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Vorbemerkung 
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Originalpublikationen werden alle verwendeten Materialien und Methoden sowie die Ergebnisse 

ausführlich beschrieben und diskutiert. 
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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.1 

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.2 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 

 

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 Study4 

 

In East Asian countries the prevalence of myopia and high myopia is much higher compared to 

Europe.5 Since myopia is associated with sight-threatening co-morbidities such as retinal 

detachment6, myopic maculopathy7, glaucoma8 and cataract9, 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).10  

 

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.10 

 

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.11 

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.13 

 

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.14 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.15  

 

Figure 6: Myopia Master (Oculus Optikgeräte) 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.  
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The measurement of axial length is very accurate16, whereas the accuracy of refraction in children 

strongly depends on the control of accommodation.17 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 Optikgeräte 

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. 
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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.18,19 Visual abilities then 

improve during the first decade of life.20,21 At the same time the eye grows.22  

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.23 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.24 At this age the 

mean refraction is 2.0 D.25,26 Figure 7 shows the distribution of refraction at birth up to 4 years of 

age.  

 

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.25  

 

During the first months of life there is a huge elongation of the eye.24 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 
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length are coordinated.27 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.22,25 

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.22 

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.26 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.28 

 

 

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.25 

 

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 
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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.26 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.28 

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).4 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.27 

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.22,24 At three years the emmetropic eye is 

almost 22 mm long, showing that the rate of axial elongation has further decreased.30  

6 to 9 year old emmetropes in Singapore had an average axial length of 23 mm.23 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.31 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.32  

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 
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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.33 In India axial length in 102 

emmetropes aged 14 to 60 was 23.52 mm.34 In emmetropic Korean adults axial length was 23.41 

mm35 and in emmetropic Dutch adults axial length was 23.30mm36. 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.37,38 

 

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.39 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.5 

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. 

 

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)36 
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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. 

 

 

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.40 
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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.41 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, Könitz, 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, Könitz, 
Switzerland) on the right. 
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Statistical analysis 
Of the three measurements taken by the i.Profiler plus at each visit the spherical equivalent (SE = 

sphere + ½ 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.42 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.43 
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Cumulative part 

Refractive status in a German paediatric cohort: A cross-sectional analysis of the LIFE Child 
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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.  



 

 

 59 

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.4 The results of the LIFE Child 

study cohort are also comparable to the NICER study in the UK.44 Higher prevalences of myopia were 

found in Sweden. There myopia prevalence in children aged 12 and 13 years was 49.7%.45  

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 46 and 4.3% of 

Chinese children from Beijing aged 7 to 18 years.47 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 3rd percentile increase dramatically between the age of 6 and 15 years, 

only subtle differences were observable in the 97th percentile. For both populations the myopia 

progression rates increase with higher baseline myopia.29 

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 
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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.  
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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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