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Introduction and Motivation
Digitalisation is ongoing in all aspects of our society and the time spent looking at a screen increases.
The Corona crisis has sped up this development and it can be seen that even children aged 4 to 17

years spend more time doing screen activities.!

These changes in daily activities have an impact on the development of the eyes. Increased near
work and less time spent outdoors leads to an increase of myopia prevalence in children.? It has
already been shown that the additional screen time or reduction in time spent outdoors due to

Corona leads to an increase in myopia prevalence in young children aged 6 to 8 years (Figure 1).3
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Figure 1: Mean spherical equivalent refraction in 6 year old children; cross-sectional data from 10 primary schools in
Feicheng (China) in the years 2015 to 2020; a clear decrease in spherical equivalent can be seen after the strict Lockdown in

20203

The KiGGS study revealed, that myopia prevalence in Germany in the years 2003 to 2006 in the age
group 14 to 17 was 20,5% in boys and 29,7 % in girls (Figure 2). However, in this study data was self-
reported by the parents and analysis dependent on age groups. The LIFE Child data allows for a more

comprehensive insight of myopia prevalence and development in Germany.
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Figure 2: Myopia Prevalence in 3 to 17 year old children in Germany from the KiGGS Study?*

In East Asian countries the prevalence of myopia and high myopia is much higher compared to
Europe.’ Since myopia is associated with sight-threatening co-morbidities such as retinal
detachment®, myopic maculopathy’, glaucoma?® and cataract®, the aim should be to avoid an increase

of myopia prevalence in Europe.

Fortunately methods have been developed to reduce myopia progression. A way to prevent the
incidence and progression of myopia is to increase the near work distance, reduce the time spent

with near work activities and increase the time spent outdoors (Figure 3).1°
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Figure 3: Rates of myopia progression within 2 years in Chinese School children aged 9 to 11 years in respect to near work
distance, discontinued near work time and time spent outdoors. Near work distance > 30, discontinued near work every 30
minutes and more outdoor activity are associated with a smaller amount of myopia progression.1°

If myopia has already been diagnosed, myopia progression can be slowed down with low-dosed
atropine eyedrops daily or contact lenses, of which is orthokeratology most successful.!
Orthokeratology is a technique in which contact lenses are worn over night and change the shape of
the epithelium of the cornea. This leads to clear vision during the day without spectacles or contact
lenses. A therapy with Atropine eye drops or Orthokeratology can not only reduce the progression of

myopia but also the rate of elongation of the eye (Figure 4).12
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Figure 4: Monocular change in axial length within 2 years of intervention with Ortho-K (red), Atropine 0.05% (green) and

Atropine 0.01 % (blue). Axial length increased in all three cohorts but in the Ortho-K group an obvious suppression of axial
length growth compared to Atropine was seen.’3

It is important that children at risk to develop myopia are detected early and parents are educated in

ways to prevent myopia progression.

The sensibilisation to these topics can be achieved through the paediatricians, who are the primary
consultants to the parents regarding the health of their children. The professional association of
paediatricians in Germany recommends in their screening concept paed.plus to check children’s eyes
with the vision screener for amblyopia and refraction.!* The next step would be to observe refractive
development using centile curves of refraction. The use of these curves is already common in the

observation of weight and height in children (Figure 5).
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Figure 5: A page of the booklet of child’s medical records, which is handed out to the parents in Germany after birth to
monitor the child’s development. Height and weight are monitored with centile curves.

Optometrists are contact persons for children who already have glasses. They can also educate
parents in ways to slow myopia progression, such as Atropine eye drops and Orthokeratology.
Currently new devices in Optometric practices are introduced to measure eye length (axial length).
Myopia is associated with increased axial length. Increase in axial length can even be observed

before the onset of myopia.’®
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Figure 6: Myopia Master (Oculus Optikgerdte) on the left and the record that is created throughout several visits on the
right. Development of axial length is monitored with the use of centile curves.



The measurement of axial length is very accurate!®, whereas the accuracy of refraction in children
strongly depends on the control of accommodation.’ Therefore the new approach to monitor
children’s eye development not with refraction alone but with refraction and measurements of axial
length is promising. In order to analyse data correctly, a good database for the centile curves is
required. Currently the centile curves in the database of the Myopia Master (Oculus Optikgerate
GmbH, Wetzlar, Germany) are based on a study by Tidemann et al. In this study data from 6, 9 and
15 year old children from several study sites in Europe were analysed. For the age groups in between

the centile curves are estimated in the OCULUS Myopia Master database.

Aims
The present situation requires more data on the current status of refraction and axial length in

children in Germany. Therefore, this thesis aims to:

1) Define the current status of myopia prevalence in children in Germany detailed for every
year of age.
Hypothesis: Myopia prevalence in the LIFE Child study is comparable to other German and
European paediatric cohorts.

2) Generate percentiles for refraction over age to improve analysis of refractive data in children
in paediatric practices.
Hypothesis: The development of refractive error in China diverges from LIFE Child reference
group around the age of school enrollment, and the difference is larger for the lower
centiles.

3) Generate percentiles for axial length over age to improve analysis of axial length data in
children in Optometric practices and Ophthalmologists.
Hypothesis: Eye length can be reliably measured, and reference curves for eye length

development can be used to identify children with high risk for myopia.



Background

Once a baby is born it has its first contact with the visual world. This is the commencement of visual
development. At birth infants are able to fixate faces at a close distance.'®° Visual abilities then

improve during the first decade of life.?2%?! At the same time the eye grows.?

The infantile eye is commonly mildly hyperopic and with elongation of the eye and refractive changes
in cornea and lens the emmetropization process commences. Increasing axial length leads to a
myopic shift in the eye. At the same time the cornea and predominantly the lens lose refractive
power, which compensates the myopic shift.? This fine-tuned process should lead to emmetropia, a

state in which no glasses are required.

Refractive development in infants and children

0 to 6 years: Emmetropization

At birth most infants are hyperopic. When measuring refraction at one month there is a huge
standard deviation, showing that there are enormous individual differences at birth.2* At this age the
mean refraction is 2.0 D.2>?¢ Figure 7 shows the distribution of refraction at birth up to 4 years of

age.
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Figure 7: Distribution of the spherical equivalent in 12 age groups from 0 to 48 months of age. The prediction limits show
that the standard deviation of the spherical equivalent is larger at birth compared to children aged 12 months. This
development is part of the emmetropisation process.?*

During the first months of life there is a huge elongation of the eye.?* If the eye was only growing
without changing the optics, infants would become more and more myopic with the growing eye. An
elongation of the eye of 1mm would cause a change in refraction of -3.0 D. But in the growing eye
there is also a stretching of the cornea and the lens, causing a reduction in optical power. Growth of

the eye is a very fine-tuned process, where the changes in lens power, corneal power and axial



length are coordinated.?” Interestingly this process is related to the initial refractive error of the
infant. More hyperopic children show a higher increase in axial length during the first year of life,

thus leading to a refraction closer to emmetropia, still being mildly hyperopic.?%?°

Mutti et al. have shown, that the emmetropization process seems to fail, if there is initial hyperopia
above +5.0 D or initially emmetropia or myopia. Children with high hyperopias tend to continue
being hyperopic. Emmetropic and myopic infants however, became myopic or stayed myopic

between the age of three and nine months.??

By the age of three years the mean refraction is +0.75 D with a much smaller standard deviation,
compared to the standard deviation at birth.2® This shows that the emmetropization process has lead
predominantly to a state in which no glasses are required for sharp vision. If ametropia occurs,

hyperopia is more common in children than myopia.

The emmetropization process continues up to the age of six years and the prevalence of myopia is
generally low. At six years, being mildly hyperopic of at least +0.75 D is a protective factor for

myopia.?®
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Figure 4. Mean spherical equivalents plotted in Figure 1 and those reported
in Mutti et al,” Larsen,® Lue et al,” and Zadnik et al.” The smooth curve is a
simple exponential function (time constant, 3.6 years) fit to all of the plotted
points. D indicates diopters.

Figure 8: Development of the mean spherical equivalent from 1 to 13 years of age in Norway (circle) and the USA (all other
studies). In younger children the mean spherical equivalent is mildly hyperopic and becomes less hyperopic with increasing
age.?®

After 6 years of age: trend towards myopia

After the age of six years the distribution of refraction is dependent on the population studied.
Widely there is a tendency of increased incidence and prevalence of myopia. However, in some

countries like Australia and Nepal there is even further emmetropization after the age of 6. For



European countries a mild increase in myopia prevalence is observed with increasing age, while the
incidence, prevalence and progression of myopia in many Asian countries after the age of six is
rocketing.2® A mild reduction of refraction at this age may still be normal as with increasing age a
lower hyperopia seems to be protective for myopia. Where for a six year old child a refraction of
+0.75 D is protective for myopia, +0.5 D is protective in seven and eight year old children, +0.25 D in
nine and ten year old children and even emmetropia is protective, if the child is at least 11 years

old.®

For Germany the prevalence of myopia in the age group 3 — 6 years is 2.4% for boys and 2.1% for
girls. An increase of the prevalence can already be seen in the age group 6 to 10 year old children
with 6.7% and 9.3% for boys and girls, respectively. In the oldest age group studied, 14 to 17 years,
the prevalence was 20.5% for boys and 29.7% for girls (Figure 2).* This data by the KIGGS Study
supports, that myopia development in Germany starts as early as six years and then continues until

adulthood.

A way to show the development of refraction in a cohort, which shows not only myopia prevalence
but also the prevalence of high myopia and hyperopia is by using centile curves. Figure 9 shows
centile curves from a cohort of children in Guangzhou in China. The trend towards increasing
prevalence of myopia and high myopia with increasing age can clearly be seen. To understand the
differences of refractive development between different populations it would be interesting to

compare centile curves of refraction.
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Figure 9: Percentile curves for Chines boys aged 5 to 15 years. In China a clear trend towards a myopic development with
increasing age can be seen. 29

Eye-growth and axial length

Axial length growth due to developmental elongation of the eye

At birth the eye is approximately 17 mm long and grows to a size of about 23 mm in adolescence.?’
The elongation is biggest during the first year of life, with decreasing growth rates towards the end of
the first year. At 12 months the axial length is about 20 mm.2%2* At three years the emmetropic eye is

almost 22 mm long, showing that the rate of axial elongation has further decreased.*

6 to 9 year old emmetropes in Singapore had an average axial length of 23 mm.? A more detailed
study from America measured an axial length at 6 years of 22.33 mm for girls and 22.82mm for boys
which increased by the age of 9 to 23.02 mm and 23.40mm, respectively. At 14 the axial length was
23.48 for girls and 23.69 for boys. Towards the end of the observed period (14 years) only marginal
changes of axial length were measured.! Identically to Zadnik et al. Hashemi et al. found that axial
length in Iran is gender-depended with longer eyes in boys. After the age of 14 only little changes

were observed in both groups and may be due to myopia development.3?

This shows, that axial length seems to stabilize at this age, possibly reaching its end point. However,
if the average axial elongation in a population is studied, it cannot be distinguished between growth-

related and myopia-related axial elongation. There are only few studies, which measured axial length



in emmetropes only, thus marking the growth-related end point of axial length. The axial length of 22
emmetropic Australian adults aged 18 to 36 years was 23.0 mm.3? In India axial length in 102
emmetropes aged 14 to 60 was 23.52 mm.3* In emmetropic Korean adults axial length was 23.41
mm?» and in emmetropic Dutch adults axial length was 23.30mm?. Thus, the emmetropic end point

of axial elongation appears to be around 23.0 mm to 23.5 mm.

It could also be shown, that axial length is correlated to body height and weight, which has no

correlation with myopia.?”*®

Axial length growth due to myopia

Jin et al. describe the axial length growth as a logarithmic function, which asymptotes towards an
end point. Their end point observed was 24.35 mm at 15 years.?® This data is for a cohort of Chinese
children and children of all refractive states were included. As at this age most of the children are
myopic, this shows not the emmetropic end point, but axial elongation due to myopia development.®
This shows that axial length is depended on the ethnicity and region when all refractive states are

included. In this case increased axial length is a sign of a high prevalence of myopia in a cohort.

In order to compare axial length between several ethnicities in different age groups centile curves of
axial length may be a useful tool. Tidemann et al. have created such curves for European children
aged 6, 9 and 15 years old (Figure 10). Their data of children aged 6 and 9 are derived from a Dutch

study and the data of 15 year of children from a British study.
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Figure 10: Centiles of axial length in Europe created from data at age 6, 9, 15 and in adults (males on the left and females on
the right)3®



Sanz Diez et al. have created similar curves for a cohort from China with continuous data from age 5
to 15 (Figure 11). Both, Tidemann et al. and Sanz Diez et al. have also calculated the prevalence of
myopia for each centile of axial length, which increases with increasing axial length. More detailed

data on axial length in children in Europe would be desirable for comparison to Chinese data.
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Figure 11: Centile curves of axial length of children aged 5 to 15 years in China on the left and the respective prevalence of
myopia for each centile on the right.*°



Methods

Study population

For all analysis the LIFE Child data were used. LIFE Child is a study in which healthy child development
is monitored. The study population is divided into three interrelated cohorts: the birth cohort, the
health cohort and the obesity cohort. It is a cross-sectional and longitudinal study and aims to
understand a wide range of factors influencing health and growth in children. Study data is
representative with a bias towards higher educational and socioeconomic status. Data is collected in
Leipzig in Germany.* Refraction and biometry of the eye are carried out from the age of three.
Participants are invited annually for continuous measurements. Collection of the relevant data was
between January 2014 and May 2018, so that a maximum observation period of 4 years was

analysed.

Measurements
Autorefraction without Cycloplegia was carried out with the Zeiss i.Profiler plus (Carl Zeiss Vision

GmbH, Aalen, Germany). In order to relax accommodation the focus target was defocussed initially
(fogging). The i.Profiler plus is an Aberrometer measuring the wavefront aberrations. The refractive
error was calculated at a pupil diameter of 3mm and a vertex distance of 12 mm. In order to
maximize pupil size throughout the measurements the room light was switched off and the window
blinds were closed. Biometry was measured with the LENSTAR (Haag-Streit, Konitz, Switzerland).
Both, Aberrometry and Biometry were carried out three times in each eye. Visual acuity without and
if applicable with correction were determined by and optometrist using logMAR charts (ZEISS
i.Polatest, Carl Zeiss Vision GmbH, Aalen, Germany) at 6 m distance and ambient room lighting. In
addition parents or, in older children, the participants themselves completed a questionnaire and

gave information on the history of eye surgeries, eye diseases and spectacle use.

Figure 12: Zeiss i.Profiler plus (Carl Zeiss Vision GmbH, Aalen, Germany) on the left and the LENSTAR (Haag-Streit, Kénitz,
Switzerland) on the right.



Statistical analysis
Of the three measurements taken by the i.Profiler plus at each visit the spherical equivalent (SE =

sphere + % cylinder) of the right eye was calculated. The median was used for reference interval

calculation. Also, for axial length the median out of three measurements of the right eye was used.

The data for refraction development and axial length as a function of age were statistically analysed
as a continuous function, as recommended by the WHO.*? In comparison to age intervals for which
the centiles could be calculated this method results in smoother curves and provides better
comparableness. For calculation of the centile curves the GAMLSS model was applied. The software

R, by the R foundation, with the additional package “gamlss” was used.

For obtaining growth curves only one visit of each participant and only one member of each family
can be analysed. Since this procedure would lead to only a small number of data, especially at the
older age groups, a method by Vogel et al. was used to generate reference intervals from
unbalanced, interrelated data. Thereby a resampling technique is used. Reference curves are
calculated several times with subsamples of the cohort. For each calculation 75% of the families are
sampled. Then in a second step only one measurement out of all available measurements of each
family is sampled. By using sampling weights each person has the same probability to be selected.
Reference curves are then calculated from this subsample. This is done 1000 times. The final result is

the mean of these 1000 single estimated values.*®
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Abstract

Aim: Current prevalence rates of myopia in children and adolescents vary all over the world, with
especially high prevalence rates in East Asian countries. The objective of this study was to describe the
refractive status in children and adolescents growing up in Germany.

Methods: Non-cycloplegic refractive status of children of the LIFE Child study in Leipzig, Germany, was
measured by wavefront-based autorefraction in 1934 subjects (925 girls / 1009 boys), aged 3 to
16 years (mean = 9.05 * 3.91). Myopia was defined as spherical equivalent refractive error (SE) < -0.75
diopters (D), emmetropia as -0.75 D > SE < +0.75 D, hyperopia as SE 2+0.75 D and astigmatism as
cylinder £-0.75 D. Anisometropia was defined as a difference of > 1.0 D in the SE between the two
eyes.

Results: Analysis revealed that refractive error became more myopic with older age (b = -0.08,
p < 0.001), with an observed prevalence of myopia of 27% in 16-year-old children (4% in 3-year-olds).
The true prevalence of myopia might be lower as non-cycloplegic measurements might overestimate
refractive error in myopes and underestimate refractive error in hyperopes which in turn may
overestimate the prevalence of myopia. The prevalence of anisometropia also increased with growing
age (OR = 1.14, observed prevalence in 3- versus 16-year-olds = 2.3% and 8.1%, respectively). The
prevalence of astigmatism was 11.8 %.

Conclusions: Myopia prevalence in German children aged 3 to 16 years is around or even less than
10%, taking into consideration that measurements were carried out without cycloplegia. Our results
are comparable to other European paediatric studies. In comparison to East-Asian countries myopia

prevalence and thus the risk for eye diseases related to high myopia is much lower in Germany.



Abstrakt

Zweck: Die Haufigkeit der Myopie ist weltweit unterschiedlich, mit besonders hohen Préavalenzen in
Ostasiatischen Landern. Das Ziel der Studie ist es, den refraktiven Status von Kindern und Jugendlichen
in Deutschland zu beschreiben.

Methoden: Der Refraktionsstatus von 1934 Studienteilnehmern (925 Madchen / 1009 Jungen) der LIFE
Child Studie (Leipzig, Deutschland) im Alter von 3 bis 16 Jahren (Mittelwert = 9,05 # 3,91) wurde mit
nicht-zykloplegischer wellenfrontbasierter Autorefraktion gemessen. Die Einteilung des spharischen
Aquivalents (SA) war < -0,75 Dioptrien (dpt) fiir Myopie, -0,75 D > SA < +0,75 dpt fiir Emmetropie und
SA>+0,75dpt fiir Hyperopie. Der Astigmatismus wurde als Zylinder <-0,75dpt eingeteilt.
Anisometropie wurde als eine Differenz des SA > 1,0 dpt zwischen beiden Augen definiert.
Ergebnisse: Die Analyse ergab, dass der Refraktionsfehler fir dltere Kinder starker myop war (b =-0.08,
p < 0.001), mit einer beobachteten Pravalenz der Myopie von 27% bei 16-jahrigen Kinder (4 % bei 3-
jahrigen Kindern). Da Messungen ohne Zykloplegie dazu tendieren den Refraktionsfehler bei Myopen
zu Uberschatzen und bei Hyperopen zu unterschdtzen und somit die Prdvalenz der Myopie zu
Uberschatzen, kénnte die tatsachliche Pravalenz der Myopie sogar geringer sein. Auch die Pravalenz
der Anisometropie stieg mit h6herem Alter (OR = 1.14, beobachtete Prévalenz bei 3-jahrigen = 2,3%
und 16-jahrigen 8,1 %). Die Pravalenz von Astigmatismus lag bei 11,8%.

Fazit: Die durchschnittliche Pravalenz der Myopie bei Deutschen Kindern zwischen 3 und 16 Jahren ist
circa 10% oder sogar niedriger, wenn man bedenkt, dass unsere Messungen ohne Zykloplegie
durchgefiihrt wurden. Unsere Ergebnisse sind vergleichbar zu denen anderer padiatrischer Studien in
Europa. Im Vergleich zu Ostasiatischen Landern ist die Myopieprédvalenz, und somit das Risiko fir

myopiebedingte Augenerkrankungen, in Deutschland viel geringer.



Introduction

Uncorrected refractive error is the most common cause for moderate or severe distance vision
impairment worldwide and the second leading cause of blindness . Myopia in older adults is related
to an elevated risk for glaucoma ?, myopic maculopathy ? and cataract *. High myopia increases the risk
of pathologic ocular changes, such as retinal detachment °. Hyperopia, in contrast, is associated with
higher proportions of strabismus and anisometropia in children ®. Both are common causes of
amblyopia.

Besides, visual impairment due to uncorrected myopia causes massive economic burdens worldwide.
Naidoo et al. 7 estimated the global potential productivity loss from uncorrected myopia at USS 244
billion. Moreover, Holden ® predicted that in 2050, 49.8 % of the world population will be myopic and
9.8 % will have high myopia, respectively. Consequently, the already high costs might increase steadily.
Comparison of different data regarding the prevalence of myopia in childhood is difficult due to
different age groups, varied refractive measurement methods (for example, the use of cycloplegia)
and variability in the definition of myopia. Current prevalence rates of myopia vary all over the world.
In children and adolescents aged 5 to 15 years, who underwent cycloplegic autorefractometry, myopia
(SE £-0.5 D) was observed in 2.6 % in Iran °, whereas in China '°, 36 % of participants were reported to
be myopic.

So far, limited data have been published for Europe and notably Germany. In Poland *, 13.3 % of
participants aged 6 to 18 years were reported to be myopic whereas children and adolescents between
12 and 13 years living in Sweden *2 showed prevalence rates of 49.7 %. In the UK, the prevalence of
myopia in 6- to 20-year-old children was reported to range between 2% in the youngest and 19% in
the oldest children **. Kasmann-Kellner et al. ** published 1998 myopia prevalence rates of 8 % in
German kindergarten children using retinoscopy without cycloplegia. Nearly 20 years later, the KiGGS
study, a nationwide, population-based health survey in Germany, found a prevalence of myopia of
13.3 % in children and adolescents aged 3 to 17 years *°. However, in this survey, status of myopia and

the use of spectacles were reported by parents. It needs to be taken into account that parents are not



always able to distinguish between myopia and hyperopia. The result of the KiGGS study is similar to
the findings of another German study, which reported a myopia prevalence rate of 11.9 % in children
and adolescents aged 2 to 17 years *°. The authors used data about refractive correction based on self-
or parent-reported information of prescribed spectacles. However, also children without spectacles
might have ametropia. Furthermore, ophthalmologists might differ in their criteria or cut-offs for
prescribing spectacles.

The present study aimed to describe the distribution of refractive status depending on age and sex
based on objective wavefront-based autorefraction measurements in a large cohort of German

children and adolescents.

Materials and Methods

Participants

Data were collected during the period of January 2014 to May 2018 in the LIFE Child study
center in Leipzig, Germany. The LIFE Child study (clinical trial number NCT02550236) is a longitudinal
childhood cohort study aiming to investigate healthy child development and the development of
civilization diseases %, Participants mainly originate from the city of Leipzig and surrounding areas
are recruited via advertisement at different institutions, such as schools and public health centers
between birth and 18 years of age. All families interested in the study are invited to participate
voluntarily. Children suffering from any chronic, chromosomal, and syndromal diseases are excluded.
Subsequent visits are scheduled every year.
Informed written consent was provided by all parents before the inclusion of their children in the
study. The study was conducted in accordance with the Declaration of Helsinki. The study protocol was
approved by the Ethics Committee of the Medical Faculty of the University of Leipzig (Reg. No. 264/10-
ek).
For the present study, baseline measurements of 3- to 16-year-old children and adolescents (n = 1934)

were analyzed.



Examination procedures

Noncycloplegic refractive status of each eye (3 mm pupil diameter and 12 mm vertex distance)
was measured three times using a wavefront-based autorefractor (ZEISS i.Profiler® plus, Carl Zeiss
Vision GmbH, Aalen, Germany). Uncorrected distance monocular logMAR visual acuity was determined
according to a detailed standard operating procedure by a team of three experienced optometrists
using logMAR charts (ZEISS i.Polatest®, Carl Zeiss Vision GmbH, Aalen, Germany) at 6 m distance.
Ambient room lighting and single line letters were used. For children who were not able to read letters,
line or single Kolt-test optotypes were presented. A line was passed, if three out of five optotypes were
read correctly. At every eye examination, past or present eye diseases were documented. The
measurement of cycloplegic refractive status was rejected by the Ethics Committee and, therefore,

not applied in this study.

Definition of refractive errors

Refractive data were converted to the spherical equivalent (SE = sphere + cylinder/2). For each
child, we selected the median SE measurement of the three measurements and used the respective
SE and cylinder values for all further analyses. In young population non-cycloplegic autorefraction
might show a myopic shift in refractive error due to excessive residual accommodation *°. This bias
might lead to an overestimation of myopia or an underestimation of hyperopia. Based on grouping for

non-cycloplegic refraction in a systematic review by Hashemi %

and a recommendation by the
International Myopia Institute %, we used the following definition for refractive error: myopia: SE

< -0.75 diopters (D); emmetropia: -0.75 D > SE <+0.75 D; hyperopia: SE 2 +0.75 D and astigmatism

<-0.75 D. Anisometropia was defined as a difference of > 1.0 D in the SE between the two eyes 2.

Data analysis
All analyses were conducted using R, version 3.3.4. The Kolmogorov-Smirnov-Test was used to

test the difference of the distributions of the SE of left and right eyes, as well as to test whether the SE



was normally distributed. Spearman correlation analysis was conducted to assess the relationship
between SE or anisometropia and age and Mann-Whitney-U-Test was performed to investigate gender
differences. Logistic regression was used to examine odds ratios (OR) to assess associations between
the prevalence of myopia, emmetropia, hyperopia or anisometropia and age. Possible relations
between prevalence of refractive status and gender were tested by x? tests. The significance level alpha

was set to 0.05. Detailed analyses were carried out on the right eye for all participants.

Results

Myopia, emmetropia and hyperopia

The sample consisted of 1934 children and adolescents (925 girls, 1009 boys, mean age =
9.1 years; SD = 3.9). Information on the socio-economic status of the family, which were self-reported
by the parents, was available in 1833 children (95%). Of these children, 11% belonged to the low, 57%
to the middle, and 33% to the high social stratum. Compared to a large representative sample, this
distribution indicated a slight underrepresentation of the low social stratum .

The mean SE of all 1934 children and adolescents was -0.03 D (SD = 1.13 D) for the right eyes
and -0.04 D (SD = 1.13 D) for the left eyes. There was no significant difference in the distribution of SE
between left and right eyes (p = 0.95). For more accessible illustration, the following findings describe
right eyes only.

The SE of all children and adolescents, ranging from -7.36 D to +9.05 D, was not normally distributed
(p <0.0001). There were more individuals with a SE above the mean than below (1044 vs. 890
individuals, see Fig 1). Overall, in 79.8 % of the children and adolescents emmetropia was found.
Myopia was prevalent in 10.8 % (mean SE: -2.06 D + 1.43 D) and hyperopia in 9.4 % (mean SE: +1.82 D
+1.46 D). The prevalence rates of refractive status per year of age are presented in Table 1. Our data
showed a higher prevalence of myopia (OR = 1.24, p <0.0001) and a lower prevalence of hyperopia
(OR =0.90, p <0.0001) with older age. The prevalence of emmetropia was also lower with older age

(OR =0.93, p <0.0001, see Fig 2). At the age of 3 years, 4.0 % of the participants were myopic, 78.2 %
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were emmetropic, and 17.8 % were hyperopic. At the age of 16 years, in contrast, 27.0 % were myopic,

67.6 % were emmetropic, and 5.4 % were hyperopic. A gender difference in the prevalence of myopia,

emmetropia and hyperopia was not observed (x> =0.70, p =0.71). Also, the distribution of myopia,

emmetropia, and hyperopia did not differ significantly in children from the low, middle, or high social

stratum (x? = 0.70, p = 2.70, p = 0.61).
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Table 1. Preval of myopia, ropia, hyperopia, anisometropia and astigmatism among children of 3 to 16 years
of age, stratified by age.
Age (yr) | Participant Myopia Emmetropia Hyperopia Anisometro | Astigmatism
s (n) (%) (%) (%) pia (%) (%)
SE<-0.75D | -0.75 D>SE | SE=2+0.5D difference <-0.75D
<+0.5D of SE>21.0D

3 174 4.0 78.2 17.8 2.3 10.9
4 226 3.0 83.6 13.3 2.2 15.6

5 171 4.0 86.0 9.9 2.9 9.9

6 167 3.5 86.2 10.2 1.8 10.2

7 126 5.6 81.7 12.7 2.4 9.5

8 124 5.6 87.9 6.5 0 8.1

9 145 9.7 80.7 9,7 2.1 8.3
10 132 9.8 78.8 11.4 6.1 15.9
11 132 18.9 76.5 4.5 5.3 8.3
12 175 17.7 77.1 5.1 5.1 9.7
13 104 20.2 75.0 4.8 2.9 12.5
14 88 18.2 77.3 4.5 4.5 12.5
15 96 29.2 64.6 6.3 11.5 19.8
16 74 27.0 67.6 5.4 8.1 20.3
Total 1934 10.8 79.8 9.4 3.7 11.8

Fig 3 shows the distribution of SE by age and the respective regression line. There was a small negative
correlation between age and SE (R?=0.14, p < 0.0001). With older age, the average refractive error
was more myopic. At the age of 3 years we observed a mean SE of +0.29 D + 0.69 D whereas at the age
of 16 years the mean SE was -0.56 D + 1.53 D. The mean SE in males was -0.01D +1.14 D and in

females -0.06 D + 1.13 D. However, this difference did not reach significance (p = 0.38).
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Figure 3: Spherical equivalent as a function of age (r = 0.37, p < 0.0001).

Anisometropia

Anisometropia was present in 3.7 % (n = 71) of the subjects (mean difference in SE between
right and left eye: 1.73 D +1.13 D, range 1.0 D to 7.38 D). The prevalence of anisometropia did not
differ significantly between boys and girls (x> = 1.73, p = 1.0) or between children from different social
strata (x° = 2.24, p = 0.33). However, logistic regression showed a significant positive association with
increasing age (OR = 1.13, p < 0.0001), i.e., anisometropia was more frequent in older children. At the
age of 3 years, 2.3 % of the participants had an anisometropia compared to 8.1 % at the age of 16 years.
Of the subjects with anisometropia, 37 % had an anisometropia of less than 1.25 D difference. For the
degree of anisometropia we observed no age (p = 0.82) and no sex dependency (p = 0.23). In children
with anisometropia, there was no significant difference in the mean of the SE of right and left eyes

(p = 0.62), that means neither side was significantly more myopic or hyperopic.

11



Astigmatism

Astigmatic refractive error was prevalent in 11.8 % (n = 229) of the subjects (mean cyl: -1.34 D
+0.80 D, range -0.75D to -4.90 D; see also Table 1). Nearly half of the children and adolescents
(48.5 %) with astigmatism had a slight cylinder between -1.0 D and -0.75 D, however, 8.7 % had a

cylinder more than -2.5 D.

Discussion

Myopia

The overall prevalence rate of myopia in this study based on non-cycloplegic measurements
was shown to increase with growing age from 4% at age 3 to 27% at age 16 (average = 10.8%). For
precise assessment of the refractive status, it is usually recommended to apply cycloplegia, since non-
cycloplegic measurements tend to yield more myopic values for the sphere in the young population *°.
For ethical reasons, application of cycloplegic agents was not approved in such a large cohort. We are
aware that the actual prevalence of myopia is considerably lower than our estimates as a recent
published study determined significant differences for the agreement of non-cycloplegic and
cycloplegic measurements of wavefront-based autorefraction (same device as in the present study) in
German children aged 2 to 15 years ?*. The average difference for the SE resulted in a bias of 0.55 D
(p < 0.001). Applying this correction to our data yields a corrected estimated prevalence rate of myopia
of 6.4 %. Sankaridurg et al. ** developed a method (“Model B”) to determine myopic refractive errors
based on a non-cycloplegic measurement of sphere and cylinder, age and uncorrected visual acuity.
Likewise the authors analysed an average difference for the SE of 0.63 D in children aged 4 to 15 years
living in China. Applying Sankaridurgs et al. model to our data yields a corrected estimated prevalence
rate of myopia of 7.1 %. This prevalence rate might still be biased, since the authors conclude that the
model might not be appropriate for non-Asian countries and very young populations where hyperopia
may be the predominant refractive error. Thus, while the precise prevalence of myopia in German

children and adolescents cannot be derived from the current study, the empirical measurements in
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combination with results from other studies comparing cycloplegic and non-cycloplegic measurements
strongly suggest that the true prevalence lies below the reported 10.8 %. This is an important result,
especially considering recent trends in China and East Asian countries, showing considerably higher
prevalence rates of myopia. Using non-cycloplegic measurements, children at the age of 14 years living
Beijing 2° showed myopia prevalences (at least -1.0 D) of 58 % and 62 %, respectively. Using the same
cut-off, same-aged participants in the current study showed a prevalence rate of 17 %. This difference
might be explained by a complex interaction between increasing educational pressures and increased
near work activities and decreased time spent outdoors in China and East Asian countries ?’. Analyzing
the influence of these and other factors in the LIFE Child cohort is beyond the scope of this paper.
The measurement-based prevalence of 10.8 % reported for German children is comparable with
previous self- or parent-reported information about refractive errors in German children and
adolescents > It is also in line with those found in other European studies ***3. An international
quantitative meta-analysis of myopia prevalences in Caucasian European ancestry residing in Europe,
America, Australia and New Zealand showed prevalence rates of 1.6 % for 5-year-old, 6.7 % for 10-
year-olds, 16.7 % for 15-year-olds and 22.8 % for 18-year-olds children 2. Children and adolescents
aged 7 to 16 years living in Bosnia and Herzegovina ?° as well as Swedish children aged 12 to 13 years
2 showed higher prevalence rates (20.4 % and 49.7 %).

In the current study, no gender differences were observed regarding the prevalence of myopia. This

12 30 |

finding is supported by earlier published studies either in Europe ** or East Asian studies n
contradiction, some European and Asian studies observed a higher prevalence of myopia in females
than in males %%, These gender differences might be explained by more near work and less outdoor
activities in females vs. males 3!,

Furthermore, similar to other European and Asian studies ***%3°, we observed that with older age not
only the prevalence of myopia increases but also the average refractive error becomes more myopic.

Parts of this change of refraction reflects the process of emmetropization, which is largely completed

by the age of 6 years *2. However, the situation in China and East Asian countries differs from that in
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our study. At the age of 16 years, 27.0 % of our participants had myopia and as already mentioned,
this frequency is often exceeded in China and East Asian countries where also the prevalence of high
myopia is higher. Lam et al. ** reported that 1.8 % Hong Kong Chinese schoolchildren aged 6 to 12 years
had high myopia of more than -6.00 D. In the study by You et al. ?® 4.3 % of Chinese children at the age
of 7 to 18 years were high myopic. Consequently, the risk of pathological eye changes increases in
these countries °. In the current study, the number of children and adolescents with high myopia is

comparatively low (0.06 %, n = 12 for SE <-5.0 D and 0.02 %, n = 3 for SE <-6.0 D, see also Fig 1 and 2).

Hyperopia

In our study, hyperopia was found in 9.4 % of the studied population. Earlier, a prevalence rate
of 5.8% was reported for children and adolescents in Germany, based on parent-reported
questionnaires **. Due to accommodation hyperopic children often do not experience a reduction of
visual quality and therefore might not consult the ophthalmologist. For this reason, hyperopic
refractive errors often remain undiagnosed. Therefore, analyzing data only on children wearing
spectacles is a significant limitation of studies like Jobke and colleagues °. The current results are
similar to findings of hyperopia prevalence rates of 7.7 % and 9.1 % in the Netherlands ** and Sweden
34 Higher prevalence rates were observed in Australian children aged 4 to 12 years (38.4 %) *.
Furthermore, our results demonstrate a lower prevalence of hyperopia in older children, which is in

line with the process of emmetropization. A gender difference was not observed. These findings are

also supported by other European studies %3¢,

Anisometropia
In the current study, 3.7 % of all children and adolescents had an anisometropia (2 1.0 D). This
finding is comparable with findings on Swedish 3 (2.8 %) and Dutch children * (4.6 %). However,

Junghans et al. *” found an anisometropia prevalence of only 1.4 % in Australian children.
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Astigmatism
The astigmatism prevalence of 11.8 % observed in the present study was lower than previously
found in Chinese schoolchildren aged 4 to 16 years (36 %) '°. However, higher lid tension in Asian

38 Australian

people is suggested to be associated with a higher prevalence of astigmatism
schoolchildren showed similar prevalence rates of 8.3 % for children aged 5 to 10 years and 10.5 % in

11- to 20-year-old children *°, compared to our study.

Strengths & limitations

The present paper presents, for the first time in Germany, measurement-based data describing
the refractive status in children and adolescents. Other strengths were the large age range with a high
participation rate of children in all age-groups. The limitation of our study was that cycloplegia was not
performed due to ethical and organizational reasons. As stated previously, accommodation might
affect the refractive error leading to an overestimation of myopia or an underestimation of hyperopia.
In addition, hyperopia might be undetected. Finally, the generalizability of study findings to the whole
population of German children might be limited due to a slight underrepresentation of children from

lower social strata and from rural areas in the LIFE Child study sample.

Conclusions

The prevalence of myopia in German children and adolescents increases with child age. The
overall myopia prevalence in children in Germany aged 3 to 16 years is around or even less than 10%,
taking into consideration that measurements were carried out without cycloplegica. Our results are
comparable to other European paediatric studies. Even though the mean prevalence of myopia (10,8
%) is (still) lower than in other, East Asian countries, it is a health concern that should be taken
seriously, for example because of the risk of myopia-related secondary diseases in adulthood. The risk

for these diseases, such as myopic maculopathy and retinal detachment, increases with increasing
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level of myopia. Measures to reduce myopia (e.g. by limiting near-work activity and promoting outdoor

activity) should start in early childhood and be followed up consistently.
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Abstract

Purpose

Percentile curves of refractive development for German children were generated. We
hypothesize that refraction in children in central Europe might differ from data in central
Asia.

Methods

Non-cycloplegic refraction was measured using the ZEISS i.Profiler plus (Carl Zeiss Vision
GmbH, Germany) in 1999 children, of which were 1046 male and 953 female, aged 3to 18
years. Reference curves were calculated with the R-package GAMLSS as continuous func-
tion of age.

Results

There were only little differences for all centiles between the genders at 3 years and a gen-
eral trend towards more myopia with increasing age. For the 97" centile and the 3™ centile,
girls showed higher myopia/ less hyperopia than boys. Between the age of 3 and 18, the
median refraction became -0.68 D and -0.74 D more myopic for boys and girls, respectively.
At the same time, the 97™" centile for boys changed +0.29 D towards hyperopia and in girls
-0.52 D towards myopia. A general myopic trend was seen in the 3™ centile, which was
-2.46 D for boys and -2.98 D for girls. For both genders, the median became less than zero
atthe age of 10 years but did not become myopic (less than -0.5 D) up to the age of 18.

Conclusion

Our analysis presents the first reference curve for refraction in central Europe. In compari-
son to data from China and Korea, there is only little difference at the age of 5 years in all
centiles which then increases continuously. For all ethnicities, a trend towards myopia with
increasing age could be observed, but myopia progression is much higher in China and
Korea than in Germany. The most marked differences can be seen in the lower centiles.
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Further investigations should clarify whether commencement of preschool activities with
prolonged near-work initiates the divergence in refractive development.

Introduction

Reference centile curves are commonly used in paediatric practice in order to estimate body
height and weight development. They are used as a screening tool to assess the development
and well-being of children [1,2].

Chen et al. have introduced the use of reference curves for refractive development in order
to identify children at risk for high myopia [3]. Once children at risk to develop high myopia
are identified, a treatment to slow down myopia progression can be commenced, like the use
of atropine eyedrops, Orthokeratology or contact lenses for myopia treatment [4]. The use of
centile curves to predict future refractive development is conclusive, as Zadnik et al. have
shown that the current refraction in children is the most important predictive factor for myo-
pia onset [5].

However, centile curves for refraction are population-specific [6,7]. Therefore Chen etal.,
whose study was carried out in Guangzhou, China, have called for more studies to generate
centile curves for refraction [3]. Incidence, progression and prevalence of myopia differs tre-
mendously from Asia to Europe. The prevalence of myopia for children between 5 and 16
years in Hong Kong is 36.7% with a progression from 18.3% at 6 years of age to 61.5% at 12
years of age [8]. In Germany, the prevalence of myopia is 13.3% for the age group 3 to 17 years.
The progression of myopia in the age groups 3 to 6 and 11 to 13 was 2.4% to 13.6% and 2.1%
to 19.3% for boys and girls, respectively [9]. The trend towards high myopia is much smaller in
paediatric cohorts in Germany, compared to Asia [7]. Between 2000 and 2015 the prevalence
of myopia did not increase in Germany [10]. High myopia in the adult age is associated with
higher risks for complications, such as myopic maculopathy [11] and retinal detachment [12].
But not only children with risk for high myopia can be treated with atropine, orthokeratology
or special contact lenses. These options are open to all myopic children [11], although a smaller
amount of myopia is associated with a smaller risk for complications [11]. Therefore the use of
centile curves is interesting for any population.

Centile curves allow also for comparison of refractive development of different populations.
Instead of comparing only the refractive state of the population at a certain age, trends can be
compared with reference curves. Finding the age at which refractive development starts to dif-
fer between ethnicities may help to find the cause for the difference in myopia prevalence
between Asia and Europe. Whereas the differences of myopia among populations are studied
thoroughly, there are fewer data about the differences of hyperopia development [13-15]. This
gap can be closed by comparison of centile curves.

Hyperopia can be classified in mild hyperopia (>0.5 D to < +2.0 D), moderate hyperopia
(>+2.0 D to < +5.0 D) and high hyperopia (>+ 5.0 D) [16]. In Shandong in China, the preva-
lence of mild hyperopia decreases continuously from 77.4% at the age of 4 years to 7.5% at 18
years and the prevalence of moderate and high hyperopia diminishes from 14.8% at 4 years to
1.4% at 12 years and is relatively stable thereafter [14]. There is a general trend towards regres-
sion of hyperopia in China with higher regression rates in children with high hyperopia com-
pared to children with moderate hyperopia [15]. In Germany, the prevalence of all hyperopics
>+0.5 D, measured without cycloplegia, decreased from 17.2% at the age of 3 to 4.5% at the
age of 11 and is relatively stable thereafter [17].
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Materials and methods
Study design

This analysis is part of the LIFE Child study, which was established to monitor healthy child
development. It consists of three cohorts, which are interrelated: the birth cohort, health
cohort and obesity cohort. LIFE Child is, among others, one of the biggest ongoing longitudi-
nal and cross sectional studies in Europe, to understand a wide range of factors influencing
health and growth in children [18]. It takes place in Leipzig, Germany and aims to indicate
representative data [18]. Despite many efforts, the study population shows a bias towards a
higher educational and socioeconomic status [18,19]. Designed as a longitudinal and cross sec-
tional study, participants are invited once a year for continuous measurements. At each visit, a
consent form is to be signed by a parent, by the child if possible and a physician or physician
assistant. The study was approved by the Ethical Committee of the medical faculty of the Uni-
versity of Leipzig (Reg. No. 264-10-ek) and registered with the trail number NCT02550236.

Data from 1999 participants of 1411 families from the health and obesity cohort between
the age of 3 and 18 years, of which were 1046 boys and 953 girls, were analysed. The data was
collected between January 2014 and May 2018.

Measurements

Autorefraction without cycloplegia was carried out with the wavefront aberrometer ZEISS i.
Profiler plus (Carl Zeiss Vision GmbH, Germany), which is based on a Hartmann-Shack sen-
sor. The refractive error was analysed at a 3mm pupil and a vertex distance of 12mm. In our
study setting, it was not possible to apply cycloplegica, as the ethical commission denied the
use of cycloplegia. For conducting the measurements, the light was switched off and the win-
dow blinds were closed. Only the light emitted by the computer screens illuminated the room.
Three measurements of each eye were carried out for each patient, whereby the individual eyes
were measured in an alternating manner. If the children were not able to concentrate over the
whole study period, the measurements were discontinued after one or two trials.

In order to relax accommodation, the focus target is defocused initially (fogging). Before
the aberrometry commences this defocus is reduced and the participant can see the target
clearly.

After autorefraction the uncorrected visual acuity (UCVA) and the best corrected visual
acuity (BCVA) were obtained using the ZEISS i.Polatest % (Carl Zeiss Vision GmbH, Aalen,
Germany) with the spherocylindrical combination measured with the ZEISS i.Profiler plus.
For children from 3 to 6 years and older children who were not able to read, Colt Symbols
were used, for the older children letters. The test distance was 6 meters with mirror.

Statistical analysis

According to the WHO guidelines for attained growth curves, the refraction is presented as a
continous function of age. This results in smoother curves than using age intervals and pro-
vides better comparableness. The GAMLSS model allows for creating such reference curves
from continuous variables [1,2]. For statistical analysis, the software R, by the R foundation,
with the additional package “gamlss” was used. This method has been used in former papers
analysing the LIFE Child database in order to create reference curves [20,21]. While the LMS
distribution is the most commonly used with this method [2] it does not allow modelling of
negative values, which are present in the spherical equivalent. We, therefore, used the slightly
more flexible skew exponential power type 2 distribution (SEP2) of the same package. For
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comparison with (Cheng), 3rd, 50, and 97'" percentiles were calculated, but other values
could be easily obtained from the fitted models [22].

Data collected was longitudinal with the first visit at different ages. Especially for the older
age groups, sufficient data is only available when data from follow-up visits are taken into
account. Furthermore, some of the study population are siblings and data therefore interre-
lated. As this problem exists for all statistical analyses within the LIFE Child study a method
has been developed to generate reference intervals from unbalanced, interrelated data [23].

Of all three measurements, the spherical equivalent (SE) of the right eye was calculated
(SE = sphere + % cylinder). The median out of the three measurements was used for reference
interval calculation. If only two measurements were obtained, the more positive one was cho-
sen for calculation. We used this procedure, as the non-cycloplegic measurement is commonly
lower than the corresponding cycloplegic measurement [24], so the more positive (or less neg-
ative) result would be closer to a cycloplegic result. In case only one measurement was taken
this was used for calculation. Less than three measurements appeared mainly in young chil-
dren, but already 87.4% of 3-year-olds had all three measurements taken, compared to 100%
of 17 year olds. In order to evaluate as many data of different children as possible, we decided
not to discard the results with less than three measurements.

Results

Using the GAMLSS package of the R software reference intervals were created for the refrac-
tion development over age of the right eye for boys and girls separately. Fig 1 shows the 3™,
50" and 97" centile curve of refractive development and Table 1 shows the differences of
refractive development between boys and girls. The reference intervals cover the age interval
from 3 up to 18 years. The non-cycloplegic spherical equivalent, obtained by wavefront-based
autorefraction is shown. We followed the most common definition of myopia for non-cyclo-
plegic measurements and defined myopia as SE < -0.5 D (7). In the graph, the myopia cut-off
is shown as dashed line.

The 50" centile does not differ between boys and girls and shows a general trend towards a
myopic shift. At 3 years of age, the median refraction is 0.37 D for boys and 0.31 D for girls. At
18 years, the median has shifted to -0.31 D in boys and -0.43 in girls. Thus the myopic shift of
the median between the age of 3 and 18 years is -0.68 D and -0.74 D for boys and girls, respec-
tively. For both genders, the median becomes less than zero at the age of 10 years but does not
become myopic (less than -0.5 D) up to the age of 18.

At 3 years of age, data does not show differences between the genders. The 97" centile is 1.92
D for boys and 2.0 D for girls and the 3¢ centile is -0.93 for boys and -0.96 for girls. While in the
hyperopic boys of the 97" centile there is a subtle hyperopic shift to 2.21 D (+ 0.29 D between
the age of 3 and 18), girls show the opposite trend to 1.48 D (-0.52 D in the observed period).

During the whole observation period, the gap between the 3™ centile between boys and girls
increases. The 3™ centile cut-offis -3.39 D for boys and -3.94 for girls at the age of 18. Both gen-
ders show a myopic shift in the 3™ centile, which was -2.46 for boys and -2.98 for girls.

It can be seen that the upper centiles show in general less changes throughout age groups
compared to the lower centiles. With increasing age, the myopic shift of the 3™ centile is faster
up to the end of the observed period.

In general, there is a trend to more myopic development in girls, compared to boys.

In order to compare refraction reference curves between Germany and China we had to
transfer our data from non-cycloplegic measurements into adequate cycloplegic measurement
results. Figs 2 and 3 and Table 2 show reference curves for boys and girls in the RESC study in
China [3] in comparison to data from the LIFE Child study in Germany.
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Fig 1. Reference curves for non-cycloplegic fraction (spherical equivalent) over age. Analysed were 953 girls and 1046 boys of the LIFE Child

study population. The lines show the 3rd, 50th and 97th centile. Each dot represents a single measurement.

https://doi.org/10.1371/journal.pone.0230291.g001

In the RESC study data was only collected from the age of 5 to 15. Therefore we can only
compare refraction curves of this age group. While our data does not show differences between
boys and girls in the 50" centile over all age groups, the 50" centile of boys and girls in China
developed similarly up to the age of 10 years. Above the age of 10, there was an increasing gap
between the myopic shift between the genders in China. At 15 years, girls in the 50 centile
were 0.89 D more myopic than boys, which is clinically relevant. In the 3™ centile girls in Ger-
many became increasingly more myopic than boys. This trend could be seen in China as well,
but only up to the age of 10 years. The trend reversed, and at 15 years, boys in the RESC study
were more myopic than girls.

Comparing the adjusted data for non-cycloplegic measurements, mean refraction at the age
of 5was 1.39 D in Germany and 0.92 D in China for boys and 1.46 D for German girls com-
pared to 1.00 D for Chinese girls. The mean refraction for both genders is almost half a dioptre
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Table 1. 3%, 50" and 97" centile cut-offs in diopters for boys and girls and comparison between the genders of the LIFE study population.

Age Boys [D] Girls [D] Difference (girls-boys) [D]

N* c3 C50 Cc97 N* C3 C50 Cc97 C3 C50 Cc97
3 61 -0.93 0.37 1.92 60 -0.96 0.31 2.00 -0.03 -0.06 0.08
4 183 -1.06 0.31 1.92 149 -1.09 0.28 2.01 -0.04 -0.04 0.09
5 170 -1.18 0.26 1.92 164 -1.23 0.24 2.02 -0.05 -0.02 0.10
6 159 -1.31 0.21 1.92 166 -1.38 0.21 2.02 -0.07 0.00 0.10
7 158 -1.45 0.16 1.93 167 =1:54 0.17 2.02 -0.09 0.01 0.09
8 172 -1.59 0.11 1.94 161 -1.71 0.13 2.01 -0.12 0.02 0.07
9 | 200 -1.74 0.06 1.95 151 -1.90 0.09 1.99 -0.16 003 0.04
10 190 -1.89 0.02 1.96 145 -2.10 0.04 1.96 -0.21 0.03 0.00
11 184 -2.05 -0.03 1.98 137 -2.31 -0.01 1.93 -0.26 0.02 -0.05
12 186 -2.21 -0.07 2.00 162 -2.52 -0.06 1.88 -0.31 0.01 -0.12
13 166 -2.39 -0.11 2.03 167 -2.75 -0.12 1.83 -0.36 -0.01 -0.21
14 160 -2.57 -0.15 2.07 163 -2.98 -0.18 1.77 -0.41 -0.03 -0.30
15 136 -2.76 -0.19 2.10 126 -3.21 -0.24 1.71 -0.45 -0.05 -0.39
16 119 -2.96 -0.23 2.14 116 -3.45 -0.30 1.64 -0.49 -0.07 -0.50
17 90 -3.17 -0.27 2.18 85 -3.69 -0.37 1.56 -0.52 -0.10 -0.61
18 35 -3.39 -0.31 2.21 27 -3.94 -0.43 1.48 -0.55 -0.12 -0.73

N-" states the number of participants in each age group. One participant can be present in several age groups, but in the statistical analysis each participant is weighted

equally regardless of the number of visits.

https://doi.org/10.1371/journal.pone.0230291.t001

o

Spherical Equivalent
N

A

" I B= 97%

[ ] L

" == 50%
L]

o™

—

L& 3%
3 5 9 11 13 18 17

Age

study

mmm——  China

= |IFE

LIFE (adjusted)

Fig 2. 3", 50, 97" centile reference curves of refraction over age for boys. The dashed lines represent the data of the LIFE Child study, the dotted
lines the transferred data of LIFE Child study by the calculation of Sakaridurg et al. into comparable data for cycloplegia and the continous lines show
the results of the RESC study from a city in China [3].
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Fig 3. 3", 50, 97" centile reference curves of refraction over age for girls. The dashed lines represent the data of the LIFE Child study, the dotted
lines the transferred data of LIFE Child study by the calculation of Sakaridurg et al. into comparable data for cycloplegia and the continous lines show
the results of the RESC study from a city in China [3].

https:/doi.org/10.1371/journal.pone.0230291.g003

more myopic in China at the age of 5 years. This difference increases up to the age of 15 to
1.41 D in boys and 2.21 D in girls, showing a stronger trend towards myopia in China.

At age 5 there is little difference between both ethnicities for the 3™ centile. Boys in China
are slightly more myopic (0.17D) and Chinese girls are even 0.37 D less myopic than German
girls. Already in 6 year old children differences begin to increase with Chinese children becom-
ing more myopic than German children. At the age of 15, the gap is 3.43 D for boys and 2.34 D
for girls.

Table 2. Differences of 3%, 50" and 97" centile cutoffs in diopters for boys and girls between LIFE child data
(adjusted by the calculation of Sankaridurg et al) and RECS study.

Age ‘ Boys (Adjusted LIFE Data—RECS study) [D] = Girls (Adjusted LIFE Data—RECS study) [D]

c3 | cs0 97 c3 C50 co7
5 017 | 047 038 -0.37 0.46 000
6 061 045 0.46 0.36 039 016
7 | 103 0.46 0.54 0.99 0.38 033
8 ‘ 143 048 0.62 151 042 051
9 1 179 055 0.70 1.94 0.51 0.70
10 | 214 0.63 0.80 226 0.65 088
11 | 245 0.72 0.90 248 0.86 108
12 | 27 0.85 1.00 2.60 111 129
13 | 299 1.01 111 2.61 143 151
14 | 323 1.20 124 253 1.79 174
15 343 1.41 1.37 i 234 221 198

https://doi.org/10.1371/journal.pone.0230291.1002
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For the 97" centile, however, data at age 5 shows no differences for girls and boys are 0.38
D less hyperopic in China. For 15 year old children, the differences between the ethnicities are
similar to the differences of the 50 centile.

While at age 5 there is in general little difference, the Chinese population shows for all cen-
tiles a more myopic/ less hyperopic development up to the age of 15.

Discussion

Because our data was measured without cycloplegia but Chen et al. measured refraction under
cycloplegia, the data cannot be compared directly.

Sankaridurg et al. have tried to tackle this problem and proposed a calculation which allows
prediction of cycloplegic refraction from non-cycloplegic refraction. In their setting, they ana-
lysed data of 4 to 15 year old children in Shanghai with and without cycloplegia. Autorefraction
was carried out with the Topcon K R-8900, which is not wavefront-based. They found that the
difference between non-cycloplegic and cycloplegic autorefraction was -0.63 D on average. The
difference was dependent on age, refraction and visual acuity. The deviation between cyclople-
gic and non-cycloplegic measurements would be highest for young hyperopic children and
lowest for older myopic children [25]. Accommodation is generally higher in younger children
[25] and, naturally, more hyperopic children are used to accommodate even more.

For 13 year old children, Sanfilippo et al. found similar differences from non-cycloplegic to
cycloplegic autorefraction with the Humphrey-598 automated refractor in Australia, suggest-
ing that this relation can be adopted to other ethnicities [26]. Other studies in Australia using
the Canon-RK-F1 autorefractor and in China with the Nikon Retinomax K-Plus autorefractor
found even higher differences between cycloplegic and non-cycloplegic autorefraction [24,27].

One might argue that the calculation by Sankaridurg et al. is based on autorefraction, but not
wavefront-based autorefraction. However, it has been shown that there is no difference between
the two methods of obtaining autorefraction. For adults the results taken by the i.Profiler Plus
(Carl Zeiss Vision, Aalen) are comparable to the results by the Canon RK 2F autorefractor [28].
The same relation has been shown for other autorefractors and Hartmann-Shak sensors [29].

Using the formula of the “model B” from Sankaridurg et al. [25] we aim to convert our set
of data into the equivalent of cycloplegic data in order to be able to compare centile curves.
Both Sankaridurg et al. and Chen et al. used 1% cyclopentolate instilled 5 minutes apart for
cycloplegia. As both used the same cycloplegic drug and the same procedure we could com-
pare our transferred results to the results of the RESC study. Figs 2 and 3 show the 3", 50" e
and 97" centile for boys and girls of the RESC study (solid lines) and LIFE Child study original
dataset and the transformed data to cycloplegia (dashed and dotted lines, respectively).

Through this transformation our data became more positive in general. The difference
between non-cycloplegic and cycloplegic refraction decreased with age. The calculated cycloplegic
comparative value was dependent on age, refraction and uncorrected visual acuity. On average,
the difference between the LIFE Child measured data and the calculated values was -0.75 D. That
means, that the corresponding cycloplegic data should be +0.75 D more hyperopic on average.

Chen et al. were the first study group (RESC study) to publish centile curves for refraction
development in children and adolescents. Data for their study was collected in Guangzhou
city in China [3]. The prevalence of myopia is much higher in Asia compared to Europe [7].
We seek to discuss the differences in percentile curves between China and Germany. Our
aim is to find the point of time when overall development of refraction diverges, as the prev-
alence of myopia and the prevalence of pathologic myopia below -6.0 D are much higher in
Asia [7].
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Our study population shows overall a more hyperopic and less myopic structure. This
difference increases with age. At the end of the observed age period. the 50" and 97" centile
differences between the girls are more pronounced than differences in boys. For both gen-
ders, the largest differences can be seen in the 3" centile, which are more distinct in boys
than in girls. For myopic children the difference is much higher than for the rest of the
study population. While the higher prevalence of myopia and especially high myopia
explains the huge deviation of the 3 centile at age 15 between both ethnicities, it is interest-
ing that there is also a marked deviation of the 97" centile. The prevalence of hyperopia of
more than 2 Diopters in China in 5 year old children is 17.0% and in 15 year old children
below 1% [30]. Data for Europe measured in a comparable manner was only available for
the age group 25 to 29. The prevalence of hyperopia of at least one Diopter was 6.4% and
high hyperopia with at least 3 Diopters 1.1% [31]. Assuming that the prevalence of hyper-
opia does not increase in early adulthood, the prevalence of hyperopia is very likely higher
in Europe compared to Germany. While the 97" centile for the adjusted German data is
within the range of hyperopia for all age groups, in the 97" centile of the Chinese population
itis clearly visible that less than 3% of the Children at age 15 are hyperopic with more than 2
Diopters. As there was no 99.5™ centile given from the RECS study we were not able to com-
pare the development of refraction of these children who are likely to stay hyperopic in both
ethnicities.

The deviation of the 3™ centile may be due to differences in the school system. At 5 years of
age, Chinese children start pre-primary school. At 6 years, both children in Germany and
China start primary school. Where there are only 5 school-days per week in Germany with les-
son times from around 8:00 am to 12:00 am for the first school years and only little homework,
in china school times are from around 7:30 am to 4:00 pm with more homework and less holi-
days [32]. As postulated before [6-8,33], this suggests that more near-work and less time spent
outside is one of the reasons for the prevalence of myopia rocketing in China. But it is likely,
that there is also a genetic component, as there are already differences at the age of 5 before
school starts in either of the countries.

Kim and Lim have also published centile curves of a large population of the KNHANES
IV-V study in Korea aged 5 to 20 years [34]. Their data was measured with the KR-8800
Topcon Autorefractor without cycloplegia. However, data in this study was not analysed
separately between boys and girls. Data are only given for the 10™ and the 90™ centile. At 5
years the 90™ centile was +0.72 D in Korea, +1.11 D for German girls and +1.07 D for Ger-
man boys. The 50" centile was 0.04 D in Korea, 0.24 D in German girls and 0.26 D in Ger-
man boys and the 10" centile -0.75 D for Korea and -0.45 D and -0.42 D for German girls
and boys, respectively. Compared to data of the LIFE Child study values for boys at 5 years
do not differ much between the ethnicities with a general tendency of a more myopic struc-
ture in Korea. At 20 years however, the 90'" centile in Korea is -0.25 D, the 50" centile -2.88
D and the 10" centile -5.98 D. For German girls and boys, respectively the 90™ centile is
0.44 D and 0.87 D, the 50" centile -0.43 D and -0.31 D and the 10" centile -2.19 D and -1.82
D for 18 year olds. The data for 18 years is not given in the paper by Kim and Lim. Therefore
we can only compare data at age 18 from our setting to data at age 20 in Korea. However,
there is over all a more myopic setting in Korea compared to the Life Child data at 18 years.
The differences are very obvious and would also be marked, if children at exactly the same
age were compared. The differences are higher for the lower centiles, which show the more
myopic children.

Interestingly both, the RESC study and the KNHANES IV-V study showed only little differ-
ences in the 5 year old children compared to LIFE Child data. During the whole observation
period, this difference increased, leading to a more myopic setting at the study end point in
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China and Korea compared to Germany. For all populations, the progression rates towards
myopia were higher for the more myopic children.

Limitations

When comparing the three individual results of non-cycloplegic autorefraction in our setting
the repeatability was +0.78 D. As the fluctuation between the individual measurements was
higher than the yearly progression rate of myopia, it was not possible to analyse longitudinal
data, which we collected in some of the patients over up to 4 years.

Without cycloplegia, accommodation cannot be controlled and despite the fogging process
during the measurement there can be some accommodation leading to results which are more
myopic or less hyperopic than a comparable measurement under cycloplegia [25,35].

However, for a screening or paediatric setting cycloplegia is not feasible. Therefore doctors
should be aware of the overestimation of myopia and underestimation of hyperopia depending
on age and refraction. Using autorefraction as screening tool only, not for diagnosis or correc-
tion with glasses, this method still gives a good evaluation of refractive status and general
outliners.

Conclusion

For the first time, age-specific detailed refraction percentile curves of children and adolescents
in Germany are presented. Compared to data from Asia there is only little difference until the
age of 5 years. Thereafter, especially the difference in the 38 percentiles between the LIFE
Child data and the data from Guangzhou increases dramatically. While there is only little alter-
ation in the 97" centile in Germany, the trend towards less hyperopia or myopia can be seen
in China also in the upper centile. However, for both populations the myopia progression rates
increase with higher baseline myopia.

In order to predict future refractive development from the current refraction, longitudinal
data needs to be collected and the predictive value of our percentile curves needs to be defined.
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Abstract

Purpose: To generate continuous growth curves for axial length (AL) in German
children. We hypothesise that percentile curves of AL can be used as a predictive
measure of myopia.

Methods: In this longitudinal and cross-sectional LIFE Child Study, children’s
non-cycloplegic refraction data was collected using the Zeiss i.Profiler plus while
AL was measured using the Haag-Streit Lenstar. Reference growth curves were
estimated as a continuous non-parametric function of age.

Results: Data from 4511 visits of 1965 participants (1021 boys and 944 girls)
between 3 and 18 years of age were analysed. For all ages and percentiles, the esti-
mated AL was higher in boys than girls. AL differences between boys and girls
were most pronounced in the 98" percentile at 3 years of age, being 0.93 mm
longer eyes in boys. This difference decreased to 0.21 mm at 18 years of age.
While the lower percentiles of AL reach their final value around age 13, the 50
percentile was still increasing by 0.05 mm per year until the end of the observa-
tion period. While, in general, children with longer eyes are more likely to develop
myopia, this relationship is weaker between the ages of 5 and 8.

Conclusion: The LIFE Child Study data provides European AL data. In both Ger-
many and China, AL has comparable growth rates when the baseline ALs are
compared as percentiles. Thus, percentile curves of AL can be used as a predictive
measure for the likelihood of developing as well as the progression of myopia.
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elongation is greatest during the first year of life, with

Introduction » p
decreasing growth rates towards the end of this first year.

At birth, infants show a wide range of refractive errors,
roughly following a Gaussian distribution.' Up to 6 years of
age, the emmetropization process can be observed.” This is a
mechanism to control eye growth in order to become emme-
tropic or a low hyperope. Beyond the age of 6 years, the
trend changes in many populations. Stable refraction is often
followed by a myopic shift, which slows down after some
years and asymptotes towards a stable myopic refraction.”

At birth, the eye is approximately 17 mm long, and gen-
erally grows to about 23 mm in adolescence." The

Jin et al. describe the axial length growth as a logarithmic
function, which asymptotes towards the final length. Their
final observed length was 24.35 mm at 15 years. At this age,
most of the children in their population were myopic.’
These data originate from a cohort of Chinese children of
all refractive states. Therefore, their final AL does not repre-
sent a common end point of low hyperopia, but axial elon-
gation due to myopia development.® Hence, the assessment
of AL is heavily dependent on the underlying population
and the respective prevalent conditions must be taken into

© 2021 The Authors. Ophthalmic and Physiological Optics published by John Wiley & Sons Ltd on behalf of College of Optometrists 1
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account, so this final AL cannot necessarily be adapted to
other ethnicities.

Hashemi et al. reported that AL is gender-dependent,
with longer eyes in boys. Interestingly, the growth rate in
their study showed accelerations for boys between 8—
10 years and 14-16 years of age, and for girls between 6—
7 years and 11-13 years of age. After 14 years, only small
changes were observed in either group, and these may be
due to myopia development.”

The prediction of myopia development and mechanisms
to control myopia progression are of increasing scientific
interest,”” mainly due to the increasing prevalence of myo-
pia, especially in east Asia but also in other countries.'’ In
combination with the success that has been achieved in
slowing myopia progression, for example with atropine eye
drops and orthokeratology, a method needs to be devel-
oped to predict future myopia progression in the eyes of
children."

Axial growth rates are higher in new myopes, but also
before myopia onset in children who later go on to became
myopic.'? There is a strong correlation between myopia
and axial length, and yet axial length increases dispropor-
tionally to myopia at the beginning. Due to the
emmetropization processes, excessive elongation of the eye
may be compensated by an increased rate of decline of lens
power in the early phase.'>"? Breslin ef al. showed that axial
elongation between 6-10 years of age is higher than that
between 12-16 years."*

While there is data concerning axial elongation in the
growing eye with respect to myopia development for Asian
populations,™'>!®>17 there is little data for individuals in
central Europe. Tideman et al. used a relatively new
approach to predict myopia progression using centile
curves. They combined data from three different studies
conducted in England and the Netherlands (Generation R
Study, Avon Longitudinal Study and Rotterdam Study III)
with varying study populations, settings, instruments and
methods, as well as different birth years which could result
in a different prevalence of myopia.” However, AL data
were only available for the ages of 6, 9 and 15 years.

Therefore, there is a lack of continuous data showing
axial elongation in the growing eye of central Europeans.
This would allow the generation of more accurate centile
curves for this population. Accordingly, this study aims to
develop continuous growth curves showing axial length in
German children. We hypothesise that percentile curves of
axial length can be used as a predictive measure of myopia.

Methods

Study design
This analysis is part of the LIFE Child Study, which was
approved by the Ethical Committee of the Medical Faculty

C Truckenbrod et al.

of the University of Leipzig (Reg. No. 264-10-ek) and regis-
tered with the trial number NCT02550236. The study
design has been described elsewhere.'® The study site is in
Leipzig, Germany.

Participants were invited to present once a year. At each
visit, a consent form was signed by the parents and, from
the age of 12 years, by the children. Data were analysed
from 4511 visits of 1965 participants (1021 boys and 944
girls). Data were collected between 2014 and 2018.

There are ethical restrictions on sharing pseudonymised
data sets. The LIFE Child Study collects potentially sensitive
information. Publishing data sets is not covered by the
informed consent provided by the study participants. Fur-
thermore, the data protection concept of LIFE requests that
all (external and internal) researchers interested in access-
ing data sign a project agreement. Researchers that are
interested in accessing and analysing data collected in the
LIFE Child Study may contact the data use and access com-
mittee (dm@life.uni-leipzig.de).

Measurements

AL was measured with the Lenstar (Haag-Streit, haag-stre
it.com) and was defined as the distance between the tear
film and retinal pigment epithelium.' To conduct the
measurement, the chin was placed on the chinrest, and the
forehead was pressed against a strap. Participants gazed at a
fixation light. For each patient, three measurements were
obtained for each eye.

Refraction was measured three times in each eye in a
darkened room without cycloplegia with the Zeiss i. Pro-
filer plus (Carl Zeiss Vision GmbH, zeiss.com), which is
based on a Hartmann-Shack sensor. The room was dark-
ened to maximise pupil size. The refractive error was anal-
ysed for a 3 mm pupil and a vertex distance of 12 mm.
Myopia was defined as a spherical equivalent <—0.75 D.

Statistical analysis

The World Health Organization (WHO) recommends con-
structing growth curves as a continuous age-varying distri-
bution described by different parameters dependent on
age.” Therefore, we applied generalised additive models for
location, shape and scale as implemented in the R package
GAMLSS (gamlss.com) to create reference curves, which
was one of the WHO’s favoured methods for modelling
growth curves. We have used the same model to generate
centile curves for refraction.”' To facilitate the comparison
with the results by Tideman et al. and Sanz Diez et al., we
present the 2", 5™, 10™, 25, 50, 75™ 90™, 95 and 98"
percentiles. To assess the relationship between refractive
state as an outcome, eye length and age, we used a logistic
regression model with the z-score of the eye length and a

2 © 2021 The Authors. Ophthalmic and Physiological Optics published by John Wiley & Sons Ltd on behalf of College of Optometrists
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spline base of age with knots at 25%, 50% and 75% of the
data as independent variables.

For AL, the median of all three measurements from the
right eye was used for the estimation of the percentile
curves. The spherical equivalent (SE) refractive error of the
right eye was calculated as sphere + %2 cylinder power using
the median result for the three measurements taken with
the Zeiss i. Profiler plus.

The eye length growth was calculated from two consecu-
tive measurements of the same proband, which were usually
taken annually (equation 1). Measurement pairs less than
6 months or more than 1.5 years apart were excluded, and
the AL change was assigned to the mean age of the two visits.

Annual AL change
(eye length at 2nd visit — eye length at 1st visit) ¥365.25 days
number of days between 1st and 2nd visit

(1)

Results

Correlation of axial length (AL) with spherical equivalent
(SE)

Correlation coefficients for AL with the SE was R* = 0.32
and R®=0.37 for boys and girls, respectively, with
p < 0.0001 and p = —0.43 for boys and p = —0.44 for girls.
For each dioptre change, AL was on average 0.43 mm/
0.44 mm higher. The number of participants, divided into
first and follow up visits for each age group, is shown in
Table 1. This also shows myopia prevalence, which
increases with age.

Table 1. Number of first and follow up visits for each age group and
myopia prevalence

Axial length growth in a cohort of German children

Annual change in axial length (AL) with age

The mean annual change of the median AL was 0.3 mm per
year in 3-year-old children. This decreased to 0.1 mm per
year in 13+ year-old children (see Figure 1). The standard
error for measurement of eye length was £0.04 mm. While
the 2™ and the 50™ percentiles of annual AL change run
almost on the same level from 7 years of age onwards for
each gender, there are differences in the 98" centile. Here,
boys show a higher yearly increase in AL between ages 3 and
9 compared with girls, and the trend changes from age 9
onwards. The 2™ centile is almost 0 for boys of all ages and
decreases from 0.1 to 0 between the ages of 3 and 7 for girls.
Hence, there are always some children with no change in AL
between the two consecutive measurements.

Reference curves for axial length (AL) over age

Separate reference intervals for axial length with respect to
age were created for boys and girls. Figure SI shows the 2™,
5™, 10™, 25™, 50, 75, 90", 95™ and 98™ centiles of axial
elongation with age from 3 to 18 years. The figure was cre-
ated based on the method of Sanz Diez et al.® to allow easy
comparison of the results from each study.

Figure 2 shows the percentile curves of AL for girls and
boys on the left side and myopia prevalence as a function
of age for each of the presented centiles on the right. The
solid lines show the LIFE Child Study results. In compar-
ison, the results of Sanz Diez et al. are shown as dashed
lines. In the German cohort, for all ages and all percentiles
calculated, AL was higher in boys compared with girls. In
our data, the 2™ and 50" percentiles run almost parallel
for each gender group. The difference in AL between boys
and girls is highest for the 98™ centile at 3 years of age, with
boys having 0.91 mm longer eyes, although this difference

95% decreases to 0.24 mm at 18 years of age. For both genders
Agegroup  First  Follow  Myopia confidence and all centiles, the increase in AL is highest between 3 and
[years] visits  upvisits  prevalence interval 11 years of age. In the 2™ centile, there is only marginal eye
289299 4 0 0% 0%-60.24% growth in boys and girls after the age of 13 years (less than
3.00-3.99 96 2 2.08% 0.25%-7.32% 0.05 mm per year) and AL asymptotes towards its final
4.00-4.99 239 36 3.04% 1.32%-5.91% length. For the 50™ centile, the eye growth rate in boys and
5.00-5.99 215 145 2.56% 1.18%-4.80% girls is about 0.05 mm per year from the age of 13 years up
6.00-6.99 167 191 3.16% 1.59%-5.59% to the end of the observation period. In the 98" centile,
700-7,95 128 223 465% 208%:7.44% growth rates are highest below the age of 11 years, but
8.00-8.99 124 218 3.90% 2.09%-6.58% . . .
000999 149 217 50196 4.52%-10.03% remain high up to the end of the observed period with rates
10.00-1099 130 219 11.11% 7.98%-14.93% of more than 0.1 and 0.15 mm per year for boys and girls,
11.00-11.99 138 223 16.08% 12.35%-20.41%  respectively, after 13 years of age.
12.00-12.99 171 204 18.68% 14.81%-23.07%
13.00-13.99 98 236 21.69% 17.37%-26.51% i . 3
14.00-1499 92 209 22.79% 18.12%-28.02% Prevalence of myopia as a function of axial length (AL)
15.00-1599 94 185 23.60% 1863%-29.15% (likelihood to develop myopia)
9 9 o
1388::332 Z :g; ;gg;: ?gg;;:;;::;: On the right side of Figure 2, the prevalence of myopia is
shown as a function of AL centiles. This graph shows the
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Figure 1. Annual axial length (AL) change in longitudinal data from the LIFE Child Study for girls (solid lines) and boys (dashed lines).

likelihood of having or developing myopia for a percentile of
AL, as shown in the left hand graph. In the LIFE Child Study
at 16 years of age, 2% and 6% of boys and girls, respectively,
reached myopic refractive values of more than 0.75 D in the
5™ centile. On the other hand, the 95™ centile shows that
64% of boys and 59% of girls developed myopia by 16 years
of age. Between 3 and 5 years of age, the likelihood of having
myopia increases with age, especially above the 50™ centile of
AL, independent of gender. For the 95" centile, at 3 years of
age 5% of males and 4% of females developed myopia, and
by age 5 the prevalence has increased to 16% and 8% for boys
and girls, respectively. From 5 to 7 years of age, an inverse
trend is observed in the boys’ AL centiles, where myopia
prevalence decreased compared with the range between 3 and
5 years of age. However, the most pronounced differences
are located in the higher centiles. At age 7, 11% of boys are
myopic in the 95" centile. For girls, a plateau is reached
between ages 5 and 7, with a relatively stable likelihood of
being myopic across all centiles. Above 7 years of age, the
trend is reversed again and myopia prevalence increases with
age for all centiles of AL in both boys and girls. Thus, the
increase of myopia prevalence is greater in the higher centiles
of axial length. Especially between 8 and 12 years of age, the
prevalence increases rapidly with age in the 75, 90" and
95'™" centiles for girls, and the 90™ and 95" centiles for boys.

Discussion

The decrease in myopia as a function of AL percentiles for
boys might be due to the fact that there are relatively few

children with myopia in each percentile, due to the low
prevalence of myopia at this age. Accordingly, small fluctu-
ations could cause this observation. At a younger age, the
measurement error due to findings being obtained without
cycloplegia is likely higher than with older children, and
could cause fluctuations in responses.*”

The relatively stable, reverse trend of myopia prevalence
between 5 and 7 years of age could be explained by the
findings of Rozema et al. They noted that AL elongation
can be observed before myopia onset.'” Between 5 and
8 years of age, the AL was increased in some children,
although myopia had not yet developed. After 8 years of
age, myopia onset can be measured in most of the children,
and therefore, the association between the AL centile and
myopia prevalence increased.

Correlation of axial length (AL) with spherical equivalent
(SE)

In a cohort from Northern Ireland, McCullough et al.
found an annual AL change of 0.12 mm in the 50" centile
of AL (0.11 in the 1% centile and 0.15 in the 99™ centile) in
children between 6 and 16 years of age. However, their AL
measurements were not analysed continuously with age,
but categorized into four age groups. Therefore, a direct
comparison of data is not possible.”> However, their
observed annual change is comparable to the annual
change in AL of the present investigation in 6 to 16 year
old children, which was 0.115 mm per year in the 50th cen-
tile, averaged across both genders.
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Figure 2. Left: Continuous centile curves of axial length with respect to age for the LIFE Child Study. Right: Prevalence of myopia as a function of the
axial length centiles. Red and blue curves indicate data from girls and boys, respectively. The solid lines show the LIFE Child Study results (Germany)

while the dashed lines indicate findings from a cohort in Wuhan, China.?

Axial length (AL) in comparison to other studies from
Europe and China

In Europe, Tideman et al. were the first to estimate AL cen-
tile curves.” They presented combined data from three dif-
ferent study cohorts, two of which examined axial length in
children. Data on 6- and 9-year old children were collected
in the Netherlands, and data on 15-year-old children were
collected in the UK. The 50" centiles of our data are very
similar to those presented by Tideman et al., as can be seen
in Table 2. This underlines that boys have, in general,
longer eyes than girls.

As the age-conditional distributions of ALs for 6-, 9- and
15- year-old children are very similar to the data from
Tideman et al., our findings are likely to reflect central
European populations. Therefore, they complement the
results of Tideman et al., as those authors analysed specific
time points, but not continuous data covering the entire
age span, from 3 to 18 years.

Whereas the LIFE Child Study data is very similar to
other findings collected in central Europe, they differ from

results obtained in China. The cohort analysed by Sanz Diez
et al.® from the city of Wuhan included 5 to 16 year old chil-
dren. At 5 years of age, the differences in mean AL between
ethnicities were 0.39 mm in girls and 0.30 mm in boys, as
shown in Table 3, which might be due to axial elongation in
Chinese preschool children prior to developing myopia. This
difference increased up to the age of 16 years, with about a
1.5 mm difference being found in boys and girls. At 5 years
of age, the myopia prevalence in the Wuhan cohort was
4.00% and 6.32% for girls and boys, respectively. This
increased to 87.93% and 93.44% of 16 year old girls and
boys, respectively. At 5 years of age, myopia prevalence in the
LIFE Child Study cohort was 4.70% for both genders, which
is similar to the results from Sanz Diez et al. This subse-
quently increased to 28.40% at the age of 18, which is sub-
stantially less than the Wuhan cohort.

As AL is linked with refractive error, the longer eyes seen in
China are consistent with the higher local prevalence of myo-
pia."> However, at the age of 5 years, there is only a small dif-
ference in the prevalence of myopia between the LIFE Child
Study cohort and the Chinese cohort, and yet a difference in
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Table 2. 2", 25", 50", 75™ and 98" centiles of axial length of children aged 6, 9, 12 and 15 years in China and Europe

Female Male
LFE Child  Tidemanetal®  SanzDiezetal®  LIFEChild  Tidemanetal®  SanzDiezetal.®
Percentile Germany Europe China Germany Europe China
6 years 2 20.76 - 20.97 21.08 - 2144
25 21.6 21.66 22.03 22.13 22.14 22.55
50 22.00 22.06 22.54 22.61 22.59 2299
75 22.39 22.49 23.04 23.08 23.01 23.50
98 23.16 - 24.07 24.00 - 25.00
9 years 2 21.21 - 21.86 21.53 - 2221
25 22.14 2233 23.16 22.59 22.83 23.70
50 22.59 22.79 23.72 23.10 23.31 2432
75 23.04 23.25 24.31 23.61 23.79 24.89
98 23.97 - 25.55 24.65 - 25.96
12 years 2 21.48 - 22.24 21.83 - 22.86
25 22.48 - 23.57 22.90 - 24.21
50 22.99 - 24.16 23.44 - 24.83
75 23.51 - 24.76 24.00 - 25.44
98 24.64 - 26.13 25.17 - 26.70
15 years 2 21.57 - 22.45 21.99 - 22.76
25 22.63 22.68 23.83 23.06 23.17 24.39
50 23.19 23.15 2437 23.63 23.65 25.01
75 238 23.65 25.20 2423 24.21 25.80
98 25.18 - 27.32 25.57 - 27.78

Data from Europe comprise findings from the present study (LIFE child) as well as the results of Tideman et al. (countries: The Netherlands and UK).®

Data from China are from Sanz Diez et al. (Wuhan, China).?

AL can already be observed. This is in line with the findings
of Rozema et al. showing that axial elongation can be
observed before myopia onset.'” Consequentially, in younger
children, the ALs in both ethnicities are likely to be similar, as
shown by Lu et al., who examined the AL of a cohort of Chi-
nese children from the Shandong province.'” The respective
data was collected from children aged > 4 years. Table 3
shows increasing differences between ethnicities with age. In
general, the Shandong cohort exhibits longer eyes than the
LIFE Child Study cohort, but shorter axial lengths than the
Wuhan subjects.® This might be due to the inclusion of chil-
dren from both rural and urban regions, with the children
from rural areas having shorter eyes.'” In a cohort of 3-year-
old children in Singapore, consisting of 55% Chinese, 26.1%
Malay and 18.9% Indian children, Foo et al. recorded a mean
AL of 21.73 mm for both genders,”* whereas in our study
population, the mean axial length at 3 years of age was
21.86 mm. These results also support the hypothesis of simi-
lar ALs in very young Chinese and German children.

Comparison of the likelihood to develop myopia
depending on axial length (AL) in China and Germany

Sanz Diez et al. also published findings on myopia preva-
lence as a function of AL from the Wuhan cohort.® Their
data presents a continuously increasing prevalence of

myopia for each centile of AL up to 12 years of age, as
shown by the dashed lines in Figure 2 (right). Thereafter,
the prevalence of myopia in girls remained stable for each
centile of AL until age 15. However, for boys, a further
increase in myopia prevalence could be observed. While
our model included age as a continuous explanatory vari-
able, Sanz Diez et al. estimated myopia prevalence for the
discrete age groups of 6, 9, 12 and 15 years. Therefore, it
cannot be excluded that a weaker relationship between
myopia prevalence and AL for a specific age group could be
found if the data was analysed accordingly. A dip in the
prevalence of myopia (as a function of AL) at 8 years of age
may be present in China (as was observed here), but this is
not verifiable due to a lack of data.

As the prevalence and the degree of myopia is much
higher in China than Germany, the association between
higher centiles of AL with myopia will be stronger in China.
For both sexes, the 75" centile of AL in China is compara-
ble to the 98" centile in Germany. For example, at 6 years
of age, the 75" AL centile in Chinese girls is 23.04 mm,
which corresponds approximately to the 98" centile
(23.16 mm) in German girls. At the age of 15, the same
percentiles correspond to an AL of 25.20 and 25.18 mm in
Chinese and German girls, respectively. The same observa-
tions are true in boys, that is the 75" centile for boys and
girls in Germany is comparable to the 25" centile in the
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Table 3. 50" centile of axial length (AL) for children in the LIFE Child Study in Germany and two cohorts in China

AL Female 50" centile

AL Male 50*" centile

Age (years) Germany China, Wuhan® China, Shandong'” Germany China, Wuhan® China, Shandong'”
3 21.33 - - 21.98 - -
4 21.55 - 21.96 22.20 - 22.30
5 21.78 22.17 22.02 22.41 22.71 22.52
6 22.00 22.56 22.25 22.61 23.03 22.65
7 22.21 22.84 22.39 22.80 23.31 23.04
8 224 23.40 22.83 22.96 23.88 23.28
9 22.59 2373 23.04 23.10 24.26 23.61
10 22.75 23.92 23.29 2323 24.44 23.88
1 22.88 24.15 23.54 23.34 24.69 23.97
12 22.99 24.16 23.69 23.44 24.82 24.14
13 23.07 24.29 23.81 23.53 24.81 2437
14 23.14 24.44 24.17 23.59 24.96 24.69
15 23.19 24.50 24.36 23.63 25.15 24.63
16 23.25 24.73 24.57 23.67 25.19 24.76
17 23.29 - 24.43 23.72 - 24.81
18 23.33 - 24.27 23.77 - 24.69

The cohort in the city of Wuhan covered the urban region,® while the Shandong study included both rural and urban regions.'”

Chinese data. Even though the AL graphs of the two coun-
tries are labelled with different centiles, they run approxi-
mately parallel at an equivalent level. Although AL
increases slightly faster in China than Germany between 6
and 9 years of age, in general, the graphs run almost paral-
lel afterwards for all percentiles.

At the age of 15 years, approximately 64% of German
girls in the 98™ centile and 68% at the 75" centile in China
are myopic (for German boys 73% and Chinese boys 63%).
Hence, the link between AL (in absolute numbers) and the
likelihood of myopia seems to be very similar in both eth-
nicities. At the age of 6 years, approximately 11% of Ger-
man girls at the 98" centile and 3% of Chinese girls at the
75" centile are myopic. This difference in these younger
age groups may be because refraction data in China was
obtained under cycloplegia whereas cycloplegia was not
used in our study. In younger children, this would lead to
an overestimation of myopia in Germany.>> When compar-
ing the graphs one must consider that the smoothed curves
from the study by Sanz Diez et al.® consist of only three
measurement points, whereas the LIFE Child Study delivers
more precise curves with continuous data across ages. The
98'™ German centile and the 75" Chinese can be compared
in Table 2. For the lower centiles, which run on the same
level, the link between AL and likelihood of myopia was
weaker. For example, the 50" centile of AL in China and
the 90™ centile in Germany run almost on the same level.
At this centile, at age 15, 46% of Germany girls (49% boys)
are myopic as are 44% of Chinese girls (40% boys). The
25'" centile of AL in China and the 75™ centile in Germany
also run parallel. However, while in China approximately

20% of girls at the 25 AL centile are myopic by age 15, in
Germany, the prevalence reaches 32% at the 75™ AL per-
centile for the same age (19% of boys in China and 30% in
Germany). Therefore, at this centile with relatively few
expected myopic children, the probability of myopia has
likely been overestimated in Germany due to the lack of
cycloplegia.

Limitations

At the higher AL percentiles, and thus likely myopia cases
(as a function of AL), the number of children included here
is small. Sample sizes varied in each age group, as well as
between genders, and that may affect the percentiles and
prevalence of myopia. One would also expect a similar
development in the likelihood of becoming myopic in girls
and boys up to 7 years of age. For these younger age groups
it is desirable to gather more data from larger cohorts to
improve the curves and the predictive values for the likeli-
hood of myopia.

In addition, we did not use cycloplegia to measure
refraction. Rauscher et al. showed that the SE measured
with the Zeiss i. Profiler plus was 0.55 D lower without
cycloplegia compared with the cycloplegic refraction.”®
Thus, it is likely that myopia was overestimated in the pre-
sent investigation. However, this bias is similar across
refractive states, as shown by Rauscher et al. Therefore, it
should have no influence on the centile curves of AL with
age. The prevalence of myopia for each AL centile as a func-
tion of age is likely to have been overestimated compared
with a cycloplegic refraction. Additionally, the difference
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between cycloplegic and non-cycloplegic refraction is
higher in younger children and but reduced in older chil-
dren.”” Therefore, a limitation of our study is the predic-
tion of myopia prevalence in the younger age groups and
the lower centiles with few myopia cases. For older ages
and higher centiles, predictions of the likelihood of myopia
should become more accurate.

While AL is the most important determinant of myopia, it
is not the only parameter involved in refractive error develop-
ment. The principal determinant of myopic maculopathy in
adults is not necessarily a refractive error less than —5.0 D,
but rather an AL exceeding 25.3 mm in women and
25.9 mm in men.”® In cases with long ALs but no or little
myopia, the cornea is flatter. Therefore, to understand the
relationship between refractive error and AL, corneal power
should also be considered. While analysing this aspect is
beyond the scope of this paper, we will consider a comple-
mentary paper showing AL curves for different corneal pow-
ers. Additionally, while the LIFE Child Study and Sanz Diez
et al.® used the Lenstar biometry device, Lu et al.'” and Foo
et al.** used the IOLMaster to measure AL. In an adult popu-
lation, there is a measurement difference of approximately
0.01 mm between the two devices, with the IOLMaster show-
ing slightly longer AL measurements. However, this measure-
ment difference is clinically insignificant.'®

Conclusion

In general, AL is longer in boys than girls. This difference is
greater for the higher centiles and in younger children.
While the lower AL centiles asymptote towards the final AL
after 13 years of age, there is a small continuous growth in
the 50™ centile of 0.05 mm per year from the age of
13 years up to the end of the observation period. In the
higher centiles, there is an even higher annual increase in
AL for both boys and girls.

Children with longer eyes are more likely to develop myo-
pia. The likelihood of developing myopia increases in general
with age. This relationship is weaker between the ages of 5
and 8 years. This might be due to the onset of school myopia,
which can be observed as increased AL first, before myopia
becomes manifest. Some years after increased elongation of
the eye, children start to exhibit myopia. This supports the
findings of Rozema et al., who showed that an increase in AL
can be observed before the onset of myopia.'?

The results of this investigation are very similar to the find-
ings of a previous European study.” However, our data stems
from a single cohort and was analysed as continuous data.’

When comparing our data with findings from China, the
ALs are similar in children around 3 years of age.”* There-
after, the ALs in China become longer with age compared
to those in Germany. If only children with the same AL are
compared, then the state of refraction is very similar for

C Truckenbrod et al.

each ethnicity at the higher centiles.” It would be of inter-
est to compare the likelihood of developing myopia in dif-
ferent ethnicities for equivalent centiles of AL using the
same refractive test methods.

This study supports and implements the application of
centile curves of AL as a predictive measure of the likeli-
hood for the development and progression of myopia.
Therefore, these data, as the first European dataset over the
entire age span of 3-18 years, are highly relevant for the
early detection of myopia.
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Summary

This thesis aimed to illustrate and describe the current status of refraction and axial length in
German children and adolescents. In contrast to previous studies growth curves were generated,
instead of analysing myopia prevalence at separate age groups. This allows for an easier

understanding and comparison of eye development.

Myopia prevalence in the LIFE Child cohort

In a first step the current status of refraction and myopia prevalence for children in Germany was
defined. The hypothesis was, that myopia prevalence in the LIFE Child study is comparable to other

German and European paediatric cohorts.




In the LIFE Child study the myopia prevalence from children aged 3 to 16 years is overall 10.8%. This
is even less than in the KiGGS survey, where the overall myopia prevalence was 13.3% in children
aged 3 to 17 years. For the individual age groups a similar trend towards increasing myopia
prevalence with increasing age could be observed in both study cohorts.* The results of the LIFE Child
study cohort are also comparable to the NICER study in the UK.* Higher prevalences of myopia were

found in Sweden. There myopia prevalence in children aged 12 and 13 years was 49.7%.%

In China myopia and high myopia is an increasing public health issue with prevalences of high myopia
of more than -6.0 D in 1.8% of Hong Kong Chinese schoolchildren aged 6 to 12 years %¢ and 4.3% of
Chinese children from Beijing aged 7 to 18 years.*” High myopia with over -6.0 D was found in only

0.03 % of children in the LIFE Child cohort.

It was shown, that myopia prevalence in the LIFE Child study cohort is comparable to other German
and European studies observing refraction in Children. High myopia, which increases the risks for eye
diseases, such as myopic maculopathy and retinal detachment, is much lower in Germany compared

to China.

Centile curves of refraction in Germany in comparison to Chinese reference intervals

In a second step percentiles for refraction over age were generated. The hypothesis was, that the
development of refractive error in China diverges from LIFE Child reference group around the age of

school enrolment, and the difference is larger for the lower centiles.

When comparing reference curves of refraction in Germany and China only little differences can be
found up to the age of 5 years. Thereafter increasing differences can be seen with increasing age.
While the differences in the 3™ percentile increase dramatically between the age of 6 and 15 years,
only subtle differences were observable in the 97" percentile. For both populations the myopia

progression rates increase with higher baseline myopia.?®

It was shown, that the development of refractive error in China and Germany diverge around school

enrolment. The difference was larger for the lower centiles.

In order to use these centile curves in paediatric practice the predictive value of the LIFE Child
percentile curves needs to be defined. Since no cycloplegia was applied the reliability of the
measurements was not high enough to obtain predictive values from the current longitudinal data.
The standard error in the measurement of spherical equivalent was £0.78 D. The annual mean
change of the spherical equivalent was 0.05D. The observation period was 4 years, thus resulting in a

mean change of spherical equivalent of 0.2 D throughout the study period. Therefore, a longitudinal



analysis of the development of refraction is currently impossible. A longer period of observation or
the application of cycloplegia throughout the measurements would be required to obtain reliable

predictive values.

Centile curves of axial length as an indicator for myopia risk

In the third step percentile curves for axial length over age were generated. The hypothesis was, that
eye length can be reliably measured, and reference curves for eye length development can be used

to identify children with high risk for myopia.

The standard error in the measurement of eye length with the LENSTAR was + 0.04mm. The mean
annual change of the median axial length was 0.3 mm, thus being much higher than the standard
error. This shows, that the eye length can be reliably measured and analysis of longitudinal data is

possible.

The percentile curves of axial length show, that the lower centiles asymptote towards the final axial
length from the age of 13 years. In the higher centiles a continuous annual increase in axial length
can be observed. Children with longer eyes are more likely to develop myopia. This supports the
application of centile curves of axial length as a predictive measure for the likelihood to develop and
progression of myopia. Data could be even further improved if cycloplegia was applied to determine

refraction.

In comparison to Chinese data there are only little differences at 3 years of age. With increasing age
eyes in Germany are shorter. Interestingly the likelihood of myopia is similar in both ethnicities, if

only children with the same axial length are compared.

The centile curves of refraction derived from the LIFE child study cohort can be used to identify

children with risk for myopia.

Conclusion
A current approach to analyse myopia progression and determine the risk for myopia in individuals is

the use of centile curves. The first centile curves of refraction in Europe were generated from the
LIFE Child data. Centile curves of axial length from the LIFE Child study confirm and complete existing

European axial growth curves.



Prospect

In order to reduce measurement errors and gain more accurate and comparable data of refraction
the autorefraction in the LIFE child study should be carried out in cycloplegia. This would improve
data quality tremendously and add significant value to future analysis of refractive data. Especially
longitudinal observations will then be more accurate. Interventions in refractive development, such
as Orthokeratology and Atropine, will become more common and should be analysed in future. The
Corona crisis offers a unique chance to study the impact of increased screen- and near work time on
axial length and refraction. Analysis of the development of axial length and refraction in 2020 and

2021 in comparison to previous years should be carried out in future.
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