
Linnaeus University Dissertations
No 457/2022

Pelsin Demir 

Prevalence of refractive errors 
and incidence of myopia in Swedish 
schoolchildren

linnaeus university press

Prevalence of refractive errors and incidence of m
yopia 

in Sw
edish schoolchildren

Pelsin D
em

ir

Lnu.se
ISBN: 978-91-89709-21-8 (print), 978-91-89709-22-5 (pdf )

Närsynthet är idag ett stort problem i många länder. Under de närmaste 
åren förväntas en snabb ökning av förekomsten av närsynthet för jordens 
befolkning. Forskare använder en mängd olika tekniker för att identi-
fiera faktorer som kan påverka utvecklingen av närsynthet. I Sverige är 
förekomsten och incidensen av närsynthet ytterst granskad. För att fylla 
denna kunskapslucka utvärderar denna avhandling prevalensen och inci-
densen av synfel bland svenska skolbarn. Totalt rekryterades 128 svenska 
skolbarn i åldrarna 8–16 år till en tvåårig långtidsstudie. Alla deltagare 
genomgick en omfattande ögonundersökning. Deltagarna fick tillsam-
mans med sina föräldrar besvara ett frågeformulär gällande tiden som 
spenderas på närarbete och utomhus samt föräldrarnas närsynthet. Pre-
valensen av närsynthet var 10 % och det mest förekommande synfelet 
var hyperopi som hade en prevalens på 48 %. Incidensen av närsynthet 
var 3,2 fall per 100 personår och den totala myopiprogressionen efter två 
år var 0,27 D. Deltagare med två närsynta föräldrar hade högre mängd 
närsynthet och visade även en signifikant ökning av närsynthet efter två 
år. Yngre barn löpte en större risk att få en närsynt förändring i sin re-
fraktion. Slutligen, denna avhandling har avancerad kunskap om synfel 
hos svenska skolbarn och faktorer som kan bidra till utvecklingen eller 
progressionen av närsynthet.
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Abstract 
 
Purpose 
The aim of this thesis was to investigate the prevalence, incidence, and risk 
factors for myopia development in a cohort of Swedish schoolchildren. The 
specific goals were: - to recruit a cohort of children aged 8 to 16 years and to 
follow the cohort over a period of 24 months with regular study visits; - to 
investigate the predictive value of relative peripheral error and other optical 
parameters for the prevalence and incidence of myopia; - to determine and 
investigate the predictive value of genetic and environmental factors, and 
structural characteristics of the eye to the incidence of myopia. 
Methods 
This was a longitudinal study with a follow-up period of 2-years conducted at 
Linnaeus University in Kalmar. All participants underwent eye examinations 
and completed questionnaires at regular intervals during the follow-up period. 
Data analysis was performed assuming hypotheses such as: - myopia 
development is associated with genetic factors and environmental factors 
(Papers I and IV); - changes in refractive error over time are explained by 
multiple genetic and environmental factors (Paper IV) - instruments with 
different measurement principles can lead to different refraction results (Paper 
II); - there is a relationship between refractive error and the characteristics of 
the choroid (Exploratory study, not published) and the characteristics of the 
microvasculature of the retina (Paper III). 
Results 
A total of 128 children (70 females and 58 males) participated in this study with 
mean age of 12.0 years (SD=2.4). Paper I: based on cycloplegic SER of the right 
eye, the distribution of refractive errors was: hyperopia 48.0% (CI95=38.8-
56.7), emmetropia 42.0% (CI95=33.5-51.2) and myopia 10.0%. (CI95=4.4-
14.9). Participants with two myopic parents had higher myopia and increased 
axial length than those with one or no myopic parents. Paper II: The Shin-
Nippon was 0.30 D more hyperopic than COAS-HD VR at 2.5-mm pupil and 
0.50 D more hyperopic than COAS-HD VR at 5-mm pupil for central refraction. 
Paper III: The sample included 86 out of the 128 participants, 51 (59%) females. 
The area of the foveal avascular zone (AFAZ) was correlated with central vessel 
density, perfusion, foveal thickness and with fovea-to-macula thickness ratio. 
Paper IV: The cumulative incidence of myopia during the two-years was 5.5%, 
incidence rate of myopia was 3.2 cases per 100 person-years. Cox regression 
revealed that the probability of myopic shift reduced with “age” and increased 

with “axial length/corneal-curvature ratio”. Myopic children at the baseline and 

children with two myopic parents showed a significant faster-paced SER change 
over time. 
 
 



 
 

Conclusion 
The prevalence and incidence of myopia in Sweden was lower than expected 
when compared with countries in East Asia. Genetic factors such as parental 
myopia remains a critical factor to consider when predicting myopia onset and 
progression. Children born full-term and visual acuity within the normal range 
can have very different retinal microvasculature at the centre of the macula that 
may influence refractive error development. Future studies are necessary to find 
out possible relationships between vasculature, structural changes and refractive 
error development. In addition, more studies involving children from different 
ethnicities and incorporating longer follow-up period are necessary to increase 
our understanding of the incidence of myopia in Swedish schoolchildren. 
 
 
Keywords: refractive error, myopia, children, prevalence, incidence, risk 
factors, fovea, macula, autorefractor, aberrometer 
 
 
 



 
 

Abstrakt 
 
Syfte 
Syftet med denna avhandling var att undersöka prevalensen, incidensen och 
riskfaktorer för myopiutveckling hos svenska skolbarn. De specifika målen var 
att (1) rekrytera barn i åldrarna 8 till 16 år och följa de under en 24 månaders 
period med regelbundna studiebesök, (2) att undersöka det prediktiva värdet för 
det relativa perifera synfelet och andra optiska parametrar för prevalensen och 
incidensen av myopi, (3) att avgöra och undersöka det prediktiva värdet för 
genetiska och miljömässiga faktorer, samt ögats strukturella egenskaper hos 
ögat i förhållande till incidensen av myopi. 
Metoder 
Detta var en longitudinell studie med en uppföljningstid på 2 år och 
genomfördes vid Linnéuniversitetet i Kalmar. Under uppföljningstiden 
genomgick alla deltagare synundersökningar och fyllde i frågeformulär med 
jämna mellanrum. Dataanalys utfördes med antagande av hypoteser som: (1) 
myopiutveckling är associerad med genetiska faktorer och miljöfaktorer 
(Artikel I och IV), (2) förändringar av synfel som sker över tid förklaras av flera 
genetiska och miljömässiga faktorer (Artikel IV), (3) instrument med olika 
mätprinciper kan leda till olika refraktionsresultat (Artikel II), det finns ett 
samband mellan synfel och åderhinnans egenskaper (explanativ studie, ej 
publicerad) samt (4) ett samband mellan synfel och egenskaperna hos 
näthinnans mikrovaskulatur (Artikel III). 
Resultat 
Totalt deltog 128 barn (70 flickor och 58 pojkar) i denna studie med en 
medelålder på 12,0 år (SD=2,4). Artikel I: Baserat på höger ögats cykloplegiska 
sfäriska ekvivalent refraktion (SER) var fördelningen av synfel: hyperopi 
48,0% (CI95=38,8–56,7), emmetropi 42,0% (CI95=33,5–51,2) och myopi 
10,0% (CI95=4,4–14,9). Deltagare med två myopa föräldrar hade högre myopi 
och ökad axiallängd jämfört med de som hade en eller inga myopa föräldrar. 
Artikel II: Shin-Nippon visade 0,30 D mer hyperopi än COAS-HD VR med 2,5 
mm pupilldiameter och 0,50 D mer hyperopi än COAS-HD VR med 5 mm 
pupilldiameter för centrala refraktionen. Artikel III: Urvalet bestod av 86 av de 
128 deltagande, 51 (59 %) flickor. Arean av den foveala avaskulära zonen 
(AFAZ) korrelerades med central kärldensitet, perfusion, foveal tjocklek och 
med fovea-till-makula tjockleksförhållande. Artikel IV: Under de två åren var 
den kumulativa incidensen av myopi 5,5 %, incidensfrekvensen av myopi 3,2 



 
 

fall per 100 personår. Cox-regression visade att sannolikheten för att en 
myopisk förändring ska ske minskade med "åldern" och ökade med "axiell 
längd/korneal-krökningsförhållande". Myopa barn vid studiens start och barn 
med två myopa föräldrar visade en signifikant snabbare SER-förändring över 
tiden. 
Slutsats 
Prevalensen och incidensen av myopi var lägre än förväntat i Sverige jämfört 
med länder i Östasien. Genetiska faktorer som myopi hos föräldrar är 
fortfarande en kritisk faktor att ta hänsyn till när man förutsäger debut och 
progression av myopi. Barn som är fullgångna och har en synskärpa inom 
normalområdet kan ha mycket varierande retinal mikrovaskulatur i makula som 
sin tur kan påverka utvecklingen av synfel. Framtida studier är nödvändiga för 
att ta reda på möjliga samband mellan vaskulatur, strukturella förändringar och 
utveckling av synfel. Dessutom är fler studier som involverar barn från olika 
etniciteter och som inkluderar längre uppföljningsperiod nödvändiga för att öka 
vår förståelse och kunskap för förekomsten av myopi hos svenska skolbarn 
 
Nyckelord: synfel, refraktion, myopi, barn, prevalens, incidens, riskfaktorer, 
fovea, makula, autorefractor, aberrometer 
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1. Introduction 

Refractive error is an ocular condition that can affect all age groups and is an 
outcome of a mismatch between the axial length and the optical power (Harb & 
Wildsoet, 2019). The prevalence and incidence of refractive errors varies widely 
across different regions of the world and uncorrected refractive error remains 
one of the primary causes of visual impairment in children worldwide (M. He, 
Huang, Zheng, Huang, & Ellwein, 2007). Currently, one refractive error has 
gained significant scientific interest, and that is myopia. Therefore, the focus of 
this thesis will be on myopia.  
 
Myopia is the most common eye condition worldwide and is a public health 
concern. The prevalence of myopia is increasing, and high myopia is associated 
with vision-threatening pathologies. Meta-analyses have suggested that close to 
half of the world’s population may develop myopia by 2050, with 10% 

developing high myopia (B. A. Holden et al., 2016). Human and animal studies 
conducted over the last four decades suggest that the development of myopia 
may be influenced by both genetic and environmental factors (Hyman et al., 
2005; Johnson, Matthews, & Perkins, 1979; I. Morgan & Rose, 2005; I. G. 
Morgan et al., 2021). 
 
Genetics and the environment interact in a complex manner. Historically, 
genetics has been proven to have a significant impact on myopia development, 
and it is generally agreed that genetics is a major contribution to high myopia 
(I. G. Morgan, Ohno-Matsui, & Saw, 2012). However, recent reports from 
experimental studies support the evidence of environmental factors 
(Chakraborty, Read, & Vincent, 2020). For instance, school myopia is thought 
to be multifactorial, possibly involving many genes of small effect and major 
environmental factors, such as outdoor time, years of schooling, and educational 
pressure (I. Morgan & Rose, 2005). It is becoming more and more widely 
accepted that a wrong environment can trigger myopia, although there is still 
much to be proven. 
 
In many parts of the world, there has been extensive research in the field of 
myopia, including prevalence, incidence, and research on risk factors. However, 
there is a lack of information in the Swedish population. The aim of this thesis 
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was to update information regarding the distribution of refractive errors in 
Swedish schoolchildren and investigate possible risk factors associated with 
myopia. Therefore, a two-year longitudinal study was conducted to follow a 
group of children between 2019 to 2021. During the study period participants 
underwent comprehensive eye examinations. Data analysed included the 
prevalence of refractive errors, the incidence of myopia and myopic shift, and 
predictors for myopia and myopic shift. This thesis provides new and updated 
knowledge regarding refractive errors in Swedish children.  
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2. The visual system 

This chapter starts with a brief description of the anatomy of the human eye
followed by a section that explains different types of refractive error. The third 
section describes peripheral refraction and various techniques available to 
measure refraction in the periphery. The final section focuses on the 
epidemiology of refractive error among children. Information in this chapter is 
relevant to understand papers 1, 2, and 4.

2.1. Anatomy of the human eye 

The human eye depicted in Figure 1 has an approximately spherical shape
with an average axial length of 24 mm (Flynn, 2003). The length of the eye or 
axial length is the distance between the anterior and posterior poles of the eye
(Millodot, 2018a). A new-born’s axial length is approximately 16-17 
millimetres, but by the third year the axial length increases to approximately 
22.5 - 23.0 millimetres (Flynn, 2003). The human eye can be divided into
three distinctive layers: outer, middle, and inner layers. 

Figure 1. A schematic diagram of a cross-section of the anatomy of the human eye. Adapted and 
modified from National Eye Institute of Health.
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The sclera and the cornea make up the outermost layer of the eye. The scleral 
tissue is a tough, non-transparent tissue that protects the eye from both internal 
and external forces and helps the eye keep its shape (J. V. Forrester, Dick, A. 
D., McMenamin, P. G., & Lee, W. R., 2002; Remington, 2012a). Cornea is a 
transparent, avascular tissue that is convex and aspheric with a thickness of 0.5 
to 0.6 mm (Remington, 2012a). The anterior curvature of the cornea is about 
7.8 mm, and the posterior curvature is about 6.5 mm with a refractive index of 
1.376 (Remington, 2012a). The cornea is the major refracting element of the 
eye. It accounts for approximately two-thirds of the refractive power of the eye 
and has around 40 D of refractive power (Remington, 2012a). Immediately 
following the cornea is the anterior chamber which contains the aqueous 
humour (John Vincent Forrester, 2002). The anterior chamber ensures nutrition 
to the crystalline lens, iris, and to the posterior part of the cornea.   
 
The middle layer of the eye is called the uvea, and it contains the choroid, the 
ciliary body, and the iris. The iris is the anterior most part of the uvea and 
controls the size of the pupil which in turn regulates the amount of light reaching 
the retina (Remington, 2012b). The pupil is the aperture stop of the eye, its 
diameter depends on the amount of incoming light and varies typically between 
2-8 mm (Remington, 2012b). The posterior part of the uvea is the choroid and 
that is a vascular layer that provides oxygen and nourishment to the outer retinal 
layers. The choroid is believed to influence the mechanisms that regulate eye 
growth (Prousali, Dastiridou, Ziakas, Androudi, & Mataftsi, 2021). Studies 
have estimated that the average choroidal thickness of healthy adults is between 
192 and 354 µm (Ding et al., 2011; Margolis & Spaide, 2009).  
 
The ciliary body, a continuation of the choroid, is made up of a ciliary muscle 
which shapes the crystalline lens with the help of the zonular fibres. The 
crystalline lens is the second most important optical component of the eye 
contributing with approximately 20 D of refractive power (Remington, 2012d). 
The crystalline lens is a transparent ellipsoid body composed of multiple layers 
with varying refractive indices. The refractive index varies from approximately 
1.38 in the centre to 1.42 in the periphery (J. V. Forrester, Dick, A. D., 
McMenamin, P. G., & Lee, W. R., 2002; Remington, 2012d). A contraction of 
the ciliary muscle causes the zonular fibres to relax that reduces the radius of 
curvature of the lens and increases its power that allows the eye to focus on 
nearer objects - this process is called accommodation. In other words, 
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accommodation is the eye's ability to change optical power to maintain clear 
focus on the retina as the object distance varies (Millodot, 2018a). 
 
The retina is the innermost layer of the eye. It has a radius of curvature of about 
12 mm (J. V. Forrester, Dick, A. D., McMenamin, P. G., & Lee, W. R., 2002). 
The retina extends over two-thirds of the posterior part of the eye. The centre of 
the retina is called macula. The diameter of the macula is about 5.5 mm and 
corresponds to approximately 15°-20° of the visual field (J. V. Forrester, Dick, 
A. D., McMenamin, P. G., & Lee, W. R., 2002). The fovea is an avascular pit 
that is in the centre of the macula, which provides the highest visual acuity 
(Remington, 2012c). The fovea is approximately 5° temporal and 2° inferior 
from the optical axis of the eye. At about 13° to the nasal side of the macula lies 
the optic disc with a diameter of 1.7 mm (J. V. Forrester, Dick, A. D., 
McMenamin, P. G., & Lee, W. R., 2002; Remington, 2012c). Optic disc is also 
known as blind spot because of the absence of photoreceptors and is the point 
of exit for the optic nerve. The optic nerve carries information about the visual 
stimulus from the retina to the visual cortex in the brain. (Remington, 2012c).  
 
The retina is composed of ten layers according to histology. Within these layers 
of the retina, there are several different types of cells with specific tasks that 
help transmitting incoming light to the brain. These cell types include rods and 
cones. Rods cover peripheral areas of the retina and are sensitive at lower light 
levels. Cones increase in density near the centre; they are sensitive at higher 
light levels and are responsible for colour vision. There are three different types 
of cones with different peak sensitivity at different wavelength ranges, short (S, 
blue), medium (M, green), and long (L, red) cones (Remington, 2012c). The 
fovea contains the highest density of cones and therefore gives the highest 
resolution with sharp, colourful vision in direct focus. The generated signals 
from the rod and cones transmit to neurons called bipolar cells. These bipolar 
cells connect along with horizontal cells with the ganglion cells. The signals 
from the bipolar cells are transmitted to the ganglion cells, and the axons of the 
ganglion cell form the optic nerve that leaves the eye at the optic disc. Moreover, 
the axons of the ganglion cells link to neurons in the brain where the visual 
signal information is further processed (Remington, 2012c). 
 
Optics of the eye play an important role for getting a correct formation of the 
image in the retina. A refractive error creates a poor image that has implication 
for retinal and cortical image quality (Flynn, 2003).   
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2.2. Different types of refractive error

About 85.0% of all vision problems are caused by lower order aberrations, also 
called refractive errors. Refractive errors are defined as minor irregularities or 
imperfections of the eyes, which affect the eye's ability to place a focused image 
on the retina (Zeitz, 2020). The two types of lower order aberrations are defocus 
and astigmatism. Defocus includes myopia, denoted as positive defocus, and 
hyperopia, denoted as negative defocus (Kligman, Baartman, & Dupps, 2016). 

Emmetropia and the emmetropization process

Emmetropia is the refractive state of the eye in which, with accommodation 
relaxed, the conjugate focus of the retina is at infinity (Millodot, 2018b). Hence, 
the retina lies in the plane of the posterior principal focus of the eye and distant 
objects are sharply focused on the retina (Millodot, 2018b). Emmetropia is the 
ideal refractive state of the eye. Figure 2 shows parallel rays of light entering 
the eye and focusing on the retina, creating a clear image in an emmetropic eye.

During postnatal development the process of emmetropization occurs. 
Emmetropization is a process that is presumed to operate to produce a greater 
frequency of emmetropic eyes than would otherwise occur based on chance
(Millodot, 2018b). This mechanism would coordinate the development of the 
various components of the eye, including axial length, refracting power of the 
cornea, and depth of the anterior chamber, to prevent ametropia. Particularly, 
infant hyperopia, which subsides within the first three years of life and has the 
most significant decrease occurring in the first year (Millodot, 2018b).

Emmetropization is believed to be a result of both passive and active processes
(Brown, Koretz, & Bron, 1999). A passive emmetropization process is where 
nature and genetics are the guiding factors, whereas an active process is where 
nurture and environment are the major influences (Yackle & Fitzgerald, 1999).
Emmetropization as an active process is a theory that that emmetropization is 
mediated by retinal blur. The visual system can detect the existence of blur and 
then respond correctly to compensate for it (Yackle & Fitzgerald, 1999).
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2. es on the retina and create a clear image. 
Figure inspired by Adler's physiology of eye (Flynn, 2003).

Hyperopia

Hyperopia is defined as a refractive condition in which distant objects are 
focused behind the retina when the accommodation is relaxed (Millodot,
2018c). If uncorrected, hyperopia leads to the projection of a blurred image in 
the retina. In hyperopia the point conjugate with the retina that is the far point 
of the eye, is located behind the eye (Millodot, 2018c). Figure 3A illustrates the 
way the rays of light enter a hyperopic eye. Hyperopia is corrected by adding a 
convex (plus) lens to the optical system that provides additional convergence to 
the light rays entering the eye and moving the image forward onto the retina. 
Figure 3B illustrates a hyperopic eye that is corrected with a convex lens. 
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A.

B. 

Figure 3. A) Hyperopia: parallel light rays from infinity focuses behind the retina when 
accommodation is at rest. B) By adding a convex lens to the optical system, the image is moved 
forward on the retina. Figures inspired by Adler's physiology of eye (Flynn, 2003).

Hyperopia is the most common refractive error in childhood (Castagno, Fassa, 
Vilela, Meucci, & Resende, 2015; Ip, Robaei, et al., 2008). At birth, the mean 
refractive error is a hyperopia of approximately +2.00 D with a standard 
deviation of 2.00 D (Mayer, Hansen, Moore, Kim, & Fulton, 2001). As the child 
grows into adolescence the average refraction tends towards emmetropia
(Millodot, 2018c). 

Hyperopia is caused by either a short axial length, a flat cornea, or a lens with 
insufficient refractive power (Aaron, Solley, & Broocker, 2005). The most 
common type of hyperopia among children is axial hyperopia. In axial 
hyperopia, a 1 mm decrease in axial length causes 3.00 D of hyperopia (Strang, 
Schmid, & Carney, 1998). Another type of hyperopia that can occur in children 
is curvature hyperopia, which results from a flattening of the cornea or lens or 
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combination of both. An increase of 1 mm in the radius of curvature causes 6.00 
D of hyperopia (Majumdar & Tripathy, 2022).

Myopia

Myopia is the refractive condition of the eye in which the images of distant 
objects are focused in front of the retina when accommodation is relaxed. If 
uncorrected, myopia leads to the projection of a blurred image in the retina.
Figure 4A illustrates the way the rays of light enter a myopic eye. In myopia, 
the point conjugate with the retina, that is, the far point of the eye, is located at 
some finite point in front of the retina (Millodot, 2018d). Traditionally, 
correction of myopia is achieved by placing a concave (minus) lens, which adds 
divergence to the incoming light rays, thereby shifting the focused image back 
onto the retina. There are two types of myopia, axial and refractive. The most 
common is axial myopia, which occurs when the axial length of the eye is too 
long compared to its refractive power (Millodot, 2018e). In refractive myopia, 
the refractive power is abnormally high in relation to its axial length (Millodot, 
2018e). Figure 4B illustrates a myopic eye that is corrected with a concave lens.

Myopia can be classified in several ways, including by degree (amount of 
refractive error), age of onset, and clinical entity. The most used classification 
is by degree and is divided into low, moderate, and high myopia. These terms 
are accepted within the myopia field; however, they have no international 
standardized definitions or thresholds. The World Health Organization (WHO) 
proposed the following definitions: low myopia: spherical equivalent refraction 
−0,50 D to −2,00 D, moderate myopia: spherical equivalent refraction −2,00 D 

to −5,00 D, and high myopia: spherical equivalent refraction −5.00 D or more

(World Health Organization - Brien Holden Vision Institute).

Chapter 3 is dedicated exclusively to myopia, and here other aspects of this 
refractive error are described. 
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A.

B.

Figure 4. A) Myopia: parallel light rays from infinity focuses in front of the retina when 
accommodation is at rest. B) By adding a concave lens to the optical system, the image is moved 
backward to the retina. Figures inspired by Adler's physiology of eye (Flynn, 2003).

Astigmatism

Astigmatism is a refractive error in which the image of a point object is not a 
single point but two focal lines at different distances from the optical system
(Millodot, 2018a). The two focal lines are generally perpendicular to each other.
Figure 5 and Figure 6 illustrate the effect of astigmatism on a beam of light.
The correction of astigmatism is usually achieved with sphero-cylindrical 
lenses.
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Figure 5. Astigmatic beam of light (O=object). Adapted from Dictionary of Optometry and Vision 
Science (Millodot, 2018a).

Figure 6. Astigmatism: parallel light rays from infinity cannot focus to one point on the retina and 
creates two focal points on the retina. Inspired by Adler's physiology of eye (Flynn, 2003). 

Astigmatism can be corneal or lenticular with the cornea being the most 
frequent source of clinically significant astigmatism (Mohammadi, Khorrami-
Nejad, & Hamidirad, 2019). Astigmatism can be further classified into regular 
and irregular type with regular astigmatism the most common form. In regular 
astigmatism, the two principal meridians (the flattest and steepest meridians of 
the eye are termed the principal meridians) of the cornea or lens are 
perpendicular to each other, that is, 90 degrees apart. In irregular astigmatism, 
the principal meridians are not perpendicular (David A. Atchison & Smith, 
2000). Astigmatism can manifest itself either as an isolated refractive error 
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known as simple astigmatism or combined with myopia or hyperopia known as 
compound astigmatism (David A. Atchison & Smith, 2000).  
 
The spherical equivalent refraction (SER) is a way to express the eye's refractive 
error. SER can be obtained by the following equation: SER = ½(cylinder) + 
sphere. SER has been used when analysing the refraction in all articles of this 
thesis. 

2.3. Peripheral refraction  

There is an overall acceptance, in addition to genetic factors, that visual 
experience after birth may affect refractive development and help most eyes to 
reach approximate emmetropia (explained in section 2.2.1). Given the 
importance of foveal vision where visual acuity is highest, most attention has 
been focused on mechanisms relating to the state of focus on the visual axis. 
However, the foveal area forms only a small portion of the overall visual field, 
and it is reasonable to think that more peripheral retinal areas might also be 
relevant to emmetropization (Charman & Radhakrishnan, 2010). A possible 
explanation is even though spatial resolution declines with field angle, the 
periphery still can detect defocus in animals (Schaeffel & Diether, 1999). 
Therefore, it is believed that peripheral retinal signals can play a role in eye 
growth regulation (I. G. Morgan et al., 2018; Mutti et al., 2007; Wallman & 
Winawer, 2004).  
  
Animal studies have shown that ocular growth is likely to be, in part, regulated 
by other areas of the retina rather than only by blur at the fovea (Smith, Hung, 
& Huang, 2009; Wallman, Gottlieb, Rajaram, & Fugate-Wentzek, 1987). 
Studies conducted on chicks have shown that myopia only develops in the 
portion of the retina that is form-deprived (Wallman et al., 1987). Similarly, 
studies on monkeys have indicated a significant role for the peripheral retina in 
ocular growth. Despite the removal of the fovea with photoablation, the eyes of 
the monkeys continued to grow (Smith et al., 2010). 
 
In humans the accepted explanation is that myopes tends to have more minus in 
the central of the retina and less minus in the periphery (Mutti et al., 2019). For 
instance, by correcting myopia with single vision spectacles only the central 
part of the retina is fully corrected, and the peripheral retina is left hyperopic – 
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is known as relative peripheral hyperopic defocus. This relative peripheral 
hyperopic defocus is thought to act as a stimulus for the eye to grow. Some 
authors support the idea that imposing myopic defocus on the peripheral retina 
inhibits eye growth (Mutti et al., 2011).

The fovea has the maximum spatial resolution of the eye, typically 1 min-of-
arc, and corresponds to about 5 degrees of the visual field (J. V. Forrester, Dick, 
McMenamin, Roberts, & Pearlman, 2016). Refractive error is typically
measured and corrected on the visual axis, meaning refractive error is measured 
in the direction of the fovea, often called on-axis refractive error. However, 
given the possible involvement in the emmetropization process and eye growth, 
peripheral refraction has been receiving significant attention over the past two
to three decades. Hence the interest of measuring refractive error in the 
peripheral eccentricities, called off-axis refractive error, has increased.  

In theory it is possible to achieve, at least, two benefits by measuring the 
refractive error in the periphery of the eye: (1) individuals at greater risk of 
developing myopia can be detected earlier, and (2) the potential of suffering 
high myopia can be prevented by using special designed ophthalmic or contact 
lenses. The underlying mechanism for how the retina detects the amount of
defocus and modulates ocular growth is still unknown. Therefore, it remains 
important to continue with studies on this topic to reveal more about the 
mechanism.

In summary, the measurement of peripheral refractive error plays a key role in 
studies that examine the correction or modification of peripheral defocus for the 
purpose of myopia development and myopia control. 

Measurement of peripheral refraction

Refractive errors can be measured subjectively or objectively. The gold 
standard for measuring refractive error remains subjective refraction measured 
clinically and on-axis (Goss & Grosvenor, 1996). Subjective refraction in 
children is not always easy and reliable and objective methods are preferred in 
research studies. Objective refraction is even more important to measure
peripheral refractive error. The most used peripheral refraction techniques 
involve commercial or laboratory-based autorefractors and aberrometers, and
these are the key devices for this thesis.
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Autorefractor

An autorefractor can provide an objective measure of refractive error and is fast, 
accurate, and repeatable. Most of the currently available autorefractors use some 
form of the Scheiner disc principle, shown in Figure 7, to obtain refraction. The 
most widely used autorefractor projects the fixation target inside the instrument 
and tries to simulate distance vision. However, due to the proximal stimulus of 
accommodation these devices are often associated with significant instrument-
induced myopia. To circumvent this autorefractors with open view, in which the 
stimulus is seen naturally at distance, have been developed. Open view 
autorefractors are considered a better method to measure refractive error (Chat 
& Edwards, 2001; Davies, Mallen, Wolffsohn, & Gilmartin, 2003).

Open view autorefractors have been used to study the peripheral refractive error
since approximately the year 2000. The possibility to ask the subject to fixate a 
target located in free space enables the open view autorefractors to measure 
peripheral refraction while keeping the accommodation relaxed. Examples of 
commercially available open-field autorefractors include Shin-Nippon SRW-
5000 (also named Grand Seiko WV-500) and Shin-Nippon NVision- K5001 
(also known as Grand Seiko Autoref/Keratometer WAM-5500).
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Figure 7. The Scheiner principle: double pinhole apertures are placed before the pupil to isolate two 
small bundles of light. An object that does not conjugate on the retina appears double rather than 
blurry. Adapted from Duane et al (2011).

The Shin-Nippon NVision-K5001, used in paper 2 of this thesis, is a modified 
version of SRW-5000. The image projected onto the retina in the K5001 
consists of three small radius ring segments, requiring minimum pupil diameter 
of 2.3 mm. The frequency of readings in Shin-Nippon NVision-K5001 is 
approximately 2 Hz, and it measures ±22.0 D in the sphere and ±10.0 D cylinder 
in 0.12 D steps. The Shin-Nippon NVision-K5001, shown in Figure 8, is the 
most common device in research papers examining the relationship between 
peripheral defocus and myopia, as well as for assessing the effect of myopia 
control devices and therapies.

Something important to keep in mind is that open field autorefractors are not 
designed particularly for peripheral measurements. To obtain peripheral 
refraction, the subject must turn the eye and orient the gaze to peripherally 
displayed stimulus. This can cause ocular misalignment that might undermine 
the accuracy of the instrument, particularly if the measurement is performed in 
oblique meridians (Osuagwu, Suheimat, Wolffsohn, & Atchison, 2016; 
Radhakrishnan & Charman, 2008).
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Figure 8. An image of the Shinn-Nippon Nvision-K5001 that has been used in this thesis. 

Aberrometer

An aberrometer contains an optical system that determines the vergence of light 
reflected from the subject’s retina (Millodot, 2018a). The aberrometer can 
measure both high-order aberrations as well as low-order aberration (Millodot, 
2018a). Different wavefront methods can be used to measure irregularities of 
the wavefront and can be categorized into: “into-the-eye” and “out-of-the-eye” 

techniques. In the “into-the-eye” technique a distortion of the image falling on 

the retina determines the wavefront aberration. In the “out-of-the-eye” 

technique the retina functions as a point source and the distorted light emerging 
from the eye is used to calculate the ocular aberrations. The most popular 
instrument for peripheral aberration measurement is the Hartmann-Schack 
aberrometer which utilizes the “out-of-the-eye” technique (D. A. Atchison, 
2005). 
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A Hartmann-Schack sensor has three components: (1) a light source (usually 
infrared light or diode), (2) a lenslet array and (3) a detector. Figure 9 shows the 
Hartmann-Shack sensor ray diagram. A point light source projects onto the 
retina, the retina reflect some part of the light back, through ocular components, 
and then onto the Hartmann-Shack sensor through the lenslet array (Liang, 
Grimm, Goelz, & Bille, 1994). The pupil plane is conjugated to the micro-
lenslet array to determine the eye’s aberration. In a perfect eye, the wavefront 
should be plane. Every single micro-lenslet models a small region of the 
wavefront and focuses the slope onto the sub window of the detector. 
Aberrations can be determined from the deviation of the centroid of its 
corresponding image from the ideal centre. 

Figure 9. The figure shows the Hartmann-Shack sensor ray diagram. The aberrations are exaggerated 
and the telescope that images the wavefront from the exit pupil to the lenslet array is omitted. Adapted 
from Baskaran (2012), and Lundström (2007).  

The first commercialized aberrometer used for peripheral measurement was the 
complete ophthalmic analysis system (COAS) (Ma, Atchison, & Charman, 
2005). For peripheral aberration measurements, there are four versions of 
COAS, including COAS (D. A. Atchison, 2006), COAS VR (Berntsen, Barr, 
Mutti, & Zadnik, 2013), COAS-HD (Bakaraju, Fedtke, Ehrmann, & Ho, 2015), 
and COAD-HD VR (Baskaran, Theagarayan, Carius, & Gustafsson, 2010). The 
latest version of this device has been used in this thesis and is shown in Figure 
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10. The wavelength of the infrared laser in all COAS versions is 840 nm. The 
refractive error range that COAS can measure is from −15.00 D to +7.00 D with 
an accuracy of ±0.10 D, and repeatability of ±0.05 D. 

Figure 10. An image of the COAS-HD VR setup from Research in Eye Vision and Optometry (REVO)
lab at Linnaeus University in Kalmar. To the right is the open-field COAS and viewed from the 
instrument is a target with seven light diodes separated 10 degrees apart, starting on-axis and going 30 
degrees nasal and 30 degrees temporal. 

The COAS and the COAD-HD were originally designed for on-axis 
measurements. Hence, a modification of the fixation target is necessary, such 
as a movable LED target or duction of a target array when measuring the 
periphery. COAS-HD VR, where VR is the abbreviation of vision research, is 
a special version with an open-field kit. The open-field design of the COAS-
HD VR allows a high reliability when measuring peripheral refraction because 
measurements are less likely to be affected by instrument-induced myopia.
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2.4. Epidemiology of myopia among children

A study from 2016 predicted that half of the world's population would have 
myopia by 2050 (B. A. Holden et al., 2016). Globally the prevalence of myopia 
in children is increasing and is a significant public health concern in many areas, 
most notably in East Asia (Grzybowski, Kanclerz, Tsubota, Lanca, & Saw, 
2020). This trend is also evident in western countries, but it is less pronounced.
This section provides a review of studies on prevalence of refractive errors.

Prevalence of Myopia

The prevalence of myopia in East Asia is remarkably higher compared with 
western countries. The reported prevalence of myopia in children is summarized
in Table 1. 
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Table 1. Cross-sectional studies reporting the prevalence of myopia in schoolchildren during the past 
decade. Abbreviations: SER=spherical equivalent refraction, n= number of participants, 95% CI= 95% 
confidence interval, N/A= not available 

Study Region/Co
untry  

Cycl
o 

Definition n= Age 
range 

Prevalence 
(95% CI) 

Saxena et al. 
(2015) 

South 
Asia/India  

Yes SER < −0.50 
D 

9884 5-15 yrs 13.1(12.5-13.) 

Rim et al. 
(2016) 

East 
Asia/South 
Korea 

No SER < −0.50 
D 

7486 7-11 yrs 48.2% (45.9-
50.6%) 

Rim et al. 
(2016) 

East 
Asia/South 
Korea 

No SER < −0.50 
D 

7486 12-18 yrs 73.0% (71.0-
74.8%) 

Li et al. (2017) East 
Asia/China 

Yes SER < −0.50 
D 

37,4
24 

14-15 yrs 65.5% (N/A) 

Pan et al. 
(2018) 

East 
Asia/China 

Yes SER < −0.50 
D 

2346 13-14 yrs 29.5% (27.7-
31.4%) 

Guo et al. 
(2017) 

East 
Asia/China 

No SER < −0.50 
D 

35,7
45 

6-18 yrs 70.9% (70.5-
71.4%) 

Mahayana et 
al. (2017) 

Southeast 
Asia/Indon
esia 

No SER < −0.50 
D 

410 N/A 32.7% (N/A) 

Hrynchak et 
al. (2013) 

North 
America/U
SA 

No SER < −0.50 
D 

370 10-15 yrs 42.2% (N/A) 

Theophanous 
et al. (2018) 

West 
America/U
SA 

Yes SER ≤ −1.00 
D 

60,7
89 

5-19 yrs 41.9% (N/A) 

Carter et al. 
(2013) 

South 
America/Pa
raguay 

Yes SER < −0.50 
D 

168 5-16 yrs 1.4% (N/A) 

Lira et al. 2016 
(Lira et al., 
2017) 

South 
America/Br
azil 

Yes SER < −0.50 
D 

778 6-17 yrs 9.6% (N/A) 

Kumah et al. 2 
(2013) 

Africa/Gha
na 

Yes SER < −0.50 
D 

2435 12-15 yrs 3.4% (2.7-
4.2%) 
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Study Region/Coun
try  

Cycl
o 

Definition n= Age 
range 

Prevalence 
(95% CI) 

French et al.  
(2013) 

Australia/Aus
tralia 

Yes SER < −0.50 
D 

863 6 yrs 14.8% (N/A) 

French et al.  
(2013) 

Australia/Aus
tralia 

Yes SER < −0.50 
D 

1196 12 yrs 17.3% (N/A) 

Rudnicka et 
al.  (2010) 

Europe/UK No SER < −0.50 
D 

1179 10-11 yrs 11.9% (10.0-
14.0%) 

Harrington 
et al.  (2019) 

Europe/Irelan
d 

Yes SER < -0.50 
D 

898 12-13 yrs 22.8% (20.1-
25.7%) 

Lundberg et 
al.  (2018) 

Europe/Denm
ark 

Yes SER < −0.50 
D 

307 9-16 yrs 17.9% (N/A) 

Tideman et 
al.  (2018) 

Europe/Nethe
rlands 

Yes SER < −0.50 
D 

5711 6 yrs 2.4% (N/A) 

Hagen et al. 
(2018) 

Europe/Norw
ay 

Yes SER < −0.50 
D 

439 16-19 yrs 13.4% (8.7-
18.3%) 

Demir et al. 
(2021) 

Europe/Swed
en 

Yes SER < −0.50 
D 

128 8-16 yrs 10% (4.4-
14.9%) 

Cyclo = cyclopegica, n= sample size, yrs= years, N/A= not available 
 
From Table 1 is possible to observe that the prevalence of myopia ranged from 
1.4% for children aged 5 to 16 years living in South America (Carter et al., 
2013) to 73.0% for children aged 12 to 18 living in South Korea (Rim et al., 
2016). The highest prevalence of myopia has been reported in urban areas of 
China, Taiwan, and South Korea (Rim et al., 2016). In a study conducted by 
Wang et al. (2020), the overall prevalence of myopia was 63.0% in Chinese 
children aged 6 to 18 years. Tsai et al. (2021) investigated changes in prevalence 
of myopia in Taiwanese schoolchildren during the past few decades. They 
concluded that the myopia prevalence increased steadily and rapidly across all 
age groups. For instance, from year 1983 through year 2017, the prevalence of 
myopia increased from 30.66% (CI95= 26.89-34.43) to 76.67% (CI95= 72.94-
80.40) amongst 12-year-olds. In Europe, the prevalence of myopia is 
approximately 20.0%, with rates ranging from 2.4% in Dutch six-year old 
children (J. W. L. Tideman, Polling, Jaddoe, Vingerling, & Klaver, 2019) to 
22.8% in Irish children aged 12-13 years (Harrington et al., 2019).  
 
In Norway and Sweden there seems to be a high prevalence of hyperopia instead 
of myopia with 57.0% of Norwegian adolescents (Hagen et al., 2018) and 48.0% 
Swedish schoolchildren (Demir et al., 2021) being hyperopes. Carter et al. have 
also reported high prevalence of hyperopia (40.6%) among indigenous 
schoolchildren in Paraguay (Carter et al., 2013). In addition, there are other 
countries where rates of myopia are low, including Ghana (Kumah et al., 2013), 
Brazil (Lira et al., 2017), and Paraguay (Carter et al., 2013). 
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The incidence of myopia

The incidence of myopia reported across countries varies from 2.2% in Europe
(McCullough, O'Donoghue, & Saunders, 2016) to greater than 20.0% in urban 
areas of East Asia (Fan et al., 2004). As with the prevalence, the incidence of
myopia is higher in East Asian countries (Fan et al., 2004; L. Li, Zhong, Li, Li, 
& Pan, 2018; Yao et al., 2019; W. J. Zhou et al., 2016) when compared to 
Western countries (French, Morgan, Burlutsky, Mitchell, & Rose, 2013; Jones-
Jordan et al., 2010; McCullough et al., 2016). In East Asia, the incidence of 
myopia ranges between 10% to 54% with a progression of −0.43 D/year to 
−1.50 D/year in children aged 6-15 years (L. Li et al., 2018; Tan et al., 2000; D. 
C. Tsai et al., 2016; S. K. Wang et al., 2018; W. J. Zhou et al., 2016). In North 
India, the incidence of myopia was reported to be 3.4% among children aged 5-
15 years (Saxena et al., 2017). In Australia, the incidence of myopia was 2.2% 
for 12 years old and 4.1% for 16 years old, with an overall myopia progression 
of −0.16 D/year (French, Morgan, Burlutsky, et al., 2013).

In Europe, the Northern Ireland Childhood of Refraction (NICER) study 
reported prospective data for a six-year follow-up and showed that the annual 
incidence was 2.2% among children aged 12-13 years old (McCullough et al., 
2016). The Generation R Study in Rotterdam reported the three-year cumulative 
incidence of myopia to be 10.4% in children aged 9-years old in the Netherlands
(J. W. L. Tideman et al., 2019). A recent study from Germany reported a four-
year cumulative incidence of 11.2% (estimated from data reported in the 
original paper) among children and adolescents aged 5-20 years (Kearney, 
Strang, Cagnolati, & Gray, 2020). A study based on Danish data revealed that 
myopia prevalence in Denmark has been stable for the past 140 years (Hansen, 
Hvid-Hansen, Jacobsen, & Kessel, 2021), which is indicative of a stable and 
low incidence over the years. Overall, myopia incidence tends to be higher in 
East Asian countries than in western countries, which agrees with the higher 
prevalence of myopia reported in East Asians.
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3. Myopia

The main area of research in this thesis is myopia and associated risk factors.
This chapter starts with a section that highlights anatomical and structural 
changes in the eye caused by myopia, the underlying mechanisms for myopia 
development, and pathological changes related to high myopia. The second 
section of this chapter discusses possible risk factors that may play a role in 
myopia development and myopia progression. This chapter is developed further 
in papers 1 and 4.

3.1. Anatomical changes in a myopic eye

High myopia is a major risk factor for the development of ocular diseases and 
may become one of the most common causes of irreversible vision impairment 
and blindness throughout the world (B. Holden et al., 2014). Despite its 
importance the mechanisms underlying the process of myopia development 
and myopization remain poorly understood. It is vital to comprehend the 
process of emmetropization and myopization that leads, in particular, to ocular 
elongation.

Axial length and axial length to corneal radius ratio

Ocular biometric measures are closely related to refractive error. Several studies 
have demonstrated a relationship between myopia and ocular biometry (axial 
length, corneal curvature, and the axial length to corneal curvature ratio) (X. He 
et al., 2021; X. He et al., 2015; Ip et al., 2007; Scheiman et al., 2016; Tao et al., 
2021). Axial myopia, as explained in section 2.2.3, is characterized by an 
elongation of the sagittal diameter of the eye (Troilo et al., 2019). After birth, 
the eye grows spherically from a diameter of approximately 17.0 mm at birth to 
around 24.0 to 25.0 mm at age 16.3 years (Hou, Norton, Hyman, & Gwiazda, 
2018). At this age, the cornea and crystalline lens begin to assume almost adult 
like proportions. 

Among children aged 6 to 14 who remain emmetropic, the average axial growth 
is about 0.1 mm/year (Mutti et al., 2007). The same average growth was 
determined by another study examining emmetropes up to age of 13 (Fledelius, 
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Christensen, & Fledelius, 2014). Most studies agree that before the age of ten, 
axial growth is within the range of 0.1 to 0.2 mm/year for children that go 
through the emmetropization process. After the age of ten, an axial growth of 
around 0.1 mm/year is normal (Fledelius et al., 2014; Mutti et al., 2007; 
Rozema, Dankert, Iribarren, Lanca, & Saw, 2019; J. W. L. Tideman, Polling, 
Vingerling, et al., 2018). In contrast, in myopes before the age of ten, the axial 
growth is approximately 0.3 mm/year, and after age ten, the growth is more than 
0.2 mm/year (Hou et al., 2018; Rozema et al., 2019; J. W. L. Tideman, Polling, 
Vingerling, et al., 2018). The fastest axial growth occurs the year before the 
myopia onset and is expected to be around 0.33 mm. After the onset, the eye 
growth slows down to 0.20 to 0.27 mm/year and remains in the similar range 
throughout the progression of myopia (Mutti et al., 2007). 

The relationship between axial length and corneal radius (AL/CR ratio) has 
been used to understand how the cornea contributes to myopia development. 
Many studies have shown a significant relationship between myopia and 
AL/CR (Jong, Sankaridurg, Naduvilath, Li, & He, 2018; Tao et al., 2021; Zhao 
et al., 2019). Higher AL/CR ratio is associated with more negative spherical 
refractive error (Jong et al., 2018; Tao et al., 2021; Zhao et al., 2019). Jong et 
al. showed that every 1 unit increase in AL/CR corresponded to 6-7 dioptres
increase of negative SER in children aged 7-16 years. These authors also found 
that every 1 unit increase in AL/CR corresponded to a shift of 12.2 dioptres in 
children with high myopia (Jong et al., 2018). Zhao et al. suggested that children 
between 3 and 4 years old with AL/CR values above 3.05 are at high risk of 
being a future myope (Zhao et al., 2019). 

Structural changes in myopia

The retinal thickness has been shown to be associated with refraction, where 
lower SER has been associated with thinner retina, especially in the periphery 
(Jonas et al., 2016; von Hanno et al., 2017). 

Studies on Bruch’s membrane (BM) revealed that BM did not become thinner 
in eyes with elongated axial length, not even in eyes with an axial length longer 
than 35 mm (Bai et al., 2017; Jonas, Holbach, & Panda-Jonas, 2014a; Shen et 
al., 2016a). However, studies indicate the volume of BM increases with longer 
axial length, creating speculations regarding the active growth of BM may play 
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a role in the process of axial elongation (Jonas, Ohno-Matsui, Jiang, & Panda-
Jonas, 2017).

Studies have also shown that choroidal thickness decreases with axial length, 
despite a progressive age-related thinning of the choroid is to be expected 
(Jonas, Ohno-Matsui, & Panda-Jonas, 2019; Tang et al., 2020; Wei et al., 2013). 
In addition, the area and volume of the choroid are not associated to axial length 
in individuals older than 18 years. Thus, it has been suggested that the thinning 
of the choroid is not the result of a change in volume, but rather of the 
rearrangement of the available choroidal tissue (Shen et al., 2016b).

Clinical and histological studies have showed that the thickness of the sclera 
only decrease in the posterior half of the globe in individuals with axial myopia 
by a process of scleral tissue rearrangement during emmetropization and 
myopization (Jonas, Holbach, & Panda-Jonas, 2014b; Jonas et al., 2019; Jonas, 
Wang, Dong, Guo, & Panda-Jonas, 2020; Norman et al., 2010; Vurgese, Panda-
Jonas, & Jonas, 2012). This finding suggests that the posterior half of the eye
may drive the process of emmetropization and myopization (Jonas et al., 2019; 
Norman et al., 2010; Vurgese et al., 2012).

Mechanisms for myopia development

Currently, there are a few accepted mechanisms for eye growth. This includes
physiological changes in retinal cells (such as low dopamine levels), relative 
peripheral hyperopic defocus that maintain the emmetropization process active, 
altered accommodative responses to visual stimuli, as well as ocular aberrations
(I. G. Morgan et al., 2021) . Most of the knowledge concerning mechanisms of 
eye growth has been derived from animal studies and the exact mechanism 
remains undetermined for human eyes. 

Dopamine is the most studied neurotransmitter in myopia development (X. 
Zhou, Pardue, Iuvone, & Qu, 2017). In animals such as chickens and primates, 
myopia is associated with lower levels of dopamine in the retina. Most studies 
have shown that dopamine blocks axial elongation (I. G. Morgan, Ashby, & 
Nickla, 2013). Therefore, it has been speculated that exposure to outdoor light 
may prevent the development of myopia in children because it may increase the 
synthesis of dopamine in the retina (Dhakal, Shah, Huntjens, Verkicharla, & 
Lawrenson, 2022).
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Hyperopic defocus on the peripheral parts of the retina has also been proposed 
as an underlying mechanism for axial length elongation and this has been 
explained in section 2.3. Myopic eyes are thought to exhibit relative hyperopic 
defocus in the periphery, which may be a precursor of the development of 
myopia (D. A. Atchison et al., 2005). In contrast to myopic eyes, hyperopic eyes 
are thought to exhibit relative peripheral myopia (D. A. Atchison et al., 2005).

Several studies have compared characteristics of accommodation with myopia 
and found that lag of accommodation results in a central retinal hyperopic 
defocus that may stimulate eye growth. Despite this, there is a disagreement 
between the results regarding this theory, as some studies argue that lag of 
accommodation is a cause of myopia and others argue that it is a consequence 
of myopia (Aleman & Schaeffel, 2018; Cheng, Schmid, Woo, & Drobe, 2010).

Pathological changes in a myopic eye

Myopia increases the risk of ocular complications that may threaten sight and
the risk increases for higher amounts. The ocular complications associated with 
myopia, especially high myopia (-5.00 D or less) (Kempen et al., 2004), include 
myopic macular degeneration (MMD), retinal detachment, glaucoma, and 
cataract (B. Holden et al., 2014). For instance, the risk of glaucoma increases 
by 14.4 times if the individual has a refractive error of −6.00 D or more
(Flitcroft, 2012; Qiu, Wang, Singh, & Lin, 2013). The risk of retinal detachment 
increases by 7.8 times if the individual has −8.00 D or more, and cataract 
increases by 3.3 times if −6.00 D or more (Flitcroft, 2012). Further, MMD is 
the most important complication of myopia and is a common cause of visual 
impairment, particularly in high myopia (Verhoeven et al., 2015). The 
prevalence of MMD varies from 0.2% in rural India (Jonas, Nangia, et al., 2017)
to 1.2% in Caucasian Australians (Vongphanit, Mitchell, & Wang, 2002) and 
4.0% in Singapore (J. W. Tideman et al., 2016; Wong et al., 2018).

3.2. Risk factors associated with myopia

Myopia is a complex and multifactorial eye condition that is influenced by 
genetic and environmental factors, such as near work and outdoor activities. As 
introduced in section 2.2.1, the process of emmetropization takes place after 
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birth and throughout childhood. Factors like genetics, environment and their 
interactions may interfere with the emmetropization process, and the 
consequence is likely to be refractive error. Myopia has traditionally been 
assessed based on an interaction between genetics, ethnic background, and 
environmental factors. This section discusses some of the most common risk 
factors associated with myopia development and progression. 

Genetics - Parental myopia

Genome-wide studies have revealed several gene loci associated with ocular 
refraction and myopia (V. J. VerhoevenP. G. Hysi, et al., 2013) The most 
documented risk factor for myopia is to have myopic parents. Parents with 
myopia pass on genetic variants that result in myopia in their children (X. 
Zhang, Qu, & Zhou, 2015). One parent with myopia increases the risk 2-3 times, 
and two parents with myopia increase the risk up to 6 times (Jones et al., 2007).

Several studies have shown a more negative refractive error in children with 
myopic parents (Demir et al., 2021; Jones et al., 2007; Lim et al., 2014). A study 
showed that children aged 6-18 years with two myopic parents had a mean 
refractive error of −2.33 D and the odds ratio of developing myopia in childhood 
with two myopic parents was –2.83 when compared with no myopic parents
(Lim et al., 2014). Furthermore, sibling studies also show high heritability for 
myopia (Guggenheim, Pong-Wong, Haley, Gazzard, & Saw, 2007; Jones-
Jordan et al., 2014). Jones-Jorden et al. examined between-sibling refractive 
error correlation in 700 US families and found that environmental factors only 
accounted for 0.5% of the variance. They concluded that genetic effects play a 
major role in explaining the similarity of refractive error between siblings
(Jones-Jordan et al., 2014). 

Ethnicity

Ethnicity also plays a role in the development and progression of myopia.
Epidemiological studies show major differences in myopia prevalence between 
ethnic groups, with East Asian children at more risk than European Caucasian 
(Rudnicka et al., 2010). In 2010, the prevalence of myopia among children in 
Europe was around 20.0%, while it was 47.0% in East Asia(B. A. Holden et al., 
2016). The highest incidence of myopia tends to be in East and Southeast Asia
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(L. Li et al., 2018; Saw et al., 2005; S. K. Wang et al., 2018). An Australian 
study reported that East Asian children between the ages of 11 to 15 were eight 
times more likely to become myopic than their Caucasian counterparts (Ip, 
Huynh, et al., 2008). In another study, 25.0% of South Asian children were 
myopic which is much higher when compared to 4.0% among Caucasian 
children of the same age in British schools (Rudnicka et al., 2010). It has been 
suggested that these differences between ethnicities may be mediated by 
environmental exposures. For instance, a probable causative role in the 
development of myopia could be the competitive and stressful education 
systems in some of the East Asian countries (Jiang & Tian, 2019). However, the 
fact that prevalence of myopia children from East Asian ethnicity remains 
higher than in other ethnicities under the same environment suggest that 
ethnicity is important for myopia development. 

Age

Age is also a possible risk factor for the myopia development. A child who 
develops myopia at a younger age is at risk of a higher rate of progression and 
reaching high amounts of myopia (Hyman et al., 2005; Jones-Jordan et al., 
2021; Saw et al., 2005). Studies suggest that early onset of myopia is strongly 
associated with high degree of myopia in adulthood. Each additional year of 
delay in onset of myopia will reduce that risk substantially (Chua et al., 2016; 
Hu et al., 2020).  

Near work

After many decades of investigation, the role of near work in myopia is still 
unclear. There are conflicting results because some studies report a relationship
(French, Morgan, Mitchell, et al., 2013; Ip, Saw, et al., 2008; Yao et al., 2019), 
while others fail to find it (Jones-Jordan et al., 2011; Saw et al., 2005). Even 
though longitudinal studies failed to find an association between myopia and 
near work, several cross-sectional studies reported increased myopia with an 
increase in near work. One cross-sectional study found that reading more than 
two books per week was associated with longer axial length (Saw et al., 2002). 
The Sydney Myopia Study reported that longer time spent reading for pleasure 
and at a closer distance (<30 cm) were associated with myopic progression (Ip, 
Saw, et al., 2008). The duration of continuous near viewing and the absolute 



29 
 

working distance have recently been found to be related to myopia. A three-
year longitudinal study reported that reading and writing for long periods (odds 
ratio = 1.62) and shorter reading and writing distance (odds ratio = 1.83) 
contributed to the incidence of myopia and myopic progression for children 
aged 14-16 years (Yao et al., 2019). The Myopia Investigations Study revealed 
similar findings to the Sydney Myopia Study, where near work distance (closer 
than 30 cm) and continuous near work (no breaks after 30 minutes) increased 
myopia progression (P. C. Huang et al., 2020; Ip, Saw, et al., 2008).  
 
Over the past two decades the use of electronic devices among children has 
increased and there has been an increased interest in understanding the possible 
effects of electronic device use (screen time) on myopia development. 
Particularly smartphones and tablets due to their unusually close working 
distance (Miranda, Nunes-Pereira, Baskaran, & Macedo, 2018). A Danish study 
showed that extended use of screen devices increased the odds ratio (odds ratio 
weekdays = 1.95, weekends = 2.1) for myopia in teenagers (Hansen et al., 
2020). Similarly, Guan et al. found a relationship between prolonged computer 
use and smartphone use (> 60 minutes/day) with greater myopia (Guan et al., 
2019). On the contrary, a systematic review that included 15 studies with 
children aged 3-19 years found that only 7 of the 15 studies reported an 
association between screen time and myopia. The authors suggested further 
studies with objective measures of screen time are needed (Lanca & Saw, 2020). 
To date, one study with objective data for smartphone use has been published 
and reported a significant, albeit weak, association between smartphones and 
myopia (odds ratio = 1.08), and myopes used twice as much data than non-
myopes (McCrann, Loughman, Butler, Paudel, & Flitcroft, 2021). The 
ubiquitous device use seems to increase among children with myopia after the 
onset and not before (Gajjar & Ostrin, 2021), indicating it might marginally 
worsen the progression of existing myopia. 
 
According to recent studies, the nature of near work (continuous near work and 
working distance) may influence the onset and progression of myopia. There is 
currently no evidence-based method for behaviour modification; however, near-
work reduction may still prove beneficial. Recent behavioural interventions 
suggest increasing time spent outdoors, which has been associated with a 
reduction in the risk of developing myopia (Gajjar & Ostrin, 2021).  
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Outdoor time

Outdoor time has been demonstrated to be a consistent environmental factor 
that can delay the onset of myopia. Recent studies have reported that spending 
more time outdoors is protective against the development of myopia and 
independently of the type of outdoor activity (Xiong et al., 2017). In a clinical 
trial, an additional 40-minute class of outdoor activities was added to each 
school day in the intervention group. The cumulative incidence of myopia was 
30.4% in the intervention group and 39.5% in the control group. The difference 
was statistically significant. In the same study, there was also a significant 
difference in the 3-yearr change in spherical equivalent refraction for the 
intervention group (−1.42 D) compared with the control group (−1.59 D) (M. 
He et al., 2015). Using the same methodology, another study found the 
incidence of myopia was 3.7% with a myopia progression of − 0.10 D (standard 
deviation= 0.65) in the intervention group and 8.5% with a myopia progression 
of − 0.27 D (standards deviation = 0.52) in the control group (Jin et al., 2015). 
The Australian SAVE study reported in both younger (mean age six years at 
baseline) and older (mean age 12 years at baseline) cohorts that there was a 
significant trend towards an increased incidence of myopia in children who 
spent less time outdoors (French, Morgan, Mitchell, et al., 2013). The findings 
of a second study indicated a negative correlation between outdoors time and 
myopia progression. Additional outdoor time spent by children aged 3 to 9 was 
associated with a reduced incidence of myopia by the age of 10 to 15 years
(Shah, Huang, Guggenheim, & Williams, 2017). 

The majority studies on outdoor time show a protective effect for onset but not 
conclusive for progression of myopia (Dhakal et al., 2022). The mechanisms 
underlying this protective effect remain unknown. Many hypotheses have been 
proposed and one has been debated in section 3.1.3, that is the contribution of 
outdoor time for dopamine production. An exhaustive discussion of this topic 
is outside the scope of this thesis.

Education

Most studies that address the relationship between education and myopia found 
that more educated people tend to be more myopic (Mirshahi et al., 2014; 
Mountjoy et al., 2018; Mutti, Mitchell, Moeschberger, Jones, & Zadnik, 2002). 
Countries with high prevalence of myopia also stand out in their educational 
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system. A pattern of educational pressure is evident from an early age with 
homework beginning at preschool and extensive tutorial classes after school 
hours (I. G. Morgan & Rose, 2013). For instance, in Jerusalem, the prevalence 
of myopia was significantly higher in Orthodox Jewish boys than in girls, since
the boys read religious texts at close distances and for long periods of time
(Zylbermann, Landau, & Berson, 1993). A mendelian randomization study
reported that every additional year of education was associated with a more 
myopic refractive error of −0.27 D per year (Mountjoy et al., 2018). A school 
curriculum consisting of increased near-work is associated with a higher rate of 
myopia and myopia progression (Ben-Simon et al., 2004). 

Epidemiological studies provide evidence for gene-environment interactions. A
combined effect of genetic predisposition and education on myopia risk is 
considerably greater than the sum of the separate effect (Mountjoy et al., 2018; 
V. J. M. Verhoeven et al., 2013). A study showed that individuals with genetic 
risk combined with high levels of education had a fourfold greater risk of 
developing myopia than individuals with genetic risk combined with low levels 
of education (V. J. Verhoeven, G. H. Buitendijk, et al., 2013). One possibility 
for the development of myopia could be the competitive and stressful education 
system with limited outdoor time, especially in some East Asian countries (I. G. 
Morgan et al., 2018; Rose, French, & Morgan, 2016). Another possibility is that 
early exposure to schooling might be a major driver for myopia development
during a critical period of emmetropization because it might disrupt the process 
(Ding, Morgan, Hu, Yuan, & He, 2022). 

Urbanization and population density

Differences in the prevalence of myopia are frequently reported between urban 
and rural areas. Large differences appear when the development of economic 
level is significantly different in different locations (I. G. Morgan et al., 2021). 
Children living in urban areas have 2.6 times the risk of developing myopia 
compared with children living in rural areas (Rudnicka et al., 2016). Studies 
report higher prevalence of myopia in urban areas compared with rural areas of 
China (M. He et al., 2007; Wu et al., 2013), Taiwan (Lin et al., 2001), and India
(Dandona et al., 2002). The Sydney Myopia Study reported regional 
differences, with the prevalence of myopia being highest in inner city areas (Ip, 
Rose, Morgan, Burlutsky, & Mitchell, 2008). 
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According to a study, higher population density was reported to be associated 
with myopia risk, independent of time spent outdoors, educational levels, and 
economic status (M. Zhang et al., 2010). In addition, higher population density 
and smaller house sizes were associated with a longer axial length and negative 
refractive error among children living in Hong Kong and Beijing (Choi et al., 
2017; Guo et al., 2013). The relationship between high population density and 
myopia may be a surrogate of outdoor time and near work because children 
living in urban areas may spend less time outdoors (Grzybowski et al., 2020). 
Moreover, children living in urban areas are often deprived of access to green 
spaces. A study has found that more exposure to outdoor green space results in 
lower odds of wearing spectacles for myopia correction (Dadvand et al., 2017). 
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4. Characterization of the eye 
development

This chapter provides a detailed discussion of the development of the fovea, 
retinal vasculature and its relevant to vision, and an introduction to optical 
coherence tomography angiography (OCTA). Paper 3 reports results of an 
OCTA study investigating the characteristics of the fovea in a sub-sample of 
children that form part of the cohort followed in this thesis.

4.1. Characteristics of the macula given by OCT

The retina contains multiple cellular layers, and most can be identified in OCT 
images as the one shown in Figure 11. The optical coherence tomography 
technology is further explained in section 4.3. The layers are named from the 
inner to the outer layer as the inner limiting membrane (ILM), retinal nerve fibre
layer (RNFL), ganglion cell layer (GCL), inner plexiform layer (IPL), inner 
nuclear layer (INL), outer plexiform layer (OPL), outer nuclear layer (ONL), 
external limiting membrane (ELM), photoreceptor segments (PS), and retinal 
pigment epithelium (RPE). This structure is generally followed in the retina; 
however, the fovea lacks most of these layers (Cuenca et al., 2020).

Figure 11. OCT using the Enhanced HD 5 Line raster scan protocol provides a cross-section of the 
central retina of a healthy child. The layers of the retina are identified with yellow legends. This image 
belongs to one of the participants of this thesis. Legends adapted from Staurenghi et al. (2014).
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The macula is a specially organized region in the central retina and can be 
distinguished by its dark red coloration when seen through the ophthalmoscope. 
Macular development starts at about 24 weeks of gestational age (Hendrickson, 
Possin, Vajzovic, & Toth, 2012; Provis & Hendrickson, 2008). The macula 
consists of foveal, parafoveal, and perifoveal areas. The parafovea surrounds 
the fovea and has approximately a 2.5-millimeter ring width. At the parafovea, 
the GCL, INL, and IPL are thickest (Q. Wang et al., 2020). Thus, the parafovea 
is the thickest region of the retina. Surrounding the parafovea is the perifovea 
with a ring width of about 5.5 millimetres. 

In the centre, about 1.5 mm of the macula, is the fovea with its high 
concentration of cone cells. In the fovea, three other features can be identified: 
the foveola, the foveal pit, also known as the umbo, and the foveal avascular 
zone. As a standard, the OCT measurements in the macula are usually divided 
into the grid areas defined in the Early Treatment Diabetic Retinopathy Study 
(ETDRS) (Chan, Duker, Ko, Fujimoto, & Schuman, 2006). Figure 12 shows 
images of the central circle of the ETDRS grid obtained from one of the 
participants of this thesis. These areas of the ETDRS grid are often used and 
referred to in this thesis and Paper 3.

Figure 12. Shows two images of the 1 mm diameter central circle of ETDRS grid and four sectors of 
the inner area of the grid. The inner area has an internal diameter of 1 mm and an external diameter of 
3 mm. These images belong to one of the participants of this thesis. 
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An adult human fovea has a self-evident feature with a shallow slope. The 
process of foveal maturation is fully completed around age 10 years, that is, 
from that age the fovea displays adult-like characteristics (Hendrickson et al., 
2012). The foveola is a downward slope named in the middle of the fovea. The 
foveola is approximately 0.35 millimetres in diameter, and it consists of tightly 
packed and elongated cones. A human foveola is a rod-free zone, and the inner 
retinal layers are displaced peripherally, resulting in a characteristic foveal pit.  
 
The foveal pit is placed at the very centre of the foveola and has a slight 
depression of 150-200 micrometres in diameter. The foveal pit contains more 
than half of the retinal cones (Cuenca et al., 2020) and begins to form at 24-27 
weeks of gestational age (Hendrickson et al., 2012). Studies have shown that 
the foveal pit and the peak cone density are the result of a complex 
developmental processes that occurs during the second half of gestation and the 
early postnatal years (Diaz-Araya & Provis, 1992; Hendrickson et al., 2012; 
Provis, Sandercoe, & Hendrickson, 2000). The pit is formed when the retinal 
neurons and ganglion cells migrate peripherally, and the underlying cones 
elongate and are densely packed (Kondo, 2018). The absence of vasculature and 
the overlaying inner retinal tissue will effectively decrease light scattering in 
the foveal pit, and thus maximize its optical quality (Chui, Zhong, Song, & 
Burns, 2012).  
 
The foveola lacks blood vessels, and this central avascular region is known as 
the foveal avascular zone (FAZ). Currently there are, at least, two different 
theories explaining the development of the FAZ. One was proposed by Springer 
and Hendrickson (2004), and in this theory the organization of the foveal layers 
is influenced by the FAZ area and the intraocular pressure. Once the FAZ forms 
at week 24-25 of gestation, the foveal pit deepens under the effect of intraocular 
pressure. Then, the inner retinal layers migrate away from the foveal centre, and 
the cones migrate into the foveal centre and elongate with the ocular growth. 
Another developmental model is that ischemia causes the foveal pit. That is, 
towards the end of gestation the capillaries meshwork in the fovea regresses by 
apoptosis (programmed cell death) and metabolic stress results in neurons in the 
fovea dying or migrating out of the centre due to limited blood supply. In either 
case, it is possible that the FAZ area and the structure of the foveal pit are highly 
correlated (Chui et al., 2012), the larger FAZ are associated with deeper foveal 
pits (Dubis et al., 2012).  
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For different reasons, it is possible that the inner retinal neurons fail to migrate 
away from the centre of the fovea. When this occurs, it will be a reduction or 
complete absence of the foveal pit and absence of FAZ. However, it remains 
unclear if the absence of FAZ is the cause or a consequence of the failure to 
develop a foveal pit with interrupted inner retinal layers. The condition in which 
the foveal pit is not fully developed is known as foveal hypoplasia (Hernandez-
Moreno, Moreno Perdomo, Aleman, Baskaran, & Macedo, 2018; Kondo, 
2018). Foveal hypoplasia may be evident in individuals with albinism, 
retinopathy of prematurity, aniridia, or premature birth (Bringmann et al., 2018; 
Dorey, Neveu, Burton, Sloper, & Holder, 2003; Summers, Creel, Townsend, & 
King, 1991; Walsh & Goldberg, 2007), resulting in poor vision and nystagmus 
(Kondo, 2018). Nevertheless, studies have demonstrated a wide range of visual 
acuity from 20/20 (logMAR 0.0) to 20/400 (logMAR 2.0) (Dorey et al., 2003; 
Hernandez-Moreno et al., 2018; Summers et al., 1991; Walsh & Goldberg, 
2007) in conjunction with foveal hypoplasia, suggesting that the absence of 
foveal pit does not lead inevitably to poor visual acuity (Marmor, Choi, 
Zawadzki, & Werner, 2008). Since foveal hypoplasia carries with it a negative 
functional connotation, the lack of a foveal pit with good visual acuity is 
described as fovea plana (Marmor et al., 2008).   
 
The mean diameter of the FAZ ranges from 400 to 700 micrometres in healthy 
populations (Chui et al., 2012). The absence of retinal vasculature enables a 
direct light path towards the photoreceptors, which allows the eye to detect the 
finest details. Studies have shown that preterm children or conditions such as 
nanophthalmos and ocular albinism can result in a small or absent FAZ (Dubis 
et al., 2012; Mintz-Hittner, Knight-Nanan, Satriano, & Kretzer, 1999; Walsh & 
Goldberg, 2007; J. Wang, Spencer, Leffler, & Birch, 2012). Conversely, myopia 
and the female gender are associated with a larger FAZ (Borrelli et al., 2019; 
Gołębiewska, Biała-Gosek, Czeszyk, & Hautz, 2019; Z. Zhang et al., 2017). 
The FAZ area is highly sensitive to ischemic events, and ischemia is suggestive 
of an enlargement of FAZ. Therefore, the FAZ area is used as an indicator for 
detecting retinal disorders such as diabetic retinopathy or retinal vascular 
occlusion (Conrath, Giorgi, Raccah, & Ridings, 2005; Lynch et al., 2018; 
Mastropasqua et al., 2017; Parodi, Visintin, Della Rupe, & Ravalico, 1995). 
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4.2. The retinal vascular network  

The human retinal vascular network consists of three capillary layers, including 
the superficial capillary plexus (SCP), the deep capillary plexus (DCP), and the 
radial peripapillary capillary plexus (Campbell et al., 2017; Snodderly, 
Weinhaus, & Choi, 1992). The superficial and deep capillary plexus forms the 
FAZ by creating a ring of linked capillaries at the margin of the fovea 
(Snodderly et al., 1992). See Figure 13 for anatomical localization of the SCP 
and DCP in the human retina. The radial peripapillary capillary plexus is a 
regional layer in the retinal nerve fibre layer and has the role of supplying the 
densely packed nerve fiver layer bundles in the optic nerve region. (Campbell 
et al., 2017; Mase, Ishibazawa, Nagaoka, Yokota, & Yoshida, 2016). This thesis 
did not investigate the radial peripapillary capillary plexus, and therefore is not 
shown in Figure 14. The three layers of retinal vasculature supply nutrients to 
the inner retina, while the outer retinal layer receives its vascular supply from 
the choriocapillaris. The choriocapillaris, which is the capillary layer of the 
choroid, provides vascular supply to the outer layer of the retina including fovea 
centralis, and photoreceptors whose nuclei are located in the outer nuclear layer 
(Campbell et al., 2017; Cuenca et al., 2020; Paques et al., 2003). The SCP and 
DCP are located at different depth in the inner retina. The SCP is within the 
ganglion cell layer, and the DCP lies within the inner nuclear layer (Spaide, 
Klancnik, & Cooney, 2015).  
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Figure 13. An illustration of the retinal capillary plexus (labelled on left) in red hand drawn on top of a 
histological section of the human retina from an OCTA. Figure adapted from Campbell et al (2017). 

OCTA can be used to visualize and provide a quantitative analysis of the retinal 
microvasculature. In particular, the vessel density and the retinal capillary 
perfusion of the superficial retina (defined from the ILM to IPL), and deep retina 
(defined from the IPL to OPL), as well as the size of the FAZ. The OCTA 
computes the perfusion density which is defined as perfused vasculature per 
unit area in a region of measurement, expressed as a percentage (Demir et al., 
2022; You et al., 2019). The vessel density refers to the proportion of vessel 
area with blood flow over the total area measured (You et al., 2019).

Ocular blood flow and its relationships with refractive error, especially in 
myopia, remains a topic of considerable interest. Studies have reported that 
retinal blood flow decreases in myopic eyes, especially in highly myopic eyes
(M. Li et al., 2017). One possible explanation could be the thinning and 
disappearance of the retinal and choroid structures, resulting in oxygen demand 
reduction, hence, a blood flow decrease (Walasik-Szemplińska, Pauk-
Domańska, Sanocka, & Sudoł-Szopińska, 2015). A study by Yang et al 
concluded that healthy young adults with high myopia have low vessel densities
in the superficial capillary plexus and deep capillary plexus in the macular area
(Yang et al., 2020). The pathophysiological relevance of reduced vessel density 
with increased axial length remains unclear.
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4.3. Optical Coherence Tomography Angiography 

Optical coherence tomography (OCT) has, since its development in 1991, 
brought a revolution to the diagnosis of the human retina (D. Huang et al., 
1991). With the help of OCT, it is possible to detect changes in retinal 
morphology during pathological conditions as well as determine normal 
anatomical variations in the cell structure of healthy eyes. Most recently a new 
technology has been developed and is called optical coherence tomography 
angiography (OCTA) (Makita, Hong, Yamanari, Yatagai, & Yasuno, 2006). 
 
OCTA is a relatively new and non-invasive imaging technique that allows for 
rapid acquisition of volumetric angiographic information of the retina (de Carlo, 
Romano, Waheed, & Duker, 2015). OCTA provides information regarding the 
superficial and the deep capillary plexuses, the radial peripapillary capillary 
network, as well as the choriocapillaris based on blood flow movements, details 
about the retinal vascular network were given in section 4.2. Figure 14 shows 
an interface of the AngioPlex software (version: 7.2.0.37023, Carl Zeiss 
Meditec, Dublin, CA) of obtained with the Cirrus 6000 from Zeiss (Carl Zeiss 
Meditec, Dublin, CA).    
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Figure 14. An image produced by the Angioplex software showing a 3 x 3 mm scan of the macula. 
The white pixels show the capillaries. The en-face image (top-right) shows the superficial vascular 
layer but can be changed to, for instance, deep capillary plexus by clicking “djup” (which stands for 
deep) on the menu shown of the left-hand side of the image. By dragging the purple or green line, it is 
possible to visualize the complete set of slices that form the en-face image. In this image slice, number 
122 is shown at the bottom-right corner. The purple line at the top of slice 122 shows the segmentation 
used by the algorithm to compute the vascular statistics of the superficial capillary plexus, that is the 
superficial vascular layer contains the vascular network enclosed between the inner limiting membrane 
(ILM) and the inner plexiform layer (IPL). The menu of the left-hand side (small squares) shows 
different automatic segmentation possibilities.

The OCTA technology is based on the OCT imaging system, which produces 
images by measuring the depth of a given structure within the tissue and how 
much it reflects or scatters light (Spaide, Fujimoto, Waheed, Sadda, & 
Staurenghi, 2018). This measurement is named axial scan or A-scan and is one 
dimensional (de Carlo et al., 2015). By sequentially acquiring many A-scans, 
B-scans are generated. For B-scans, the light beam is scanned in the transverse 
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direction. The final volumetric information is obtained by sequentially sending 
multiple B-scans side by side in a grid. C-scan is generated from volumetric 
information and corresponds to a single in-depth slice. The summation over 
multiple C-scans is called en-face image (Drexler & Fujimoto, 2008). See
Figure 15 for examples of the imaging modes used in OCTA. 

Figure 15. The different imaging modes used in OCT imaging. When a fixed spot is used, a single 
measurement generates a depth-profile of the tissue known as the A-scan (left image). When a 
scanning mirror is used and the focused spot is moved horizontally, multiple A-scans are measured 
forming a B-scan (middle image). When the spot is scanned in vertical direction, multiple B-scans can 
be obtained to form a C-scan, also known as volume scan (right image). Image adapted from Vienola
(2018).

The OCTA technique is based on motion detection of blood flow, meaning it 
detects changes in consecutives OCT signals acquired over a short period of 
time and caused by moving red blood cells. After image processing, the retinal 
vasculature is shown as a contrast image with white pixel corresponding to areas 
perfused with blood (Kashani et al., 2017; Spaide et al., 2015). OCTA 
algorithms assume that everything besides blood within the imaged volume is 
static. Different manufacturers use different principles to acquire OCTA
images. The two most used methods in commercially available devices are 
spectral domain OCT (SD-OCT) and swept source OCT (SS-OCT). The SD-
OCT method uses a spectrometer (separates and measures wavelengths) and a 
line scan camera for detection of blood flow. The SS-OCT uses a frequency 
swept laser and a high-speed detector that does not require a spectrometer
(Spaide et al., 2018).  

Manufacturers continue to strive for better and more accurate automatic wide-
field montage software that employs motion tracking to track the eye
movements and combine acquired images. In the end, the OCTA image should 

                           



42 
 

be free of artifacts and have a high signal strength to be useful. It is possible to 
characterize the information content by using a parameter, which represents the 
ratio between the signal (information directly related to the imaged tissue) and 
the noise confidently (Spaide et al., 2018). For instance, media opacities 
decrease the signal-to-noise ratio, leading to a noisier image. A high signal-to-
noise ratio is essential for identifying structures correctly and interpreting 
images confidently (Spaide et al., 2018). 
 
OCTA is sensitive to movements such as head or body movements and is an 
important source of artifacts. OCTA images are typically viewed en-face and 
have significantly higher contrast than OCT images. Hence eye motion artifacts 
result in more evident breaks or distortion in OCTA en-face images than in OCT 
en-face images. Almost all OCTA manufacturers now offer an active eye 
tracking system to prevent motion artifacts (Spaide et al., 2018). Further, the 
volumetric OCTA images are typically automatically segmented by software 
provided by manufacturers, and sometimes automatic segmentation can cause 
segmentation errors (Spaide et al., 2018). Problems that can lead to 
segmentation errors include thin or thick layers, absence of layers, or altered 
eye curvature, such as the changes often seen in people with high myopia 
(Spaide et al., 2018). It is possible to avoid segmentation errors by viewing the 
segmentation contours in an image to verify that they are in the correct location. 
Segmentation errors can also be corrected “by hand” with custom-made 
software. 
 



43 
 

5. Aim of the thesis 

The aim of this thesis was to investigate the prevalence, incidence, and risk 
factors for myopia development in a cohort of Swedish school children.  
 
To pursue this aim, the following specific goals were defined: 
1) To recruit a cohort of school children aged 8 to 16 years from Kalmar and 

surrounding areas. 
2) To follow the cohort over a period of 24 months with regular study visits to 

assess changes in eye parameters and behavioural aspects such as time 
spent in near work and time spent in outdoor activities. 

3) To investigate the predictive value of relative peripheral error and other 
optical parameters for the prevalence and incidence of myopia. 

4) To determine and investigate the predictive value of genetic and 
environment factors such as time spent in near work and time spent in 
outdoor activities to the incidence of myopia. 

5) To investigate the predictive value of structural characteristics of the eye to 
the incidence of myopia. 

6) To investigate the relationships between refractive error and structural 
characteristics of the eye such as axial length, corneal curvature, retinal and 
choroidal characteristics measured with OCTA. 

 
To guide the work developed in this thesis the following research questions 
were formulated: 
1) What is the prevalence and factors associated with refractive error myopia 

in the cohort at the start of the longitudinal study? 
2) What is incidence of myopia and myopic shift and the factors associated 

with these events in our cohort of school children? 
3) What are the characteristics of the peripheral refractive error in our cohort? 
4) Are there differences in peripheral refractive error when measured with 

instruments relying on different measurement principles? 
5) What are the characteristics of the retina and the choroid of children 

according to their refractive error? 
 
Data analysis was performed to assuming the following hypotheses: 
- Myopia development is associated with genetic factors such as parental 

myopia. Tested in papers 1 and 4. 
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- Myopia is associated with environmental factors such as time spent 
outdoor. Tested in papers 1 and 4. 

- Changes in refractive error over time are dependent of multiple factors. 
Tested in paper 4. 

- Instruments with different measurement principles can provide results with 
systematic differences. Tested in paper 2. 

- There is a relationship between refractive error and the thickness of the 
choroid. Tested in an exploratory study, see appendix 8.1. 

- There is a relationship between refractive error and the characteristics of 
the microvasculature in the foveal region. Tested in paper 3. 
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6. Summary of the Original Papers 

This thesis is based on four papers investigating the prevalence and incidence 
of refractive errors, characteristics of eye development, and methodological 
aspects of refractive error measurement. The four papers in this thesis are based 
on the same two-year longitudinal study. The first paper, based on data collected 
during cohort recruitment, examines the prevalence of refractive error and risk 
factors that are associated with myopia. The second paper investigates 
differences between central and peripheral refractive error using two different 
instruments with different measurement principles. The third paper examines 
the relationship between structural and microvascular measures at the fovea in 
children. The fourth paper discusses the incidence of myopia and risk factors 
associated with the myopic shift. 
 
The research was approved by the Regional Committee for Medical Research 
Ethics in Linköping (Dnr 2018/423-31) and the study protocol was conducted 
in adherence with the tenets of Declaration of Helsinki. The author of this thesis 
has been responsible for the design, recruitment, execution of the experiments, 
administration, analysis of the data, and writing of each of the four papers.  

Paper 1  
Refractive error, axial length, environmental and 
hereditary factors associated with myopia in 
Swedish children 

This paper aimed to assess the prevalence of refractive errors in a group of 
Swedish schoolchildren and identify associated risk factors for cases of myopia. 
The distribution of refractive errors among 128 children aged 8-16 was: 
hyperopia 48.0%, emmetropia 42.0%, and myopia 10.0%. Hyperopia was the 
most common and myopia was the least common refractive error among these 
children. Children with two myopic parents had a higher myopic refraction and 
longer axial length than those with one or no myopic parents. This finding 
agrees with other studies showing that myopia occurs more frequently among 
children with two myopic parents. This paper also showed that children who 
spent more time outdoors had a shorter axial length, which is consistent with 
the findings of previous studies. This paper revealed that the prevalence of 
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myopia was low in the sample. Parental myopia was the most consistent factor 
associated with level of myopia and length of the eye. 

Paper 2 
Comparison of an open view autorefractor with an 
open view aberrometer in determining peripheral 
refraction in children 

The aim of this paper was to compare central and peripheral refraction using the 
Shin-Nippon open view autorefractor and COAS-HD VR open-view 
aberrometer in children. The Shin-Nippon autorefractor showed more 
hyperopic refraction than the COAS-HD VR aberrometer for both 2.5 mm pupil 
and 5.0 mm pupil for all visual field angles. The hyperopic difference was larger 
between Shin-Nippon autorefractor and the COAS-HD VR aberrometer for the 
5 mm pupil diameter. This paper revealed that caution should be exercised when 
comparing results from instruments with different measurement principles.  

Paper 3 
All retinas are not created equal: Fovea-to-macula 
thickness ratio and foveal microvasculature in 
healthy young children 

The aim of this paper was to explore structural and microvasculature measures 
at the fovea in the healthy eyes of healthy children. This paper demonstrated 
that children born full-term and visual acuity in the normal range can have 
microvasculature in the centre of the fovea. A significant finding was that the 
fovea to macular thickness ratio was higher in children who had 
microvasculature in the foveal avascular zone. This paper raises awareness of 
the variability of the foveal vascularization in healthy children and raised the 
possibility of functional implications imposed by that.  
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Paper 4 
A two-year longitudinal study on incidence of 
myopia and refractive change in Swedish 
schoolchildren 

The aim of this paper was to determine the incidence of myopia and evaluate 
the progression of refractive error, specifically the myopic shift, after two years. 
The annual incidence rate of myopia was 3.2 cases per 100 person-years. The 
hazard of having an event of myopic shift increased for higher AL/CR ratios 
and reduced with age. Parental myopia and type of ametropia at baseline were 
factors that significantly influenced the development of SER. 
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7. Concluding Remarks and Future 
Outlook  

This chapter discusses the link between the goals, research questions and the 
findings of this thesis. The last section of the chapter summarizes the 
implication and outlook. 

Prevalence, incidence, and risk factors for myopia 

The present thesis is the first to describe both the prevalence and incidence of 
refractive errors among Swedish schoolchildren, thus filling in this knowledge 
gap. These achievements are in line with proposed goals 1-5 and answer the 
research questions 1-2.  
 
In this thesis by using a cohort of 128 children it was possible to determine that 
the least common refractive error was myopia, with most children having 
hyperopia. The incidence of myopia was low with the incidence rate of myopia 
being 3.2 cases per 100 person-years. Considering that research from around 
the world has consistently reported increasing rates of myopia prevalence and 
incidence this result was a surprise. A variety of factors may contribute to a low 
myopia rate, but one interesting aspect might be the lifestyle that is cultivated 
at school and home. In Sweden, children are not exposed to formal schooling 
until they reach age seven and the school system is oriented towards more 
outdoor activities. Children in Sweden enjoy playing outdoors and are involved 
in many outdoor activities in their free time, such as horse-riding, playing 
football or cycling. Combined, these factors may have contributed to the low 
myopia rates since outdoor time has been shown to protect the eye from 
developing myopia (Demir et al., 2021; Dhakal et al., 2022).  
 
In recent years Denmark and Norway have also reported a low myopia 
prevalence when compared to other parts of the world (Hagen et al., 2018; 
Hansen et al., 2021). Scandinavian countries share a similar lifestyle and 
educational system where spending time outdoors is a priority. In Asia, where 
myopia is a problem, programmes in the schools and community with focus on 
spending increased amount of time outdoors can be developed to counteract the 
problem (Muralidharan et al., 2021). Participants in this thesis were primarily 
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Caucasian in ethnicity. It is known that children with ethnicities related to East 
Asia are more likely to develop myopia than other children (Hyman et al., 2005; 
Rudnicka et al., 2010). An important study that should be conducted in Sweden 
is to investigate if the environmental factors affect different ethnic groups, such 
as Caucasian children and East Asian children, in the same way. Despite its 
importance, such a study is challenging because it needs to control for family 
habits, age, and parental myopia in both groups. The focus of such a study 
should be the relationship between educational pressure and refractive error 
development (Ding et al., 2022). 
 
Despite the low prevalence of myopia in the current cohort, all myopes are still 
at risk of progressing to high myopia and developing visual impairments in the 
future. Myopia interventions may therefore prove beneficial for most myopes 
(Jonas et al., 2021). There have been several clinical trials conducted with aim 
of controlling myopia (Bao et al., 2015; Chamberlain et al., 2019; Kanda et al., 
2018; Lau, Vincent, Cheung, & Cho, 2020; Mori et al., 2021). Concerning the 
conduct of clinical trials and interventions for myopia, this thesis found that 
myopic children and those with two myopic parents experienced refractive error 
changes more rapidly from the baseline. Based on this finding, parental myopia 
continues to be an important confounder to consider when planning clinical 
trials for myopia control interventions. 
 
Children spending more time outdoors showed a shorter axial length. This 
finding confirms the importance of spending time outdoors and eventual 
protection it gives against elongation of the eye and myopia development. It is 
important to educate individuals with evidence-based strategies for myopia 
interventions. An increase in time spent in the outdoors appears to be the most 
effective evidence-based strategy for reducing the incidence of myopia (Dhakal 
et al., 2022). Younger children (generally younger than 10 years) have 
significantly more amount of myopia progression when compared to older 
children, with younger children progressing ─0.20 D to ─0.70 D faster than 
older children (Jones-Jordan et al., 2021). Given this, it is essential to protect 
young children from developing myopia by providing evidence-based 
recommendations during the critical period for emmetropization process, such 
as spending more time outdoors. 
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Investigating peripheral refraction 

This thesis provides new knowledge about peripheral refraction in children 
obtained with an open-view autorefractor and an open-view aberrometer. These 
findings are linked with goals 3, 5 and 6 and research questions 3 and 4. 
 
In this thesis we showed that the Shin-Nippon autorefractor measured 0.30 D 
more hyperopic than the COAS-HD VR aberrometer for both central and 
peripheral refraction when using a 2.5 mm pupil. The systematic difference 
between the two instruments affects defocus values, and caution needs to be 
taken when comparing the results of studies conducted with instruments with 
different measurement principles. 
 
Peripheral refraction has gained attention because of its link to myopia 
development (Berntsen et al., 2013; Charman & Radhakrishnan, 2010; Mutti et 
al., 2011; Mutti et al., 2019; Romashchenko, Rosén, & Lundström, 2020). 
Today there is a spectrum of optical devices for myopia management based on 
the principle that peripheral defocus is the driver of myopia progression (Bao et 
al., 2021; Chamberlain et al., 2019; Kanda et al., 2018). Several clinical trials 
exploring myopia interventions in children include peripheral refraction 
measurements. It is necessary to keep track and improve the way of measuring 
peripheral refraction since the causative effect of the refractive profile in the 
periphery and the development of myopia is still under debate (Charman & 
Radhakrishnan, 2010; Romashchenko et al., 2020).  
 
The most common device used in laboratories performing myopia research on 
humans is the open view Shin-Nippon/Grand Seiko autorefractor. According to 
our findings, the Shin-Nippon autorefractor is an instrument that can be used to 
measure peripheral refraction in children. However, caution needs to be taken 
such that ocular misalignments are not made during the measurement, which 
can cause measurement errors (D. A. Atchison, 2022). In addition, measuring 
peripheral refraction in children is challenging because they might have poor 
fixation when looking peripheral targets which can introduce some errors in the 
measurements. With recent breakthroughs in the lab, there may be commercial 
devices available in near future that can measure peripheral refraction faster 
using less gaze positions (Fernandez et al., 2022). 
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Structural characteristics of the retina and choroid 
in children 

This thesis provides new knowledge about structural and microvasculature 
measures in the healthy eyes of healthy children. Results showed that 
microvasculature and structural measures of the fovea taken by the optical 
coherence tomography angiography (OCTA) are applicable to evaluate the 
foveal development. These findings are related to goals 5 and 6 and answer the 
research question 6. It is important to mention that during the development of 
this thesis we investigated the relationship between choroidal thickness and 
refractive error. These results were left out of the main body of the thesis 
because we failed to find any link. A summary of the findings is given in 
appendix, section 8.1 of this thesis. 
 
An important aspect when using OCTA in children it to correct the image 
magnification in accordance with the child's axial length to obtain accurate 
values (Demir et al., 2022; Llanas, Linderman, Chen, & Carroll, 2020; 
Nishikawa et al., 2021). Many previous studies investigating structural and 
microvasculature measures in the children taken by the OCTA failed to correct 
for the axial length, which may have caused inaccurate results. Future studies 
investigating structural and microvasculature measures in children need to 
correct the OCTA image magnification.  
 
OCTA of the healthy fovea is a new and promising field that can reveal many 
unknown features about the development of the fovea in healthy children. This 
thesis provides novel information to this research area. Children born full-term 
with normal visual acuity can still have microvasculature in their fovea. The 
fovea was believed to be an avascular zone and absent in only preterm children. 
However, we discovered an absent foveal avascular zone in a few healthy 
children's eyes. These findings increase the understanding of a wide array of 
microvasculature characteristics and structural configurations associated with 
the macula in full-term and healthy children revealed by the OCTA.  
 
The fovea-to-macula thickness ratio was greater in eyes without a foveal 
avascular zone and a shallower foveal pit. In some cases, this could be a sign of 
incomplete foveal development, and clinicians should be aware of this when 
capturing images with the OCTA. Because this was also observed in full-term 
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healthy children with normal vision - it is crucial to be aware of the 
physiological variations. Furthermore, the vasculature and structure may 
influence refractive error development, but little has been investigated in this 
field. Future studies are necessary to find out possible relationships between 
vasculature and structural changes and refractive error development.  

Outlook 

The findings from this thesis have several applications, including research on 
myopia and eye development, clinical practice, and equipment development. It 
may be possible to extend the present work to evaluate different combinations 
of optical corrections for slowing progression of myopia. The use of reversed 
myopia intervention theories on hyperopes would be intriguing to investigate if 
it can stimulate eye growth. In addition, we would like to follow the same 
sample over a longer period to better understand how the microvasculature and 
structural changes over time as the child grows. Myopia management in the 
future could include peripheral refraction because all recent optical 
interventions have been based on the theory that the peripheral retina may 
contribute to the development and progression of myopia. Therefore, it is 
recommended that further studies be conducted to evaluate new instruments that 
measure peripheral refraction rapidly and accurately in a wide range of 
eccentricities.  
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8. Appendixes

8.1. Exploratory study 1: between choroid 
thickness and refractive error

Abstract of the bachelor thesis investigating the relationship between choroid
thickness and refractive error:

Purpose: The purpose of this study was to examine the choroidal thickness 

in healthy Swedish schoolchildren, and investigate any differences in 

choroidal thickness between gender, refractive error and age.

Method: Children were invited to their 6-month control from an ongoing 

longitudinal study regarding myopia and associated risk factors. All children 

went through a cycloplegic refraction (using Cyclopentolate 1.0%) with 

autorefractor Shin- Nippon NVision-K 5001. The choroidal thickness was 

manually segmented and measured using the Optical Coherence 

Tomography Angiography Cirrus HD 5000. Myopia was defined as -0,50 D 

or less and hyperopia as +0,75 D or more. 

Results: A total of 83 images of right eye was evaluated for 48 (58%) 

females and 35 (42%) males. The prevalence of myopia was 9.6% (n=8), 

and hyperopia was 62.6% (n=52). The mean choroidal thickness was 356.5 

±93.3 μm. The results showed a statistically significant positive correlation 

between increasing age and choroidal thickness (p=0,011, r=0,279), where 

the older participants showed a thicker choroid compared to the younger 

participants. The choroidal thickness increases with increased positive 

spherical equivalent refraction (p=0,007, r=0,297). The mean value for the 

choroidal thickness in all myopic participants were 306,7 ± 121 μm, and 372 

± 86 μm for all hyperopic participants. There was no statistically significant 

difference in choroidal thickness between hyperopes and myopes. The 

average choroidal thickness for female was 367.9 ± 98.2 μm and 340,5 ± 

84,7 μm for males. There was no significant difference in choroidal 

thickness between genders.

Conclusion: Our study showed a relationship between choroidal thickness

and . No difference was found in 

choroidal thickness between refractive error groups, and the study also 

showed ve errors, the choroidal thickness increases 

with age.
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Informerat samtycke 
Till vårdnadshavare, 
 
Du tillfrågas härmed om att ge samtycke till barnets deltagande i en studie om 
ökad användning av elektroniska apparater och dess påverkan på barns syn. 

På skolorna runtom i landet används surfplattor och bärbara datorer som ett 
pedagogiskt verktyg idag. Allt fler unga väljer att stanna inomhus och spendera 
timmar framför olika elektroniska enheter (t.ex surfplatta, mobil, dator) med en 
kort arbetsavstånd (dvs. sitter för nära ögat). Men tekniken har ett pris. 
Förekomsten av närsynthet bland unga människor ökar i en rasande takt världen 
över och för med sig en mängd hälsorisker. Det har bevisats att närsynthet kan 
orsaka ögonsjukdomar som har en potentiell effekt till permanent synskada. 
Närsynthet är idag ett stort och komplext folkhälsoproblem i många länder, som 
bl.a. Kina, USA och Holland. Världshälsoorganisationen, WHO, har klassat 
utvecklingen i Asien som en epidemi. Flera studier visar samma trend. Globalt 
väntas förekomsten av närsynthet öka från 2 miljarder år 2010 till hela 
5 miljarder år 2050, med andra ord förväntas hälften av världens befolkning vara 
närsynta år 2050.  
 
I Sverige har vi ingen bred dokumentation på förekomsten av närsynthet bland 
barn. Vi vet ännu inte hur trenden ser ut och vad som orsakar utvecklingen. 
Målsättningen med denna studie är att utföra den första svenska undersökningen 
kring förekomsten av närsynthet samt utvärdera riskfaktorer (t.ex. kort 
arbetsavstånd och användandet av surfplatta, dator eller mobil) som påverkar 
dess utveckling bland barn i åldrarna 8–16 år.  
 
I samband med studien kommer vi att dela ut frågeformulär med frågor som är 
relaterade till ögat och den tid som spenderas på olika elektroniska enheter. 
Denna ska vara ifylld före synundersökning av er föräldrar. Sedan kommer varje 
deltagande genomgå en fördjupad och utförlig syn- och ögonundersökning på 
Linnéuniversitetets optikermottagning i Kalmar. Först genomgår deltagaren en 
noggrann undersökning för att kontrollera att de uppfyller urvalskraven för 
studien. Detta sker med vanliga kliniska instrument – vi kommer bl. a. mäta 
synfel och synskärpa, fotografera ögonbottnar, hur stabilt ögonen fixerar och 
ögats närinställning. Dessa mätningar tar ca. 20–30 min.  
 
Under den andra delen i studien, för att få pålitliga och exakta värden, behöver vi 
droppa ögat med pupillvidgande droppar (mer information finner ni på 
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baksidan). Därefter kommer synfel och avbildningsfel att mätas igen, men denna 
gång både centralt och perifert. Detta sker genom att deltagaren vilar pannan i ett 
pannstöd och tittar på en ofarlig ljuskälla på olika platser i synfältet. Dessa 
mätningar tar ca. 30 min. 
 
Deltagarna kommer att följas upp i 2 år och träffa oss var sjätte månad (totalt 5 
träffar). Detta eftersom vi vill undersöka om barnet utvecklar någon närsynthet 
under denna tid, och om barnet redan är närsynt vill vi undersöka om barnet 
utvecklar mer under tiden de träffar oss. Deltagaren får fri synundersökning och 
synkonsultation inom dessa 2 år och ett förnyat recept som kan användas hos 
valfri optiker efter varje undersökning. Upptäcks onormala förändringar i ögonen 
kommer detta att informeras och vid behov remitteras vidare till Kalmars 
ögonmottagning.  
 
Registrering av mätningarna kommer endast att göras med ålder och 
ögontillstånd. All mätdata avidentifieras i rapporten och ingen obehörig kommer 
att få tillgång till resultaten.  
 

 

Information om droppar 
 
Diagnostiska droppar är samlingsnamnet för olika medicinska substanser 
som droppas i ögat för att vidga pupillen och därmed göra ögats inre mer 
synligt för den som utför undersökningen. Genom att använda droppar 
kan optikern ställa en mer säker och omfattande diagnos på patienten. 
Inom ögonsjukvården används droppar rutinmässigt. Den droppe som ska 
användas i denna studie är Cyklopentolat 1%.  

Innan det beslutas om att deltagaren ska bli droppad, utförs noggranna 
mätningar och ögats tryck samt främre kammarvinkel blir uppmätt. Vi tar 
också hänsyn till genetiska faktorer, allergier, tidigare erfarenhet av 
ögondroppar, och kända sjukdomar. Fyller deltagaren alla förutom ett av 
kriterierna exkluderas denne.  

Kända komplikationer är att individen som blir droppad får ett suddigt 
seende på nära håll och blir ljuskänslig (solglasögon rekommenderas). 
Effekten av ögondropparna kvarstår som mest i 24 timmar och därefter 
återgår pupillen tillbaka till sin normalstorlek. Suddigheten klingar av 
efter några timmar från att droppen har installerats. Ljuskänsligheten är 
kvar tills pupillen blir normal igen. Det är frivilligt att delta och ingen blir 
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påtvingad. Mätningarna utförs först efter vi har ett samtycke både från 
barnet och er.  

Har du flera frågor angående studien är du välkommen att höra av dig till 
forskningsansvarig Pelsin.  

 

Pelsin Demir 
MSc, Leg. Optiker, Doktorand 

 
Jag har muntligen och skriftligen informerats om studien och har tagit del 
av ovanstående skriftliga information, samt information om hur mitt 
barns personuppgifter behandlas. Jag är medveten om att mitt barns 
deltagande i studien är fullt frivilligt och att mitt barn när som helst och 
utan närmare förklaring kan avbryta sitt deltagande.  

 

Mitt barn: ____________________________ 

 

 

Samtycker till att delta:  

 

--------------------------------------------                    -----------------------------
---------- 

Målsmans underskrift                                            Datum 

 

 





MEM Study QUESTIONNAIRE 

1

Dear Parent/Carer

The multi-ethnic myopia study is a large study that is being conducted across various countries to 

determine factors responsible for the development and progression of an eye condition termed “Myopia”. 

Myopia or “short-sightedness” is where light rays fail to focus on the light sensitive portion of the eye, 

but rather come to focus in front it and result in blurred vision for distant objects. The condition 

commonly starts in childhood and is progressive. Those with the condition have difficulty seeing for 

example, the black board, traffic signs, number or letters on a bus or vehicle in a distance.  

This questionnaire is designed to give us information about the health and lifestyle of your child as there 

is plenty of evidence that indicates that eye conditions are linked to lifestyle and a person’s living 

environment.

We sincerely appreciate your support. Please fill out the questionnaire as best you can and return it back 

to the exam centre. All answers will be strictly confidential. Your child’s identity will not be identified at 

any time. If you find some questions difficult, we are happy to explain them to you.  Please contact the 

study team at ph xxxx . or email at _________________

Regards

The study team



MEM Study QUESTIONNAIRE 

2

Name of Child: ___________________________________   Date: ________________________   Px # _________  

To be returned with Informed Consent

Consent Form signed          Yes  /   No   (no procedures can take place until Consent is signed)

Respondent’s relationship with the child
Ethnicity of the Child (e.g. Chinese, Indian.)
Ethnicity of child’s parents Father ____________                               Mother ____________
Name of school and current Year School _____________________________ Year (1-12) __________
Type of school (Tick ALL that apply)  Public   Private   Primary   Middle  High

 Comprehensive   Academic focus   Sport focus   Technical focus  
 Special   Other, specify _____________

Question 
NO.

Section 1 Parents Information

Please choose the most accurate description for each question
1.1 Please choose education 

level of the child’s parents
Father Mother

 Lower than high school and 
equivalent

 Lower than high school and equivalent

 Completed high school or equivalent  Completed high school or equivalent
 Completed University level 
(Bachelor’s degree) or equivalent

 Completed University level (Bachelor’s 
degree) or equivalent

 Completed higher degree (Master, 
PhD) 

 Completed higher degree (Master, 
PhD) 

1.2 Are the child’s parents 
myopic (aka ‘near-sighted’ 
or ‘short-sighted’)? 

Father Mother
 Yes  No
 Don’t know, please indicate if 
parents willing to have eyes tested  at 
our clinic:  Willing to /  Not willing to

 Yes  No
 Don’t know, please indicate if parents 
willing to have eyes tested  at our clinic:  
 Willing to /  Not willing to

1.3 Are the child’s paternal 
grand parents myopic (aka 
‘near-sighted’ or ‘short-
sighted’)?

Paternal Grandfather Paternal Grandmother
 Yes  No  Don’t know  Yes  No  Don’t know

1.4 Are the child’s maternal 
grand parents myopic (aka 
‘near-sighted’ or ‘short-
sighted’)?

Maternal Grandfather Maternal Grandmother
 Yes  No  Don’t know  Yes  No  Don’t know

1.5 Which category do you 
think your family income 
falls in to?

 Low income  Medium income  High income 
 Don’t know or don’t want to reveal this information

1.6 How many other siblings 
does the child have?

 None, please go to Section 2, Question 2.1
 ______ (insert number), please go to Question 1.7

1.7 Does any of the child’s 
siblings (if applicable) have 
myopia (aka ‘near-
sightedness’)?

 Yes, please specify how many other siblings are myopic _______(insert number)
 No, none is myopic
 Don’t know



MEM Study QUESTIONNAIRE 

3

Question 
NO.

Section 2

Please choose ONE that applies for each question
2.1 Does the child wear any glasses/contact 

lenses?
 No 
 Yes, please specify age when first pair was worn ______ years 
of age

2.2 Previously, did the child have an eye injury 
or eye disease?

 No   
 Yes, please give details below

If ‘Yes’, give details  Right eye, details_____________________________
 Left eye, details______________________________

2.3 Previously, did the child undergo any eye
surgery/procedure? (e.g.  eye muscle 
surgery.)

 No   
 Yes, please give details below

If ‘Yes’, give details  Right eye, details_____________________________
 Left eye, details______________________________

2.4
Is the child using any eyedrops or ocular 
medications?

 No   
 Yes, please give details below

If ‘Yes’, give details  Right eye, details_____________________________
 Left eye, details______________________________

2.5 Does the child have any systemic 
conditions? (e.g. diabetes, kidney disease) 

 No   
 Yes, please give details_____________________________

2.6 Is the child taking any systemic medicines 
or supplements? (e.g. antidepressants, 
Vitamin D supplements, etc..)

 No
 Yes, please give details  
- name of medicine/supplement__________________________
- years of use ____________________________

Question 
NO.

Section 3

Please choose ONE that applies for each question
3.1 Does the child have myopia (aka ‘near-

sightedness’ or ‘short-sightedness’)?
 Yes 
 No- please go to Section 4
 Don’t know- please go to Section 4

3.2 Has the child used any product treatment 
for myopia (aka ‘near-sightedness’ or 
‘short-sightedness’)? (e.g. spectacles, 
contact lenses, Ortho-K lenses) 

 No
 Yes, please give details below
- Type of product:   _______________________
- Number of years used:  _______________________
- Average costs/ year:     _______________________
- Currently continuing:     Yes   No
- If No, what is the child using now _______________

3.3 Are you concerned about your child’s
myopia?
Concerns may be for example related to
health of  eye, progression of condition, 
severity, cosmesis, financial etc

 Yes, please give reasons why 
________________________________
 No
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Question 
NO.

Section 4

Please choose ONE that applies for each question
4.1 At what age did your child first learn to read and/or write? at ______ years (age)

4.2 At what age did your child first start attending 
childcare/kindergarten/preschool? at ______ years (age)

Question
NO.

Section 5 Academic and Physical Preferences of the Child

Based on the child’s recent performance, how well did your child do with following subjects:

5.1 Among all those subjects/activities taught at school, 
does your child have a preference for a particular 
subject/activity? (e.g. sport, maths, arts etc)

 Yes, please specify  ___________________________
 No

5.2 Among all the subjects/activities taught in school, 
which one does your child spend most time on?
(e.g. maths, sport, English etc)

_____________________(insert the name of the subject)

5.3 Please name 3 extracurricular activities that your 
child is your child is most interested in (for example, 
chess, reading, painting, cricket, basketball, piano 
etc)

1). ________________
2). ________________
3). ________________

5.4 Does your child fit any of these types?
An outdoor type person may enjoy sport, travel, 
hiking, gardening etc
An indoor type person may prefer playing computer 
games, music, reading etc

 Outdoor type
 Indoor type
 No preference
 Not sure

Question 
NO.

Section 6 Time of Day Preference of the Child

Please choose ONE that applies
6.1 Which one of these types does your child

consider themselves to be?
A morning type person generally wakes up early 
and feels most energetic in the morning
An evening type person likes to stay up late and 
experiences difficulties getting up early or feels 
tired after getting up.

 Definitely a morning type
 More of a morning than an evening type
 Neither or no preference
 More of an evening than a morning type
 Definitely an evening type
 Not sure

6.2 On a weekday (school day), on an average, 
what time does the child get up in the morning 

 Before 5am
 Between 5am and 6am (5:00am – 5:59am)
 Between 6am and 7am (6:00am – 6:59am)
 Between 7am and 8am (7:00am – 7:59am)
 After 8am

6.3

On a weekday (school day), what time does the 
child go to bed in the evening on average?

 Before 8pm
 Between 8pm and 9pm (8:00pm – 8:59pm)
 Between 9pm and 10pm (9:00pm – 9:59pm)
 Between 10pm and 11pm (10:00pm – 10:59pm)
 After 11pm
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6.4

On a weekday (school day), what does the child 
usually do during the last 2 hours before their 
bedtime? (select ALL that apply)

 Reading or writing (non-digital), please specify 
duration_____minutes
 Using PC or tablet or phone, please specify 
duration_______minutes
 Watching TV, please specify duration_______minutes
 Outdoor activities, please specify duration________minutes
 Other activities, please give details on activities and duration 
(in minutes)_________________________________________

Question
NO.

Section 7 Condition at Home

7.1 What is the type of your (the child’s) 
current housing?

 An apartment/unit, please specify which floor ________(e.g. level 20)
 A house/townhouse
 Other, please specify___________________

7.2 Thinking of the room at home where 
your child spends most time doing near 
work, choose the most accurate 
category of the size of that room. 

 A small room, less than or equal to 10 m2 (square metre)
 A medium room, less than or equal to 20 m2 (square metre)
 A large room, larger than 20 m2 (square metre)

7.3 When the child is seated at desk or 
other place to study (at home), what is 
the child facing? 
Please think of the most frequently 
used place

 A wall, please specify how far away from the child _______ metres
 A window, please specify how far away from the child _____ metres
 Other, please specify the object _________and the distance between 
the child and the object _____________ metres

7.4 What type of light is used for 
study/writing/reading at home? (please 
refer to pictures below, tick ALL that 
apply)

 Incandescent lamps     Fluorescent lamps      LED lamps
 Natural light   Other, please specify ____________________

Examples 
of lamps
(Google 
Images)

Incandescent lamp Fluorescent lamp LED lamp

7.5 What is the colour of the light used for 
study/writing/reading? (see colour bar 
below)

L R

 Yellowish (lean to the left of the colour bar)  
 White (right in the middle of the colour bar)
 Bluish (lean to the right of the colour bar)
 Not sure

7.6 What is the habitual/usual lighting 
condition in the child’s bedroom when 
sleeping? 

 Sleep in complete darkness
 Sleep with night light/dim light on
 Sleep with room light/bright light on
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Question
NO.

Section 8: At Home Daily Activities Over Last Week 

Thinking about last week, from Monday to Friday, average number of hours per day your child spends at home on:

8.1 Reading and writing (non-digital) _____________________hrs

8.2 Screen/Digital time:  TV, Computer, tablet and mobile phone use _____________________hrs

8.3 Being outdoors (e.g. playing sport, walking, picnic etc) _____________________hrs

Thinking about last weekend, average number of hours per day your child spends at home on:

8.4 Reading and writing (non-digital) _____________________hrs

8.5 Screen/Digital time:  TV, Computer, tablet and mobile phone use _____________________hrs

8.6 Being outdoors (e.g. playing sport, walking, picnic etc) _____________________hrs

Thinking about last week, when your child is doing near work i.e. both non- digital and digital

8.7 How long do they spend time on near based activities before they 
take breaks?
(A break can be of any duration but longer than a minute)

 More than 1 hr
 30 mins to 1 hr
 15 to 30 mins
 <15 minutes

8.8 When doing near based work, most commonly, the distance at 
aterial is 

 Far away from eyes (more than 50cm or 
an adult’s arm’s length)

 Somewhat close (between 50cm to 20 
cm, or less than an arm’s length but more 
than a hand span)
 Close to eyes (less than 20cm or a hand
span)



Activity Diary
Participant ID: _______________________

Activity Diary for Weekday
Specify Activity Time in Hours, where <15 mins=0, 15mins=0.25, 30mins=0.5, 45mins=0.75

Weekday Date: (DD/MM/YYYY)

Section 1: Morning activities before school 

Specify time when child woke up (24 hr clock, e.g. 6:45 ) (HH:MM)

In the 
Morning
Before 
School

Near (<0.5m) activities (such as reading, writing, 
mobile/cell phone, Tablets, playing music) Hrs

Intermediate (0.5-3.0m) activities (such as 
computer, TV, board games, having breakfast at 
table)

Hrs

Distance (>3m) activities (such as sports, walking, 
cycling etc.) Hrs

Time child left home to school (24 hr clock, e.g.  07:00 ) (HH:MM)

Section 2: Activities at school and after school until return home 

At School Class room based activities

(At desk, reading, writing, blackboard, 
laboratories)

Hrs

Outdoor/far distance based activities

(Sport, excursions, outdoor classes, outdoor 
lunch, travel)

Hrs

Time child returned home (24 hr clock, e.g.  15:00) (HH:MM)

Section 3: End of day/evening activities after return home 

Specify time when child went to sleep at night (24 hr clock, 
e.g.  20:30)

(HH:MM)

At home 
before 
sleep

Near activities (<0.5m)

(Reading, writing, mobile phones, tablets, playing 
music)

Hrs

If “Yes” above, specify time spent watching 
screens at near distance such as Mobile phone, 
tablet etc.

Hrs

Intermediate activities (0.5-3.0m)

(Computer, TV, board games, meals, household 
activities)

Hrs

If “Yes” above, specify time spent watching 
screens at intermediate distance such as 
Computer, TV etc.

Hrs

Distance activities (>3m)

(Sports, walking, cycling etc.) Hrs



Activity Diary
Participant ID: _______________________

Activity Diary for Weekend
Specify Activity Time in Hours, where <15 mins=0, 15mins=0.25, 30mins=0.5, 45mins=0.75

Weekend Date:   (DD/MM/YYYY)

Specify time when child woke up (24 hr clock) (HH:MM)

Near activities (<0.5m)
(Reading, writing, mobile phones, Tablets, playing music) Hrs

If “Yes” above, specify time spent watching screens at 
near distance such as Mobile phone, tablet etc. Hrs

Intermediate activities (0.5-3.0m)
(Computer, TV, board games, meals, household activities) Hrs

If “Yes” above, specify time spent watching screens at 
intermediate distance such as Computer, TV etc. Hrs

Distance activities (>3m)
(Sports, walking, cycling) Hrs

Specify time when child went to sleep at night (24 hr 
clock)

(HH:MM)
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