinnott et al. 2018) Although some early data
reported slopes >-2.5D/mm, (Carroll 1982) Mutti et al. (2023) observed less myopia
progression per mm of axial growth than predicted from a pure axial elongation model with
slopes closer to -2D/mm, Table 2, (Mutti, Sinnott et al. 2023). That slope value, less than that
predicted by solely axial growth of the posterior eye indicates that some compensatory optical
changes are also happening in progressing myopes.
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Figure 13: Scatterplot of change of change in SER (D) per millimeter of axial length (AL) change (mm)
for untreated (orange) and treated (blue) populations in Part 1 of the MiSight study

Figure 13 illustrates an expected high correlation for changes in AL and SER for untreated
(R2 = 0.73) and treated (R2 = 0.79) eyes. During Part 1 (years 1-3) the best fit linear
regression slope for the treated eyes was close to 2D/mm, with a similar slope observed for
the untreated population. The slopes of approximately 2D of progression per mm of axial
length change, are similar to that observed in a like aged myopic population by Multti et al.
(Mutti, Sinnott et al. 2023) The comparable slopes observed in both treated and untreated
populations suggest that the relationship between myopia progression and axial elongation
in myopic eyes remains unaffected by myopia control treatments that slow axial growth by
>50%. If the MiSight population had achieved non-myopic growth solely by eliminating
pathological eye growth, we would expect a different growth relationship compared to the
untreated population, one where eye growth only slightly greater than that observed in age
matched emmetropic eyes resulted in minimal refractive error progression. Conversely, if the
treatment had only interrupted physiological eye growth, the treated group would have shown
a progression rate closer to 2.5D per mm, as expected in an eye without compensatory
changes in the anterior eye optical components. The unchanged slopes of slightly less than
2D/mm during treatment provides no clear evidence that MiSight treatment affects only one
of these two possible distinct mechanisms (physiological vs. pathological) governing eye
growth. This finding has broader implications for future myopia control efforts: unless a
therapy can selectively target pathological eye growth while preserving physiological growth,
without inducing refractive error changes, achieving a complete cessation of myopia
progression (100% slowing) may not be a feasible outcome. Additionally, achieving 100%
slowing by imparting zero growth over multiple years in a population whose age matches that
of emmetropic children that still display physiological eye growth, also seems an implausible
scenario.
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8.4. Exploring Mechanisms of Myopia Control for Current Optical
Interventions

Myopia control effects observed in this study were achieved with defocus created by the add
power included in the annular treatment zones of MiSight contact lenses. Similarly, defocus
generated with small lenslets with positive add power in spectacle lenses has also been
shown to slow myopia progression. (Lam, Tang et al. 2019, Bao, Yang et al. 2022) Since the
commercial launch of these myopia control spectacle products, optical engineers have
characterized the optics of these lenslets with high precision. (Gantes-Nurez, Jaskulski et al.
2023) This characterization highlights a significant difference between the defocus designs
of spectacle lenses and the MiSight lens. Specifically, the imaging properties of the lenslets
in spectacle designs indicate that they do not combine to create a common on-axis image,
which is created by the combined annular treatment rings of MiSight. Each of the spectacle
lens lenslets have foci displaced from the base optic axis and as such are referred to as
having “non-coaxial” optics. As Gantes Nunez et al. observed, adding these lenslets creates
a significant diffraction blur and lowered image contrast. Theoretically, these optics will also
eliminate any presence of peripheral hyperopia, in this case, simply due to the lack of imaging
properties in the spectacle periphery. This unique feature may indicate an interesting nuance
to proposed mechanisms of action theories. Could myopia control effects result from the
elimination of a hyperopic ‘grow’ signal rather than the introduction of a myopic defocus ‘stop’
signal?

Beyond the extensive evidence from animal and human trials demonstrating the role
of defocus in myopia control, another hypothesis suggests that reducing retinal image
contrast across the retina may also slow myopia progression. (Neitz and Neitz 2024) This
intervention has been introduced into a myopia control spectacle lens commercially known
as the DOT lens. The theory stems from studies on individuals with Bornholm disease, a
genetic disorder that results in extreme myopia. Research by Neitz suggests that in these
patients, some of either the L (long-wavelength) or M (medium-wavelength) cones lack
photopigment, disrupting normal photon capture. This results in a constant differential photon
absorption and thus neural signal from adjacent cones, causing the midget bipolar cells to
perceive persistently high contrast images. The hypothesis proposes that this excessive
contrast signaling drives extreme myopia progression. Thus, the DOT lens aims to reduce
retinal image contrast by incorporating scattering elements, thereby decreasing differential
contrast signaling in the midget bipolar cells. A single four-year study has reported promising
results supporting this approach. (Laughton, Hill et al. 2024)

Another proposed mechanism explains how defocus-inducing optics may suppress eye
growth signals. The peripheral optics of the eye are naturally aberrated, limiting the retina’s
ability to detect fine image-plane changes or contrast variations. Asymmetric aberrations
increase with eccentricity, resulting in retinal image structures that differ significantly in the
presence of either myopic or hyperopic defocus. These aberrations, therefore provide a
possible signed cue for eye growth, and may play a key role in regulating eye growth. (Ji, Yoo
et al. 2018) Optical simulations suggest that dual-focus lenses, such as MiSight, reduce this
directional blur anisotropy, which may weaken any peripheral signed signal for continued
axial elongation, effectively slowing eye growth. (Ji, Yoo et al. 2018)

Does this heterogeneity of successful interventions provide insight into the mechanisms of
myopia control? More specifically, do all optical interventions ultimately work by reducing
retinal contrast? This question remains challenging to answer definitively.

As outlined, all currently proven optical interventions for myopia control—including myopic
defocus, contrast reduction, and blur anisotropy reduction—occur simultaneously in these
treatments. This makes it difficult to determine whether contrast reduction alone is
responsible for slowing progression or if multiple independent mechanisms contribute to
myopia development and its control. Further research is needed to disentangle these
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overlapping effects and clarify whether contrast reduction is the primary mechanism or
just one of several factors influencing eye growth regulation.

8.5. Ethics and the Future of Myopia Control Studies

Part 2 of this study demonstrated continued myopia control efficacy through the validation
and use of a predictive growth model for untreated myopia progression—a so-called "virtual
control group”. (Brennan, Shamp et al. 2024) The ethical reasoning for eliminating the parallel
control group in the MiSight study was discussed in detail in Chapters 4 and 6. Similar
practical (recruitment and retention) and ethical concerns have motivated other studies to
employ virtual control data when seeking to quantify long-term efficacy. (Bullimore and
Brennan 2023, Chen, Liu et al. 2023, LI, Huang et al. 2024, Zhang, Zhang et al. 2024)

As myopia control interventions gain regulatory approval in various countries, ethical and
practical challenges related to control group recruitment and retention are becoming more
pronounced. Highly educated, higher-income parents—more aware of myopia control
options—may increasingly be reluctant to enroll their children in trials with a possible 50%
chance of receiving placebo treatments over multiple years. Given the established
relationship between socioeconomic status and myopia prevalence, this reality could also
bias future trial populations that wish to employ untreated control groups.

Alternative study designs are emerging to address these challenges. (Bullimore, Brennan et
al. 2023) For instance, if a new intervention aims to supersede or match effectivity of an
existing treatment, direct comparisons with statistical planning for non-inferiority or superiority
can be employed, ensuring that all trial participants receive a treatment. The maturation of
myopia research, combined with the growing availability of long-term progression data and
the potential of electronic health records, offers opportunities for significant advancements in
this field. Integrating these data sources with machine learning and big data methodologies
could yield transformative insights, building on the foundational work discussed in Chapter 6.

8.6. Post-Treatment Growth and Rebound Effects

Following multi-year accruals of slowed myopia progression, it is imperative that evidence is
provided to the clinical community that these treatment gains will be retained once treatment
is ceased. The completion of treatment in the 6-year MiSight trial offers an opportunity to
investigate retention of treatment gains after treatment cessation at ages, and following a
treatment duration, that would expect to be observed in clinical practice. (Bullimore and
Brennan 2025) Based on a review of the current evidence base, Bullimore concluded that
soft lens interventions resulted in eye growth following treatment cessation that would not be
classed as ‘rebound’.

The term rebound has been applied to any acceleration of growth or progression after
treatment cessation, (Chiu, Tsai et al. 2023) which fails to capture the crucial distinction of
age-normal growth of untreated eyes versus greater than age-normal growth. (Bullimore and
Brennan 2025) Age-normal growth after treatment cessation returns an eye to growth levels
that would have been experienced without treatment and, therefore, the smaller and less
myopic eye created by prior treatment will continue to be smaller and less myopic than if the
patient had not been treated. However, if post-treatment growth and progression accelerates
to greater than expected for untreated myopic eyes of a given age, the faster-than-expected
accelerated growth will start to eliminate prior treatment gains. (Tong, Huang et al. 2009,
Chia, Lu et al. 2016, Cho and Cheung 2017, Xiong, Zhu et al. 2022) Indiscriminate use of
“rebound” terminology to describe any increased eye growth after treatment cessation fails
to recognize the different clinical implications of these two types of post-treatment growth.
(Sanchez-Tena, Ballesteros-Sanchez et al. 2024) Upon treatment cessation, do eyes return
to age-normal or greater than age-normal growth and progression? The conclusion of the 6-
year MiSight trial offers an ideal opportunity to assess this in the future.
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8.7. Future Direction

Despite maintaining a myopia control efficacy above 50% over six years, with growth
resembling that of non-myopic populations, opportunities remain to enhance efficacy. As
discussed in Chapters 4 and 6, variability in individual responses, including non-responders,
suggests a need for strategies to provide effective treatment to all progressing myopes.
Addressing non-responders or achieving more consistent outcomes across the treated
population could provide practitioners with more effective management tools.

Currently, there is no established dose-response relationship for optical interventions, nor a
method to predict or measure the optimal dose (see chapter 7) for each child undergoing
treatment. In pharmacological interventions, such as atropine, evidence shows that higher
concentrations lead to greater myopia control. (Huang, Wen et al. 2016, Yam, Jiang et al.
2018) In animal models, increasing either the diopters (Tse, Lam et al. 2007) or regional
coverage area of myopic defocus (Tse, Lam et al. 2007, Liu and Wildsoet 2011, Liu and
Wildsoet 2012, Arumugam, Hung et al. 2016) have shown dose-response effects. Studies
using higher add powers or increased contrast attenuation in humans have yielded
inconclusive results. (Walline, Walker et al. 2020, Rappon, Chung et al. 2023) Long-term
studies in children are inherently challenging, but a systematic investigation of dual-focus
lens designs—such as increasing diopters of myopic defocus or expanding pupil coverage
could provide identify designs with increased efficacy.

Increasing the proportion of the pupil containing treatment optics may reduce retinal contrast
as well as increase the amount of defocused light in the image. However, such designs must
ensure acceptable vision quality, comfort and allow consistent sustained wearability, and
normal accommodative function. Limited evidence from orthokeratology suggests that
increased area of myopic regions of the pupil correlates with slower eye growth, but this
finding remains underexplored in randomized controlled trials. (Wang, Yang et al. 2018,
Chen, Guo et al. 2024)

If optimizing optical interventions alone does not achieve sufficient efficacy, combining them
with pharmacological treatments like atropine could provide additional benefits. While low-
dose atropine (0.01%) combined with optical interventions has not shown additive effects
(Jones, Mutti et al. 2022) this may reflect the limited efficacy of such a low concentration.
(Jawaid, Saunders et al. 2024) A modest dose response was achieved when combining
0.01% concentration of atropine with orthokeratology. (Tan, Ng et al. 2023) It is not clear
whether supplemental efficacy of adding atropine works because atropine and optical myopia
control interventions work by the same or different mechanisms. Also, the impact of atropine
may partly result from pupil dilation enhancing myopic defocus.

Combination drug-device products would also face stricter regulatory requirements. Atropine
is typically administered as a single drop before bedtime to minimize side effects like
accommodation disruption and pupil dilation. (Chia, Chua et al. 2012) Such a dosing regimen
would be challenging to implement with a combination product, where release of an agent
from a device such as a contact lens will follow a zero order release profile, (Yoshida, Sakai
et al. 1991) which again would require added evidence to prove retention of initially proven
synergistic effects achieved via a traditional dosing regimen. Could a combination device
reduce cohort eye growth under treatment to near-zero levels? Alternatively, would it
selectively slow the progression of faster-progressing patients or non-responders to existing
treatments, thereby reducing the standard deviation of eye growth rates in the treated
population?. (Brennan, Toubouti et al. 2020)

8.8. Conclusion

In summary, this work has shown that an intervention based on the principle of delivering
myopic defocus (with accompanying reduction in contrast) to the retina can sustain slowed
eye growth for multiple years. This slowed eye growth was also shown to be evident across
the majority of eyes who were treated for the 3 years of Part 2 and that slowing was
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proportional to the rate of progression prior to treatment. Therefore, when a myopia control
response is observed in eyes fit with the MiSight lens, fast progressing eyes will experience
the greatest absolute reduction in eye growth. The decline in absolute treatment effects
during each successive year of the 6-year trial was consistent with an overall slowing of
myopia progression as the children aged, and approximately maintained a stable percentage
treatment effect for 6 years. For instance, the slowing of axial elongation for the population
was observed to be 52% after 3 years (Chapter 3) and remained 52% after six years (Chapter
6).

Issues surrounding the best approach to slow myopia progression, the most appropriate
methods to assess efficacy, and what constitutes an optimum myopia control intervention and
indeed the true mechanism of action for these optical devices remain active areas of research
today. This PhD thesis is an example of successful multi-year effectiveness on what amounts
to the first generation of optical devices for the slowing of myopia progression. The increasing
range of effective myopia control interventions offer the eye care practitioners and patients to
select myopia control interventions most suited to their age and lifestyle needs. Most
significantly, the results in this thesis and other studies make it possible to prevent children
from developing high myopia and its accompanying high risk of untreatable sight loss later in
life.
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