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Abstract

e AIM: To explore the photopic pupil size behavior in myopic
children undergoing overnight orthokeratology (ortho-k) over
1-year period and its effects on the axial elongation.

e METHODS: A total of 202 Chinese myopic children
were enrolled in this prospective clinical trial. Ninety-
five subjects in ortho-k group and eighty-eight subjects in
spectacle group completed the 1-year study. Axial length
(AL) was measured before enroliment and every 6mo after
the start of ortho-k. The photopic pupil diameter (PPD) was
determined using the Pentacam AXL and measured in an
examination room with lighting of 300-310 Lx. Stepwise
multiple linear regression analysis was used to identify
variables contribution to axial elongation.

e RESULTS: Compared with spectacle group, the average
1-year axial elongation was significantly slower in the ortho-k
group (0.25+0.27 vs 0.44+0.23 mm, P<0.0001). In ortho-k
group, PPDs significantly decreased from 4.21+0.62 mm
to 3.94+0.53 mm after 1mo of lens wear (P=0.001,
Bonferroni correction) and the change lasts for 3-month
visit. No significantly change during the other follow-up visits
was found (P>0.05, Bonferroni correction). The 4.81 mm
PPD may be a possible cutoff point in the ortho-k group.
Subjects with PPD below or equal to 4.81 mm tended to
have smaller axial elongation compared to subjects with
PPD above 4.81 mm after 1-year period (t=-3.09, P=0.003).
In ortho-k group, univariate analyses indicated that those
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with older age, greater degree of myopia, longer AL, smaller
baseline PPD (PPD,,.ine) €Xperienced a smaller change
in AL. In multivariate analyses, older age, greater AL and
smaller PPD,,..ine Were associated with smaller increases
in AL. In spectacle group, PPD tended to be stable (P>0.05,
Bonferroni correction) and did not affect axial growth.

e CONCLUSION: PPDs experience significantly decreases
at 1-month and 3-month ortho-k treatment. Children with
smaller PPD tend to experience slower axial elongation and
may benefit more from ortho-k.
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INTRODUCTION

yopia is a globally public health problem associated

with increased ocular-related morbidity and enormous
healthcare costs''”. In recent decades, it’s prevalence in
adolescents has already been increasing to 10% to 25% in
industrialized societies of the West and 60% to 80% in East
Asia, respectively™®. The myopic prevalence will even
significantly increase to 50% of the world’s population
by 2050 Overnight orthokeratology (ortho-k) has been
considered an effective and safe myopia-retarding therapy
to decrease the increasing prevalence of high myopia and
the potentially blinding myopic complications, such as
retinal detachment, macula choroidal neovascularization
and glaucoma. Although the mechanism of ortho-k remains
controversial, most previous studies, including randomized
and controlled clinical trials, have demonstrated that ortho-k
reduces the axial elongation by 40% to 60% in children
when compared with single-vision spectacles or soft contact
lenses'".
In the long-term clinical experience, we found the myopia
control effect of ortho-k displayed a large inter-individual
variability and cannot be precisely predicted. Increased
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knowledge of factors related to axial elongation and myopia
progression in ortho-k is of great importance, especially for the
pre-wear evaluation. If the accurate benefit gained from ortho-k
wear could be predicted, we can select different appropriate

strategies, such as 0.01% atropine

, or optimize lens design
according to the specific eye characteristics in children to
improve the retardation effect of ortho-k and ultimately achieve
personalized myopia intervention. Although we have been
interested in the predictors of ortho-k treatment for almost 10y,
the result is always exciting and controversial. Recently, one
study has reported that changes in corneal aberrations could
be the inhibitory factor of ortho-k on myopia progression”.
However, in another research, neither short-term nor long-term
changes in corneal aberrations were significantly correlated
with the 2-year change in axial elongation"*. Chen et al'"”
found large pupil diameters facilitate larger axial retardation
effect in myopia treated with ortho-k. However, Downie and

Lowe™™

revealed in their study that pupil size appeared not to
influence the rate of myopic progression in ortho-k treated eyes.
In 2007, a longitudinal study first reported an association
between more time outdoors and a reduced risk of myopia
onset?'!. After that, a series of observation, from animal
experiments to human clinical trials, suggest that outdoor
light exposure might be a modifiable risk factor for myopia
onset”?*. Based on such finding, several years ago, education
department has renovated the illumination of classroom in
some schools in Shanghai and encourage children to participate
in outdoor activities in order to reduce the incidence of myopia.
Hence, a photopic condition would more often occurs in daily
life conditions in most children and adolescents during ortho-k
treatment. Compared with the scotopic pupil diameter (SPD)
assessed in Chen e al’s research!"”, we deduce that photopic
pupil diameter (PPD), which was not so stable and would be
affected by illumination condition, would be more valuable in
predicting myopia control effect in ortho-k treatment.

The aim of this study was to explore the photopic pupil size
behavior in myopic children wearing ortho-k lenses over a 1-year
period and its effect on the control of myopic eye growth.
SUBJECTS AND METHODS

Ethical Approval This longitudinal, prospective and
nonrandomized study was conducted at Shanghai Eye Disease
Prevention & Treatment Center and registered at Clinical-
Trials.gov (NCT03516357). The study followed the tenets of
the Declaration of Helsinki and was approved by the Ethical
Committee of the Shanghai General Hospital, Shanghai Jiao
Tong University School of Medicine. All subjects, and their
parents, provided signed written informed consent for treatment
and were fully informed of the risks and benefits of the treatment.
Subjects A total of 202 patients (92 males and 110 females)
were enrolled based on the inclusion criteria listed in Table 1.

Table 1 Inclusion criteria

1 Subjects aged 7-15 years old

2 Spherical equivalent refractive error (SER) between -1.00 and -6.00 D
3 Intraocular pressure (IOP) between 10 and 21 mm Hg

4 With-the- rule astigmatism less than or equal to 1.50 D

5 Best corrected visual acuity <0.00 logMAR units in both eyes
(Snellen equivalent to 20/20)

6 No other ocular diseases (binocular vision problems, keratoconus,
fundus diseases)

7 No history of medications that might affect the progression of myopia

8 No history of contact lens wear

All subjects accepted detailed medical history taking and a
series of prescreening ocular examinations, including slit-lamp
microscopy of the anterior and posterior segment, cycloplegic
manifest refraction, corneal topography (Oculus, Wetzlar,
Germany), and binocular vision assessment.

Subjects in the ortho-k group were fitted with 4-zone lenses
(Euclid Systems Corporation, Herndon, USA) made of
Boston EQUALENS II (oprifocona) with a nominal Dk
of 127x10"" (cm’»mLO,)/(s*mL*mm Hg), a diameter of
10.6-11.0 mm, an optical center thickness of 0.21-0.23 mm,
a wetting angle of 36°. Lenses were fitted according to the
instructions recommended by the manufacturer. Final lenses
were determined after optimization regarding fluorescein
pattern, topographical evaluation, refractive and visual
outcomes. The subjects were provided with clear instructions
regarding the wearing and maintenance of lenses. Follow-up
appointments were promptly planned.

Subjects were instructed to wear ortho-k lenses every night
with a minimum of 8h per night and were examined 1, 7, 30
and 90d after beginning ortho-k treatment. After the initial
90d, subjects were examined every 3mo. All examinations were
fulfilled within 2h of removing the lens (between 8 and 10 a.m.)
to minimize the potential influence of diurnal variation. At all
follow-up visits, visual acuity, slit lamp examination, manifest
refraction, corneal topography was performed. Subjects were
also examined whenever an abnormal symptom occurred.

In the spectacle group, examinations were performed every
6mo until the end of the study period.

Measurements Refraction Cycloplegic manifest refraction
was performed only at enrollment. One drop of 0.5%
tropicamide was instilled in each eye five times at 5-minute
intervals, and autorefraction was measured three times after
30min. At the rest follow up visit, only non-cycloplegic subjective
refraction were conducted.

Axial length The axial length (AL) was evaluated using the
IOL Master (Carl Zeiss Jena GmbH, Jena, Germany). Three
consecutive measurements were taken and the average of the 3
was used as a representative value for analysis.
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Corneal curvature and photopic pupil diameter The corneal
curvature (flat and steep meridians), PPD were determined
with Pentacam AXL (Oculus Optikgeréte, Wetzlar, Germany).
In order to better match the classroom illumination for students
today after the light environment reform in Shanghai, these
parameters were measured in a windowless examination room
with lighting of approximate 300-310 Ix. Moreover, to avoid
the potential impact of environment and circadian variation
on PPD result, measurements were performed between 8
and 10 a.m. after 15min adaptation in the examination room.
These parameters were measured at the time of enrollment and
at every follow-up visit. The first 5 data with differences less
than 0.50 mm was included and the averaged values were used
for sequent analyses.

Data Analysis Use Shapiro-Wilk test to evaluate the normality
of the data. For variables that fit a normal distribution, data
were presented as the mean and standard deviation (SD) in
ortho-k group or spectacle group. Differences on baseline
characteristics between two groups were analyzed using the
2’ or ¢ test respectively. AL and PPD changes from baseline
were analyzed using repeated measures analysis of variance
(ANOVA). If significant differences were found, paired ¢ tests
with Bonferroni correction were performed to compare the
differences. Correlation among variables AL change from
baseline, baseline AL, PPD
pressure (IOP), age, initial spherical equivalent refractive

baselines ION-coNtact intraocular
error (SER), initial corneal curvature were explored using
scatter plots and Pearson correlation coefficients. Multivariate
linear regression was performed to investigate the effect of
variables (age; SER; IOP; baseline AL; PPD, ..) On AL
change. LOWESS was used to curve fit and detect the possible
threshold for baseline pupil size in ortho-k group. Significance
was set at a P-value of <0.05. Statistical analyses were
performed using SAS 9.4 (SAS Institute, Cary, NC, USA) and
GraphPad Prism (GraphPad Software, San Diego, California
USA) were utilized for data analysis and visualization. Only
data from the right eyes of the subjects were analyzed.
RESULTS

A total of 202 subjects were eligible for the baseline
enrollment, they were allocated to the ortho-k group (100 eyes;
43 males, 57 females) and spectacle group (102 eyes; 49 males,
53 females). During the 1-year follow-up period, 5 and 14
subjects from the ortho-k and spectacle groups were discontinued
from the study for various reasons: persistent corneal staining
(n=2), poor centration (n=2), allergic conjunctivitis (n=1),
lost to follow-up (n=4), poor compliance (n=2), switch to
other myopia control modality (n=5), change hospital (n=3).
Consequently, 95 ortho-k subjects and 88 control subjects
completed the 1-year study, the dropout rate was 9.41%. The
baseline demographics of the two groups are shown in Table 2.
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Table 2 Baseline demographic data of the 183 subjects who
completed the study in the ortho-k and the spectacle group

fems e

Age (y) 9.89+1.99 9.85+2.19 0.90
M/F ratio 45:40 42:46 0.96
SER (D) -3.50+1.46 -3.49+1.24 0.99
IOP (mm Hg) 16.01+2.38 15.68+2.25 0.33
PPD (mm) 4.21+0.62 4.11+£0.74 0.31
Flatter meridian (D) 42.58+1.23 42.57+1.39 0.95
Steeper meridian (D) 43.76+1.43 43.60+1.49 0.45
AL (mm) 24.92+0.95 24.75+0.87 0.21

SER: Spherical equivalent refractive error; IOP: Intraocular pressure;
PPD: Photopic pupil diameter; AL: Axial length. ‘Chi-square test for

M/F ratio, unpaired #-test for other variables.

Table 3 PPD and AL change over 1-year of ortho-k treatment in

both groups
PPD AL

Items Ortho-k Spectacle Ortho-k Spectacle

group group group group
Baseline 4.21£0.62  4.11£0.74  24.92+0.95  24.75£0.87
1wk 4.07+0.54 - - B}
Imo 3.94+0.53 - - -
3mo 4.02+0.54° - - ;
6mo 4.06+0.55  3.99+0.65 25.04+0.89° 24.96+0.86"
12mo 4.06£0.63  4.07+0.63 25.17£0.87° 25.19+0.85
F 6.60 1.88 68.0 267.6
P <0.0001 0.16 <0.0001 <0.0001

PPD: Photopic pupil diameter; AL: Axial length. ‘Repeated-measures
ANOVA. "P<0.01 for changes against baseline.

There were no significant differences in baseline characteristics
between the two groups.

After ortho-k treatment, the PPD changed significantly during
l-year period (P<0.0001, ANOVA). The biggest decrease
(4.21+£0.62 mm vs 3.944+0.53 mm, P=0.001, Bonferroni
correction) occurred in 1mo of lens wear and the change lasts
for 3-month visit. No significantly changes were observed
during the other follow-up visits (P>0.05, Bonferroni
correction). Whereas in the spectacle group, the PPD showed
no significant difference during 1-year period, indicating that
PPD tend to be stable in spectacle group (P=0.16, ANOVA;
Table 3).

During the 1-year period, there was a significant elongation
in AL in both the ortho-k and spectacle groups (Table 3). The
ortho-k group exhibited less axial elongation than did the
spectacle group (6-month: 0.12+0.20 vs 0.20+0.15, F=8.32,
P=0.004; 12-month: 0.25+0.27 vs 0.44+0.23, F=23.64,
P<0.0001; Figure 1). In total, a 43.18% reduction in axial
elongation was estimated at the end of study period.
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To be more specific, LOWESS was used to curve fit and detect
the possible threshold for baseline pupil size in ortho-k group.
As shown in the Figure 2, 4.81 mm may be a possible cutoff
point in the ortho-k group. Hence, subjects was further divided
into two sub-groups based on the cutoff point (4.81 mm): PPD
below or equal to 4.81 mm group and PPD above 4.81mm
group. In the ortho-k group, subjects with PPD below or equal
to 4.81 mm tended to have smaller axial elongation compared
to subjects with PPD above 4.81 mm after 1-year period
(#=-3.09, P=0.003; Figure 3, Table 4). AL change in subjects
with PPD below or equal to 4.81 mm was 52.27% that of the
subjects with PPD above 4.81 mm at 1-year visits. Contrarily,
in the spectacle group, PPD was not detected such cutoff value.
Correlation among variables AL change from baseline,
baseline AL, PPD, ;... non-contact IOP, age, initial SER, and
initial corneal curvature were explored using scatter plots and
Pearson correlation coefficients. The 1-year axial elongation
was significantly related to baseline AL, PPD,,;,., initial
age, SER and IOP (All P<0.05). To be more specific, further
linear regression analyses of the related variables showed that
baseline age, SER, baseline AL and PPD, ;.. demonstrated
a statistically significant relationship with 1-year AL growth
in ortho-k group (Figure 4). Other factors, such as IOP,
flatter meridian and steeper meridian, were not significantly
correlated with the axial elongation (P>0.05). In the spectacle
group, age and baseline AL were significantly correlated with
the axial elongation (P<0.05).

Since no statistical correlation was observed, flatter meridian,
steeper meridian and gender were not included in multivariate
analysis. Baseline age, SER, AL, PPD, ..., Which were
potential predictive factors in univariate regression analysis,
were included in the multivariate linear regression analysis.
The result showed that older age, longer baseline AL, and
smaller PPD were significantly associated with less AL
elongation in ortho-k group. Decrease in the PPD by 1| unit
was related to 0.11 mm reduction in the 1-year AL elongation
(P=0.004), holding other factors constant. In the spectacle
group, initial age, SER, and baseline AL was significant
negatively correlated with axial elongation at 1y (Table 5).
DISCUSSION

Myopia correction with ortho-k contact lens, which uses
a specially designed rigid contact lens to submit a stress
on the cornea to modify the corneal contour temporarily
and eliminate refractive errors, has proven to be a safe and
effective procedure. After overnight wearing, it could provide
clear vision in wearers without daytime optical correction.
Nowadays, ortho-k lens is widely used in children because
of its potential effect in slowing myopia progression. In this
study, the 1-year axial elongation was 0.25 mm in the ortho-k
group and 0.44 mm in the spectacle group. The retardation
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Figure 2 Use LOWESS to fit a smooth curve between pupil
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spectacle group (It was found that 4.81 was the possible cutoff
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Figure 3 One-year axial elongation for the subjects in the ortho-k

group at each follow-up visit ‘P<0.01.

Table 4 Axial elongation in 2 subgroup in the ortho-k group at each visit

Group 6mo 12mo
PPD<4.81 mm (n=81) 0.10+0.17 0.21+£0.25
PPD>4.81 mm (n=14) 0.23+0.32 0.44+0.29
t -1.48 -3.09
P 0.16 0.003

PPD: Photopic pupil diameter.
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Figure 4 Simple linear regressions between 1-year axial elongation and baseline age (A), SER (B), AL (C), pupil diameter (D) of
ortho-k subjects SER: Spherical equivalent refractive error; AL: Axial length.

Table S Multivariable regression analysis of different independent variables on 1-year axial elongation

Ortho-k group Spectacle group
Items
B 95%CI t P B 95%CI t P

Age -1.18" -2.09 to -0.26 -2.55 0.01 -0.74° -1.48 to -0.002 2.18 0.0495
SER -0.16 -0.39t0 0.07 -1.35 0.18 -0.33" -0.51 to -0.14 -1.99 0.0008
10P -0.01 -0.02 to 0.01 -0.68 0.50 -0.02 -0.04 to 0 -3.48 0.06
AL -0.56" -0.94 t0 -0.17 -2.89 0.005 -0.30° -0.59 to -0.01 -1.93 0.04
PPD,ageiine 0.11° 0.04 to 0.19 2.98 0.004 0.03 -0.03 t0 0.08 -2.09 0.34
Age*AL 0.05 0.01 to 0.09 242 0.02 0.03° 0.001 to 0.06 0.97 0.04
Age*SER 0.02 -0.01 t0 0.04 1.41 0.16 0.03° 0.01 to 0.05 2.06 0.0012

SER: Spherical equivalent refractive error; AL: Axial length; IOP: Intraocular pressure; PPD,,.,.. Baseline photopic pupil diameter.

*p<0.05; °P<0.01.

effect in AL growth of ortho-k was 43.18%, indicating that
ortho-k treatment was a promising optical intervention to
prevent the development of myopia in Chinese children.

The size of the pupil not only determines the amount of
light entering the eye, but also determines the exposure
of the surrounding retina, which is considered to be an
important mechanism for regulating the speed of myopia
development™. At the same time, the pupil diameter is also
related to some important visual feedback mechanisms, such

[26-27] [28

as aberrations and accommodative functions”*. Recently,
a study done by Chen et al''” found that larger SPD possess
more advantageous myopia control effect in ortho-k treated
children. This result prompted pupil diameter to receive

more emphasis and become a vital predictor of the myopia
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control benefit before wearing ortho-k contact lens. However,
until now, articles explore the photopic pupil size behavior
in children wearing ortho-k lenses are still rare. To our
knowledge, this was the first study to investigate the long-term
PPD change during ortho-k treatment and showed significant
pupil constriction after 1-month of overnight ortho-k contact
lens wear. This pupillary regulation has two probable
explanation. First, myopia showed less accommodation
demands with or without corrective eyeglasses during near
work, compared with emmetropia. This accommodation
requirement can be alleviated when refractive correction
strategy switch from spectacles to contact lenses™”. Although
we did not directly measure the accommodative response,
Yang et al®® have found an elevated accommodation function



Int J Ophthalmol, Vol. 15, No. 8, Aug.18, 2022
Tel: 8629-82245172  8629-82210956

www.ijo.cn
Email: ijopress@163.com

after ortho-k treatment. As Yuda et /" points out, over
a period of accommodation training, the pupil diameter
decreased in far accommodation. In this regard, we speculated
that the repetitive and effective accommodation training
induced by ortho-k, subsequently enhanced accommodative
function, contribute to the pupil constriction during ortho-k
treatment. Second, an earlier study has confirmed that a
blurred image may induce pupillary constriction”"’. The
dramatic and irregular changes in corneal morphology,
especially in the early stage of ortho-k, lead to an increase in
corneal and ocular higher order aberrations (HOAs)"” and a
decrease in contrast sensitivity function””, modulation transfer
function cutoff values (MTF,,,) and Strehl ratio (SR)**\.
The ortho-k-induced decline in optical quality, which result
in a blurred image on retina, elicits miosis to compensate for
the deterioration of optical quality. In the present study, the
pupil constriction effect was gradually attenuated and pupil
diameters eventually did not change after 1-year ortho-k
therapy. Hence, we speculate that this pupillary regulation is
probably an ocular adaptation response toward the improved
accommodation function and decreased vision quality after
ortho-k. However, the real accommodative function and visual
quality was not monitored in this study, further short-term and
long-term research is required to investigate ortho-k-induced
changes to PPD, accommodative function and visual quality
and their interaction comprehensively.

Whether pupil diameter was the factor that suppress
myopia progression in children treated with ortho-k is still
controversial. A study done by Chen ez al'" demonstrated the
relationship between the basic SPD and regulation effect, found
that larger SPD turned out to have less myopia progression
in ortho-k treated eye. However, in two latter studies, no
association was found between pupil size and myopia control
effect in eyes undergoing ortho-k treatment”***. In the current
study, PPD,,..i.. Showed significant correlations with axial
elongation. Unexpectedly, we got exactly the opposite result
that smaller PPD,
in ortho-k lens wearers. At the end of the 1-year period, AL

aseline €Xperienced smaller axial elongation
change in the ortho-k subjects with PPD below or equal to 4.81
mm was approximately half that of the ortho-k subjects with
PPD above 4.81 mm. The different result can be attributed
to that we measured the PPD, while Chen e a/'" assessed
the SPD in their study. Due to the SPD cannot reflect the
real state of daily life conditions, Chen ef al'"” deduced the
PPD in their study from the scotopic one, according to the
research of Alfonso et al” that the average difference between
photopic and mesopic pupil size was approximately 1.5 mm
and finally draw the conclusion that children with relatively
larger pupils would benefit more myopia control effect from
ortho-k treatment”*. However, in the article of Alfonso et al””,

they also revealed that there is no potential mutual predictive
ability between PPD and SPD because the photopic value only
explains 48.1% of the variability in the mesopic value, Hence,
any prediction of mesopic pupil size from photopic values
would be inaccurate. They recommended to measure photopic
and scotopic pupil size respectively in order to obtain reliable
value. Considering that photopic pupil size is unstable, we got
S repeatable PPD data for each eye under uniform illumination
conditions and used the averaged values for analyses in order
to obtain an unbiased value of pupil diameter. Therefore, the
result of the current study that AL is prone to increase slowly
in subjects with a photopic small pupil diameter by ortho-k
was convincing.

The exact mechanism responsible for the development of
myopia has not been determined. A rapidly growing research
revealed that the onset and progression of myopia should
be a complex and multifactorial process. One of the current

3538 which have been

hypotheses is peripheral defocus theory
shown in animal studies that peripheral myopic defocus could
modulate not only peripheral ocular growth, but also axial
growth"”. However, recent investigations in humans have
failed to find the correlation between peripheral refraction and

myopia progression'*”

. The peripheral myopic shift induced by
ortho-k has the following characteristics: first, the range and
power of the peripheral defocus across the retina caused by
ortho-k remained stable, as the corneal morphology stabilizes
after Imo of ortho-k lens wear. Second, the typical treatment
zone (central flattened area) of ortho-k was approximately
5.5 mm diameter™®"™*, the reverse curve area (mid-peripheral
steepened area) will appear further away. Hence, the ortho-k
lens-induced shift was more evident in the far periphery than
in the near periphery. Faria-Ribeiro et al”” found, as the
pupil diameter dilates from 3 to 6 mm, peripheral refraction
in eyes treated with ortho-k suffers a significant myopic shift,
and further speculate it contribute to the positive influence in
regulation effects. However, during most part of the waking
cycle, whether from daylight or artificial sources, eyes are
normally exposed to photopic levels of ambient lighting, which
make pupil constrict to a more modest diameter'™”. In the
current study, most dynamics pupil diameters were less than
5 mm with photopic illumination conditions of 300 Lx, Thus,
it seems that the power of myopic shift in peripheral refraction
caused by pupil dilation is limited.

On the other hand, the aberration also increases as the pupil
diameter increases. It has been postulated that high levels of
axial ocular aberration, which result in poor quality of the
retinal image, might be precursors to myopia development™’.
Numerous studies have investigated the relationships between
HOAs and AL"** refractive error'*”, and axial eye growth”™,
the result remains equivocal. Several researchers support
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the idea that HOAs have no impact on the emmetropization
process”**!. On the contrary, to date, Lau et al*” reported
that less myopia development was observed in subjects
with more positive spherical aberrations. Recently, Hiraoka

et al™”

showed that higher levels of corneal HOAs were
associated with less axial elongation during ortho-k treatment.
As we all known, the values of aberration depend on pupil
diameter and it was usually small for 3 mm pupil diameter
and increase rapidly as the pupil dilates beyond about 4 mm
diameter increases™. However, in these studies, HOAs were
all measured over a fixed pupil size of 6 mm, which may not
be a realistic pupil size for children across a range of visual
tasks and environments. Exposure to photopic illumination
conditions, such as bright outdoor lighting, pupil diameter
is likely to reduce to under 3-4 mm and may result in HOAs
of negligible magnitude. As in the current study, most PPD
was 3.0 to 5.0 mm with lighting of 300 Lx. Hence, it has
been suggested to measure the value with real pupil diameter.
Smaller pupil size could increase the depth of focus'*’”,
and decreases a spherical aberration; accommodation lag
during near work'*"), as well as the corneal multifocality,
and asymmetric corneal shape induced by treatment zone
decentration, thus erase the blur retinal signals, which would
stimulate myopia progression during ortho-k. It seems also
reasonable to conclude that pupil-related peripheral myopic
shift, which has positive effect on myopia control of ortho-k,
may be strengthened by improvement of visual quality
induced by pupil miosis. In the present study, subjects with
smaller PPDs gain a more pronounced myopia control
effect. Further studies were needed to clarify the change
of aberrations under normal viewing conditions and its
relationship with myopia progression.

At present, a number of characteristics, including age, initial
degree of myopia, and corneal morphology, has been proved
to be important factors affecting the myopia control effect
of ortho-k. However, even the above-mentioned baseline
demographics and ocular biometrics of patients are the
same, obvious individual differences can still be observed
clinically. More recently, studies focus on changes in corneal
power profile, including areal summed corneal power shift
(ASCPS; central 4 mm area)'®’, apex-peripheral refractive

1 summed corneal power change (SCPC, the

power difference
sum of relative corneal power change within the area of 7.2 mm
diameter)'*”, were also associated with axial elongation after
ortho-k wear. Thus, the effect of inhibiting axial growth of
the ortho-k can not only be predicted, but also modified by
optimizing the lens design. In the current study, we found
that PPD is an independent factor for the myopia control
effect of ortho-k. Smaller PPD associated with slower myopia

progression. Based on our research, PPD can not only be used
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to guide patient selection, but also predict myopia control
effects before wearing ortho-k lens. It is also a factor that can
be modified manually, some possible interventions that help
to obtain long-time smaller PPD, such as drugs (mydriatics),
more outdoor activities, and brighter indoor lighting, may
be attempted to enhance the axial growth suppression effect
in ortho-k treated eyes. In addition, the lens design can
be individually adjusted according to the patient’s pupil
diameter. A novel ortho-k design concept, reducing optical
zone size and introducing reverse curve into pupil size
region, leading to more retinal area being exposed to the
peripheral myopic defocus might help to improve the
ortho-k lens myopia control effect.

There are some limitations in our study. First, although the
most accurate and reliable instrument for measuring pupil
performance at present is the dynamic pupilometer, in this
study, we used Pentacam to measure the pupil diameter,
mainly because Pentacam is clinically applied to almost
every wearer’s pre-wear inspection. All patients using the
same measurement method will be more comparable. This is
also conducive to rapid predicting the myopia control effect
of wearing ortho-k. Considering that pupil size is affected
by factors such as light, accommodation and cognitive
activity, which may cause a larger fluctuation in pupil size
measurement. In the current study, adequate indoor light
environment adaptation time, sufficient measurement times
can minimize measurement errors. Further investigation, using
a dynamic pupilometer to measure PPD change during ortho-k
is warranted. Second, the follow-up period of the study was
relatively short (1-year). Given that ortho-k is always widely
conducted on children for a long period for purpose of slowing
the progression of myopia, further studies with longer follow-
up designs are needed to assess the pupil diameter behavior in
myopic children population. Third, we did not measure SPD,
peripheral refraction and ocular aberration at the same time.
Further studies, including more potential factors, are needed
to clarify the effect of pupil diameter on the development of
myopia during ortho-k.

In conclusion, PPDs experience significantly decrease at
I-month and 3-month ortho-k treatment. At the end of 1-year
period, PPDs change with ortho-k are not different with
baseline. Children with smaller PPDs tend to experience
slower axial elongation and may benefit more from ortho-k
treatment, which may be attribute to the appropriate foveal
visual signal induced by smaller PPDs.
ACKNOWLEDGEMENTS

Foundations: Supported by the Natural Science Foundation
of Shanghai (No.18ZR1435700); Clinical Research Project
of Shanghai Health and Family Planning Committee
(N0.201840199).



Int J Ophthalmol, Vol. 15, No. 8, Aug.18, 2022
Tel: 8629-82245172  8629-82210956

www.ijo.cn
Email: ijopress@163.com

Conflicts of Interest: Zhu MJ, None; Ding L, None; Du LL,
None; Chen J, None; He XG, None; Li SS, None; Zou HD, None.
REFERENCES

1 Lanca C, Sun CH, Chong R, Wong YL, Nongpiur ME, Htoon HM,
Thakur S, Quek DQY, Cheng CY, Hoang QV, Sabanayagam C,
Saw SM, Wong CW. Visual field defects and myopic macular
degeneration in Singapore adults with high myopia. Br J Ophthalmol
2021:bjophthalmol-2020.

2 Fledelius HC, Jacobsen N, Li XQ, Goldschmidt E. The Longitudinal
Danish High Myopia Study, Cohort 1948: at age 66 years visual ability
is only occasionally affected by visual field defects. Acta Ophthalmol
2019;97(1):36-43.

3 Ohno-Matsui K, Wu PC, Yamashiro K, Vutipongsatorn K, Fang YX,
Cheung CMG, Lai TYY, Ikuno Y, Cohen SY, Gaudric A, Jonas JB. IMI
pathologic myopia. Invest Ophthalmol Vis Sci 2021;62(5):5.

4 Jan CL, Congdon N. Chinese national policy initiative for the
management of childhood myopia. Lancet Child Adolesc Heal
2018;2(12):845-846.

5 Jonas JB, Ang M, Cho P, et al. IMI prevention of myopia and its
progression. Invest Ophthalmol Vis Sci 2021;62(5):6.

6 Nakao SY, Miyake M, Hosoda Y, Nakano E, Mori Y, Takahashi A,
Ooto S, Tamura H, Tabara Y, Yamashiro K, Matsuda F, Tsujikawa A,
Group OTNS. Myopia prevalence and ocular biometry features in a
general Japanese population: the nagahama study. Ophthalmology
2021;128(4):522-531.

7 Vincent SJ, Cho P, Chan KY, Fadel D, Ghorbani-Mojarrad N, Gonzalez-
Mé¢ijome JM, Johnson L, Kang P, Michaud L, Simard P, Jones L.
CLEAR - orthokeratology. Cont Lens Anterior Eye 2021;44(2):240-269.

8 Hiraoka T, Sekine Y, Okamoto F, Mihashi T, Oshika T. Safety and
efficacy following 10-years of overnight orthokeratology for myopia
control. Ophthalmic Physiol Opt 2018;38(3):281-289.

9 Swarbrick HA, Alharbi A, Watt K, Lum E, Kang P. Myopia control
during orthokeratology lens wear in children using a novel study
design. Ophthalmology 2015;122(3):620-630.

10 Bullimore MA, Johnson LA. Overnight orthokeratology. Cont Lens
Anterior Eye 2020;43(4):322-332.

11 Cho P, Tan Q. Myopia and orthokeratology for myopia control. Clin
Exp Optom 2019;102(4):364-377.

12 Saw SM, Matsumura S, Hoang QV. Prevention and management
of myopia and myopic pathology. Invest Ophthalmol Vis Sci
2019;60(2):488-499.

13 VanderVeen DK, Kraker RT, Pineles SL, Hutchinson AK,
Wilson LB, Galvin JA, Lambert SR. Use of orthokeratology
for the prevention of myopic progression in children: a report
by the American academy of ophthalmology. Ophthalmology
2019;126(4):623-636.

14 Zhang Y, Chen YG. Effect of orthokeratology on axial length
elongation in anisomyopic children. Optom Vis Sci 2019;96(1):43-47.

15 Cho P, Cheung SW. Protective role of orthokeratology in reducing risk

of rapid axial elongation: a reanalysis of data from the ROMIO and

TO-SEE studies. Invest Ophthalmol Vis Sci 2017;58(3):1411-1416.

16 Yam JC, Juan ZX, Zhang YZ, et al. Three-year clinical trial of
low-concentration atropine for myopia progression (LAMP)
study: continued versus washout. phase 3 report. Ophthalmology
2021;129(3):308-321.

17 Hiraoka T, Kakita T, Okamoto F, Oshika T. Influence of ocular
wavefront aberrations on axial length elongation in myopic
children treated with overnight orthokeratology. Ophthalmology
2015;122(1):93-100.

18 Santodomingo-Rubido J, Villa-Collar C, Gilmartin B, Gutiérrez-Ortega
R, Suzaki A. Short- and long-term changes in corneal aberrations and
axial length induced by orthokeratology in children are not correlated.
Eye Contact Lens 2017;43(6):358-363.

19 Chen Z, Niu LL, Xue F, Qu XM, Zhou ZM, Zhou XT, Chu RY. Impact
of pupil diameter on axial growth in orthokeratology. Optom Vis Sci
2012;89(11):1636-1640.

20 Downie LE, Lowe R. Corneal reshaping influences myopic
prescription stability (CRIMPS): an analysis of the effect of
orthokeratology on childhood myopic refractive stability. Eye Contact
Lens 2013;39(4):303-310.

21 Jones LA, Sinnott LT, Mutti DO, Mitchell GL, Moeschberger ML,
Zadnik K. Parental history of myopia, sports and outdoor activities,
and future myopia. Invest Ophthalmol Vis Sci 2007;48(8):3524-3532.

22 Liu J, Li B, Chen QY, Dang JX. Student health implications of school
closures during the COVID-19 pandemic: new evidence on the
association of e-learning, outdoor exercise, and myopia. Healthcare
(Basel) 2021;9(5):500.

23 Yang YC, Hsu NW, Wang CY, Shyong MP, Tsai DC. Prevalence trend
of myopia after promoting eye care in preschoolers: a serial survey
in Taiwan before and during the coronavirus disease 2019 pandemic.
Ophthalmology 2022;129(2):181-190.

24 Landis EG, Park HN, Chrenek M, He L, Sidhu C, Chakraborty R,
Strickland R, Tuvone PM, Pardue MT. Ambient light regulates retinal
dopamine signaling and myopia susceptibility. Invest Ophthalmol Vis
Sci 2021;62(1):28.

25 Benavente-Pérez A, Nour A, Troilo D. Axial eye growth and refractive
error development can be modified by exposing the peripheral retina
to relative myopic or hyperopic defocus. Invest Ophthalmol Vis Sci
2014;55(10):6765-6773.

26 Philip K, Sankaridurg P, Holden B, Ho A, Mitchell P. Influence of
higher order aberrations and retinal image quality in myopisation of
emmetropic eyes. Vision Res 2014;105:233-243.

27 Faria-Ribeiro M, Navarro R, Gonzalez-Méijome JM. Effect of pupil
size on wavefront refraction during orthokeratology. Optom Vis Sci
2016;93(11):1399-1408.

28 Charman WN, Radhakrishnan H. Accommodation, pupil diameter and
myopia. Ophthalmic Physiol Opt 2009;29(1):72-79.

29 Robertson DM, Ogle KN, Dyer JA. Influence of contact lenses on
accommodation. Theoretic considerations and clinical study. Am J

Ophthalmol 1967;64(5):860-871.

1329



Photopic pupil size change in orhto-k

30 Yang Y, Wang L, Li P, Li J. Accommodation function comparison
following use of contact lens for orthokeratology and spectacle use
in myopic children: a prospective controlled trial. /nt J Ophthalmol
2018;11(7):1234-1238.

31 Yuda KJ, Uozato H, Hara N, Tetzlaff W, Hisahara S, Horie H,
Nakajima S, Horie H. Training regimen involving cyclic induction of
pupil constriction during far accommodation improves visual acuity in
myopic children. Clin Ophthalmol 2010;4:251-260.

32 Chang CF, Cheng HC. Effect of orthokeratology lens on contrast
sensitivity function and high-order aberrations in children and adults.
Eye Contact Lens 2020;46(6):375-380.

33 Liu GH, Chen Z, Xue F, Li J, Tian M, Zhou XT, Wei RH. Effects of
myopic orthokeratology on visual performance and optical quality.
Eye Contact Lens 2018;44(5):316-321.

34 Wang BJ, Naidu RK, Qu XM. Factors related to axial length
elongation and myopia progression in orthokeratology practice. PLoS
One 2017;12(4):¢0175913.

35 Alfonso JF, Ferrer-Blasco T, Gonzalez-Méijome JM, Garcia-Manjarres
M, Peixoto-de-Matos SC, Montés-Mico R. Pupil size, white-to-white
corneal diameter, and anterior chamber depth in patients with myopia.
J Refract Surg 2010;26(11):891-898.

36 Damani JM, Annasagaram M, Kumar P, Verkicharla PK. Alterations
in peripheral refraction with spectacles, soft contact lenses and
orthokeratology during near viewing: implications for myopia control.
Clin Exp Optom 2021:1-10.

37 Li Q, Fang FZ. Retinal contour modelling to reproduce two-dimensional
peripheral spherical equivalent refraction. Biomed Opt Express
2021;12(7):3948-3964.

38 Hair LA, Steffensen EM, Berntsen DA. The effects of center-near and
center-distance multifocal contact lenses on peripheral defocus and
visual acuity. Optom Vis Sci 2021;98(8):983-994.

39 Smith EL 3rd, Kee CS, Ramamirtham R, Qiao-Grider Y, Hung
LF. Peripheral vision can influence eye growth and refractive

development in infant monkeys. Invest Ophthalmol Vis Sci

1330

2005;46(11):3965-3972.

40 Furuse T, Hasebe S, Tokutake T. Peripheral refraction in Japanese
schoolchildren with low to moderate myopia. Jpn J Ophthalmol
2022;66(1):74-80.

41 Queirds A, Gonzalez-Méijome JM, Villa-Collar C, Gutiérrez AR,
Jorge J. Local steepening in peripheral corneal curvature after corneal
refractive therapy and LASIK. Optom Vis Sci 2010;87(6):432-439.

42 Zhong YY, Chen Z, Xue F, Miao HM, Zhou XT. Central and
peripheral corneal power change in myopic orthokeratology and its
relationship with 2-year axial length change. Invest Ophthalmol Vis Sci
2015;56(8):4514-4519.

43 Charman WN. Aberrations and myopia. Ophthalmic Physiol Opt
2005;25(4):285-301.

44 Little JA, McCullough SJ, Breslin KMM, Saunders KJ. Higher order
ocular aberrations and their relation to refractive error and ocular
biometry in children. /nvest Ophthalmol Vis Sci 2014;55(8):4791-4800.

45 Carkeet A, Hai DL, Tong L, Mei Saw S, Tan DTH. Refractive error
and monochromatic aberrations in Singaporean children. Vis Res
2002;42(14):1809-1824.

46 Lau JK, Vincent SJ, Collins MJ, Cheung SW, Cho P. Ocular higher-
order aberrations and axial eye growth in young Hong Kong children.
Sci Rep 2018;8(1):6726.

47 Bernal-Molina P, Montés-Mico R, Legras R, Lopez-Gil N. Depth-of-
field of the accommodating eye. Optom Vis Sci 2014;91(10):1208-1214.

48 Goss DA, Rainey BB. Relationship of accommodative response
and nearpoint phoria in a sample of myopic children. Optom Vis Sci
1999;76(5):292-294.

49 Hu Y, Wen CH, Li ZY, Zhao WC, Ding XH, Yang X. Areal summed
corneal power shift is an important determinant for axial length
elongation in myopic children treated with overnight orthokeratology.
BrJ Ophthalmol 2019;103(11):1571-1575.

50 Lee EJ, Lim DH, Chung TY, Hyun J, Han JS. Association of axial
length growth and topographic change in orthokeratology. Eve Contact
Lens 2018;44(5):292-298.



