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ABSTRACT 

The prevalence of myopia is increasing throughout the world. Consequently, more 

people will suffer vision loss due to myopia-associated eye conditions such as 

retinal detachment and myopic maculopathy. There is therefore an urgent need for 

strategies to prevent myopia. Spending more time outdoors reduces the risk of 

myopia in children. However, it is not known how long the effects of spending time 

outdoors last for or whether spending time outdoors at certain ages (e.g. 

childhood) is particularly important for reducing risk of myopia. Furthermore, 

precise assessment of past time spent outdoors in the sun is challenging and most 

studies have so far relied on recall of time in the sun or a single objective measure 

(Chapter 1). This research aimed to assess past time spent outdoors in the sun 

through childhood, adolescence and young adulthood using subjective and 

objective measures and investigate the relationship between time spent outdoors 

in the sun and the occurrence and severity of myopia in young adults. 

Data for this research predominantly come from the Kidskin Young Adult Myopia 

Study (KYAMS), a follow-up of the Kidskin Study. Chapter 2 provides an overview 

of the KYAMS. During the Kidskin Study, participants received either an 

educational intervention consisting of in-class and at-home activities aimed at 

reducing sun exposure, or no intervention (control group) between 1995 and 

1999 (age 6-10 years) and parents of the Kidskin Study participants reported their 

child’s time spent in the sun over the summer holidays in 1997, 1999 and 2001. 

The KYAMS ran between 2015 and 2019 and aimed to investigate the effect of past 

time spent in the sun on risk of myopia in young adult participants of the Kidskin 

Study (ages 25-30 years). Participants of the KYAMS underwent cycloplegic 

autorefraction and had multiple objective and subjective measures of past time 

spent outdoors in the sun. 

Chapter 3 evaluates recruitment for the KYAMS; a task made challenging by the 

long period between follow-ups and change in communication technology from 

2001-2015 (e.g. landline phones less common). Successful contact was made with 

599 (35.3%) Kidskin Study participants and 303 (17.9%) participated in the 
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KYAMS. Having a mobile phone number increased likelihood of contacting a 

participant but an invitation letter was the most effective recruitment method.  

The usefulness of recall of childhood sun exposure by young adults was assessed 

in Chapter 4 by comparing KYAMS recall of time in the sun at ages 8, 10 and 12 

years to parent-reported data collected during the Kidskin Study at those ages. 

KYAMS recall of childhood time in the sun and parent-reported Kidskin Study 

responses were associated, but there was only slight agreement between them 

(weighted kappa between 0 and 0.2). In the KYAMS, recall of childhood time spent 

outdoors in the sun was of limited value. 

Chapter 5 presents the association between myopia and Kidskin Study 

intervention group and past time in the sun. Of the 303 KYAMS participants, 89 

(29.4%) had myopia. There was no association between Kidskin Study 

intervention group and myopia in the KYAMS.  Recall of childhood time in the sun, 

and naevi count of the right arm of KYAMS participants, could not be validated as 

measures of past time in the sun. Childhood time in the sun was associated with 

reduced risk of myopia in young adulthood whereas time in the sun in later 

adolescence/young adulthood was associated with a less myopic refractive error. 

Those in the highest quartile of the childhood and recent time in the sun had 

approximately half the prevalence of myopia (40% vs 20%) and reportedly spent 

around two hours more time outside per day compared to those in the lowest 

quartile. 

Finally, Chapter 6 uses data from the Raine Study, a birth cohort of young adults, to 

investigate the relationship between sun exposure – assessed by 25-

hydroxyvitamin D [25(OH)D] concentration – through childhood, adolescence and 

young adulthood and risk of myopia at 20 years of age. Of the 1260 eligible 

participants, 276 (21.9%) had myopia. Those who were myopic at 20 years had 

significantly lower 25(OH)D concentration at 17 and 20 years but not at 6 and 14 

years of age. 

This research demonstrates that recall of childhood time spent outdoors may not 

be a useful measure of past sun exposure in young adults. Furthermore, the results 

demonstrated that spending more time outdoors in childhood was associated with 
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reduced long-term risk of myopia but also that greater time spent outdoors during 

adolescence and young adulthood was associated with reduced risk of myopia in 

young adults. The KYAMS also provides evidence that time spent outdoors in 

adolescence may modify refractive error in young adulthood.  
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Chapter1: Background 

This chapter aims to provide some background to myopia, the key issue this thesis 

addresses, then discusses the measurement of time spent outdoors and finally 

provides literature reviews on the relationship between time spent outdoors and 

myopia and how time outdoors might prevent myopia. 

Sections 1.1.6, section 1.3.4 and section 1.4 of this chapter were adapted with 

permission from a manuscript published in the British Journal of Ophthalmology.1 

1.1. Overview of Myopia 

1.1.1. What is Myopia? 

Myopia, typically known as short- or near-sightedness, is a common eye condition 

in which the focal point of parallel light rays entering the eye is anterior to the 

retina, in the absence of accommodation.2 This situation arises when there is a 

mismatch between the focal point of the eye – as determined by the combined 

refractive power of the cornea, lens and aqueous and vitreous humours – and the 

axial length of the eye. Thus, myopia occurs when either the eye is too long and/or 

when the combined refractive power of the eye is too great. As light is not 

correctly focused at the retina, myopia results in blurry vision that is worse for 

objects that are more distant.  

The onset of primary myopia is typically between childhood and young adulthood 

(approximately 5-30 years of age).3 Once myopia has developed, it will generally 

continue to worsen in severity until the 3rd decade of life when it stabilises.3-5 The 

earlier the onset of myopia, the more myopic the individual is likely to become.6 

Onset and progression of primary myopia during childhood, adolescence and 

young adulthood is usually driven by axial elongation of the eye (and thus increase 

in axial length).7,8 

1.1.2. Measurement and Definition of Myopia 

In theory an eye could be classified as myopic if any amount of minus lens is 

required to correct the refractive error. In practice, however, small amounts of 



 

2 
 

myopia are generally not clinically relevant and have a higher chance of 

misclassification due to measurement error, therefore thresholds ranging from  

<−0.25 to ≤−1.00 D have been used to define myopia in epidemiological studies.2 A 

further cut-off, usually between ≤−5.00 and <−6.00 D, is used to define high 

myopia.2 

There are multiple methods for measuring refraction which may or may not rely 

on subject feedback (subjective vs objective). In epidemiology, measurement of 

refractive error with automated refraction has become the norm because it is 

quick, objective, less dependent on examiner expertise compared to other 

refraction methods, and has reasonable agreement with subjective refraction.9 A 

disadvantage of autorefraction (and other objective refraction techniques) is that 

it can be easily impacted by accommodation; if patients accommodate during the 

measurement, they will appear more myopic than they actually are, 

overestimating the prevalence and severity of myopia.10,11 Accommodative 

amplitude decreases with increasing age, thus children and adolescents are more 

likely to accommodate a substantial amount during objective refraction.10,12,13 

Accommodation can be temporarily paralysed by the instillation of cycloplegic eye 

drops, thereby removing this potential source of error. In epidemiological studies, 

the gold standard for measuring myopia, particularly in younger age groups, is 

cycloplegic autorefraction.14 

1.1.3. Impact of Myopia 

Myopia is often considered to be benign; however, myopia is associated with 

substantial economic costs and irreversible vision loss. Uncorrected or under-

corrected myopia is responsible for lost productivity, particularly in developing 

countries, resulting in an estimated global cost of USD$244 billion from lost 

productivity in the year 2015 alone.15 Moreover, the cost of spectacles, contact 

lenses and/or refractive surgery to adequately correct myopic refractive error is 

considerable.16,17 For example, in 2010/2011 the annual direct cost of myopia was 

estimated to be SGD$900 (AUD$990) per person16 and the prevalence of myopia in 

Australasia was estimated to be 27.3%.18 This translates to an estimated 

expenditure in excess of $4.5 billion in Australia alone.  
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Refractive error is the leading cause of visual impairment in Australia,19 of which 

myopia contributes substantially.20 Myopia also increases the risk of developing 

potentially blinding eye conditions, such as myopic macular degeneration,21 retinal 

detachment22 and glaucoma.23 These associations probably arise due to the 

excessive elongation of the eye that occurs in myopia. Thus, the risk of developing 

these conditions greatly increases with increasing severity of myopia and risk of 

visual impairment is much higher in those with high myopia; however, even in 

those with mild myopia the risk is somewhat higher compared to those without 

myopia.23-25 

1.1.4. Treatment of Myopia 

Currently, treatment of myopia falls into two categories: correction of the 

refractive error and slowing myopia progression. Correction of myopic refractive 

error can be achieved conservatively through spectacle lenses or soft or hard 

contact lenses, or by refractive surgery including various laser refractive surgeries, 

such as laser-assisted in situ keratomileusis (LASIK), and lensectomy with 

intraocular lens insertion. While all of these treatments can correct refractive 

error and achieve clear vision for the patient, it is important to note that they do 

not reverse the underlying myopic axial elongation of the eye, thus the risk of 

visual impairment from myopia-associated eye conditions is not altered.25 

Research into treatments to slow the progression of myopia and reduce axial eye 

growth has been increasing over the last two decades and continues to gain 

momentum. Optical interventions that are able to reduce the progression of 

myopia include prismatic bifocal spectacle lenses,26 progressive addition spectacle 

lenses,26 orthokeratology,26-28 multifocal contact lenses,26,29 peripheral defocus 

modifying contact lenses30 and peripheral defocus modifying spectacle lenses.31 

Pharmacological interventions to inhibit myopia progression include atropine and 

pirenzipine, which are both antimuscarinic agents. Atropine has been widely used 

in ophthalmology for some time and was first found to reduce myopia progression 

in the late 1970s,32 but due to its significant side effects (photophobia, reduced 

accommodative amplitude) was not considered a viable intervention for myopia. 

More recently, the landmark ATOM2 study showed that much weaker 
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concentrations of atropine (0.01%) were able to reduce myopia progression with 

substantially fewer side effects.33 The ATOM2 Study was unable to demonstrate a 

significant effect of atropine 0.01% in reducing axial elongation but a recent study 

in Hong Kong showed that 0.01% atropine significantly reduced axial elongation 

compared to controls and that 0.05% and 0.025% atropine were more efficacious 

than 0.01% atropine over 1 year.34 A 2016 meta-analysis found that atropine has 

the best efficacy but that orthokeratology was also moderately effective.26 

However, this study did not include more recent randomised clinical trials on 

peripheral defocus modifying contact lenses30 and spectacles31 that have 

demonstrated a reduction in myopia progression of approximately 0.5-0.7 D per 

year and reduction in axial elongation of approximately 0.3mm per year , a similar 

efficacy to atropine and orthokeratology. 

1.1.5. Rising Prevalence of Myopia 

Myopia is not a new phenomenon. Aristotle is credited with introducing the 

concept of myopia around 350BC and concave lenses have been used to correct 

myopia since at least 1554.35 So why has myopia become such a heavily 

researched topic? Globally, myopia has become more common over the last 

century, and is continuing to become more common at an alarming rate.18,36 In 

some parts of East and South East Asia, myopia now affects 70-80% of older 

adolescents and young adults.37-40 The prevalence of myopia appears to be rising 

in Europe and in the United States of America (USA) as well.5,41,42 In Australia, the 

prevalence of myopia is generally much lower, approximately 20-30% in adults,43-

45 but there is evidence that myopia is becoming more common. The prevalence of 

myopia has increased by an estimated 8-13% in older Australian adults over two 

decades46 and by approximately 1.4% in 12-years olds residing in Sydney over a 6-

year period.47 As the prevalence of myopia increases, so too will the economic 

costs and number of people who are blind or visually impaired due to myopia-

associated eye conditions.48 Thus, myopia is a major public health burden that is 

continuing to grow. 
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1.1.6. What causes myopia? 

In some cases, myopia arises secondary to a specific ocular or systemic condition 

(e.g. nuclear sclerotic cataract, keratoconus or Stickler’s syndrome) and is referred 

to as secondary myopia.2 However, in the vast majority of cases, the exact cause of 

myopia is not known, although both genetic and environmental factors are thought 

to play a role and one or more risk factors may be present.2 As secondary myopia 

accounts for only a very small proportion of cases of myopia, it is not discussed 

further in this thesis and subsequent references to myopia refer to cases of myopia 

that do not have a specific cause. 

In animals, myopia can be experimentally induced by manipulation of visual 

stimuli. Defocus and spatial and temporal contrast of the visual scene as well as 

intensity, wavelength and timing of light exposure all impact refractive 

development.49,50 Rearing animals in complete darkness or under dim illumination 

causes myopia and rearing chicks under constant light exposure also causes 

myopia, but these latter results have not been replicated in mammals.49 Similarly, 

rearing animals in bright light prevents axial elongation and myopia 

development.49,51 Manipulating the wavelength of light has also been shown to 

induce myopic or hypermetropic changes in a variety of animal models (discussed 

further in 1.4.5).1 The most common methods to induce myopia in animal models 

is either imposing hyperopic defocus on the eye using a convex lens or by placing a 

translucent filter in front of the eye to reduce the quality of vision, referred to as 

lens-induced myopia (LIM) and form-deprivation myopia (FDM), respectively 

(Figure 1-1).49,52 Both LIM and FDM can be largely negated by 2-4 hours of normal 

visual input per day; thus visual disruption must be nearly constant to alter eye 

growth in these models and short periods of normal vision have a 

disproportionately strong effect on maintaining normal eye growth.53,54 

Experimental myopia has been successfully induced in a wide variety of animals 

including birds, mammals and primates, suggesting that visual cues used to guide 

eye growth are widely conserved among species.52 However, it is unclear which of 

LIM or FDM are most applicable to human myopia. Children who are born with an 

obstruction of the visual axis can develop a form-deprivation-like myopia,55 but 

most children who develop myopia do not have an obstructed visual axis. On the 
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other hand, it is possible that children can be exposed to hypermetropic defocus of 

the retina, but it is unlikely that this exposure is constant enough to induce 

myopia. Despite overlapping characteristics, FDM and LIM may be distinct 

entities56; therefore, determining whether FDM or LIM or some combination of the 

two models is most applicable to human myopia is an important step forward. 

The biochemical pathways that lead to myopia-inducing eye growth are not fully 

understood. The current understanding is of a signalling cascade, initiated within 

the retina in response to visual input, that leads to changes in the retinal pigment 

epithelium and choroid and ultimately results in scleral remodelling and eye 

growth.49 Biochemicals implicated in this signalling include dopamine, 

acetylcholine, insulin, melanopsin, retinoic acid, nitric oxide and gamma-

aminobutyric acid.49  

 

 

Figure 1-1 Models of myopia. Lens-induced myopia (LIM) using a concave lens (top) 

and form-deprivation myopia (FDM) using a translucent filter (bottom). In LIM, a 

concave lens induces hypermetropic defocus. The retina detects the sign of defocus 

and adjusts axial length to compensate for the amount of defocus (closed-loop). In 

FDM, a translucent or opaque filter deprives the retina of a clear image causing 

progressive, severe axial eye growth with no defined end-point (open-loop). 

Reproduced with permission from the British Journal of Ophthalmology.1 
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1.1.7. Risk Factors for Myopia 

Near work 

For almost 400 years, excessive near work has been postulated to cause myopia.35 

This hypothesis has been somewhat supported by epidemiological research, with a 

meta-analysis concluding that more near work is associated with greater risk of 

myopia.57 Interpreting the results of studies on near work and myopia has been 

made difficult for two reasons. First, studies have typically relied on subjective 

assessment (either self- or parent-reported) of near work with little ability to 

objectively quantify these data. Second, near work has been variously measured as 

hours spent on near work,58 dioptre hours (accounting for near work distance),59 

books read per week,60,61 reading for enjoyment62 and near work distance, making 

comparisons difficult.63 Furthermore, some studies find significant associations 

between more near work and myopia61-66 while others fail to detect such an 

association.58,67,68 An Australian longitudinal study found that greater time spent 

on near work and more dioptre hours of near work in 6-year-old children were 

associated with an increased 6-year incidence of myopia but there was no 

significant association between near work in 12-year-olds and 5-year incidence of 

myopia.59 In summary, more near work appears to increase risk of myopia but the 

findings are somewhat variable, possibly due to differences in how near work is 

measured. 

Time spent outdoors 

Spending low amounts of time in outdoor activity (not specifically time spent 

outside) first emerged as a risk factor for myopia in a 2007 cross-sectional study of 

children in the USA.69 A seminal cross-sectional study of 6- and 12-year-old 

Australian children published the following year identified that it was the amount 

of time spent outdoors, rather than the activity being performed, that was 

associated with risk of myopia. These findings have since been confirmed in 

several longitudinal studies from around the world59,64,70 as well as school-based 

randomised controlled trials in Taiwan71 and China72 and two separate meta-

analyses.73,74 These studies and the relationship between time spent outdoors and 
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myopia are further discussed in detail in section 1.3 and measurement of time 

spent outdoors is discussed in section 1.2. 

Education 

Education is a consistent and strong risk factor for myopia. In adults, a higher level 

of educational attainment and greater time spent in the educational system are 

associated with increased risk of myopia.40,42,44,45 Children and adolescents who 

attend academically selective schools also have a higher prevalence of myopia63,75 

and, in Taiwan, attendance at “cram” schools (tutoring classes outside school time) 

is a risk factor for myopia.76 It seems unlikely that learning itself leads to myopia, 

but this association may be mediated by other behaviours associated with 

education such as near work or amount of time spent outdoors. 

Urbanisation  

The prevalence of myopia appears to be generally higher in urban compared to 

rural areas. A worldwide meta-analysis found that children living in urban 

environments have more than twice the odds of myopia than children residing in 

rural areas, although the meta-analysed studies were heterogeneous.77 Children 

residing in inner city Sydney had a higher prevalence of myopia compared to those 

in outer suburban Sydney78; a similar finding was seen in children in urban Beijing 

compared to children in rural Beijing.79 Like education, the relationship between 

urbanisation and myopia is likely to be mediated by other behaviours related to 

urbanisation such as time spent outdoors. 

Parental myopia 

Having a parent with myopia is a strong and consistent risk factor for 

myopia.43,59,65,66,69,80-82 Furthermore, individuals whose parents are both myopic 

appear to be at higher risk of myopia than those with only one parent with 

myopia,43,66,69 but this is not consistently found.59,83 It remains unclear whether 

children of myopic parents are at greater risk of myopia through inheritance of 

myopia-associated genes or inheritance of myopia-associated behaviours or a 

combination of both.84 However, adjusting for the shared environment, such as 

near work and/or time outdoors, in analyses of the heritability of myopia, appears 
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to have little impact on the association, suggesting that this may be a true additive 

genetic effect.85,86 A caveat of this latter point is that measurement of time spent 

outdoors or on near work is usually imperfect, therefore adjusting for these factors 

will not completely account for the effects of the shared environment. 

Genetics 

The observation that children of myopic parents tend to also be myopic suggests 

that there is a genetic component to myopia risk. Heritability studies support this 

with myopia heritability estimates reported at 0.75-0.9 in large twin studies87,88 

and 0.6-0.7 in large family studies.86,89,90 However, as the changes in myopia 

prevalence seen in parts of the world over the last 70 years are too quick to be of 

entirely genetic origin and thus most likely due to environmental factors, it seems 

probable that these studies overestimate heritability, perhaps due to the inability 

to precisely measure the shared environment and thus separate its effects from 

additive genetic factors.91 

Over the last decade, genome-wide association studies (GWAS) have demonstrated 

a definitive role for genetics in myopia risk. The latest GWAS of more than 250,000 

individuals identified more than 160 loci associated with myopia risk which 

explained 7.8% of the variance in myopia status.92 Thus, it is now generally 

accepted that genetics can impact myopia risk, but the relationship is complex. 

Furthermore, there is some evidence that genetic and environmental factors may 

interact with one another.93-95  

1.2. Measuring Time Spent Outdoors 

In order to investigate the relationship between time spent outdoors and myopia, 

it is necessary to be able to precisely measure time spent outdoors. Aside from its 

relationship with myopia, spending more time outdoors in natural environments 

has been associated with better health and wellbeing.96 Higher levels of vitamin D, 

which is produced when our skin is exposed to sunlight, have been associated with 

reduced risk of multiple sclerosis,97 type 1 diabetes98 and cardiovascular disease.99 

Sun exposure itself, irrespective of vitamin D levels has also been found to be 

associated with reduced risk of multiple sclerosis,97 cardiovascular disease and 
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some cancers,100 but also increases risk of skin cancers such as melanoma.100,101 

Precisely measuring time spent outdoors or sun exposure, which is closely related, 

is essential; however, it presents a considerable challenge because spending time 

outside may be incidental or deliberate, exposure may occur in a single or multiple 

instances and vary from day-to-day, month-to-month and season-to-season and 

recall of time spent outside is often subject to error. 

1.2.1. Objective measures 

A number of objective measures of time spent outdoors exist, all of which measure 

exposure to sunlight.  

Dosimeters 

Dosimeters are devices that are worn by participants and directly measure 

exposure to visible or ultraviolet light.102 Older dosimeters were composed of 

biofilms or polysulphone films and were only able to assess ultraviolet radiation 

exposure. Newer dosimeters are electronic, which allows them to be worn for 

longer periods of time, and can be divided into dosimeters that detect exposure to 

ultraviolet radiation or dosimeters that detect exposure to visible light. As 

dosimeters are a direct measure of ultraviolet or visible light, they are excellent 

tools for prospectively assessing sun exposure and time spent outdoors. However, 

dosimeters cannot directly differentiate between indoor and outdoor 

environments; instead time spent exposed to light above some threshold of 

illuminance (usually 1000 lux) is used to assess time spent outdoors.71 

Additionally, dosimetry measures can be affected by the positioning of the device 

on the body (e.g. shoulder, wrist) and there is a risk of device malfunction, 

participants forgetting to wear the device or the device being covered with 

clothing.102 

25-hydroxyvitamin D 

Vitamin D3 is produced within the skin in response to exposure to ultraviolet 

radiation. The usual marker of vitamin D status is circulating 25-hydroxyvitamin D 

[25(OH)D] concentration.103 As 25(OH)D has a half-life of approximately 3 weeks, 

25(OH)D concentration represents a measure of recent sun exposure.103 In 
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support of this, an Australian study showed that serum 25(OH)D concentration 

was most strongly associated with self-reported sun exposure over the 6 weeks 

prior to the sample being taken; furthermore, sun exposure measured over 8 

weeks with electronic dosimeters was associated with higher 25(OH)D 

concentration.104,105 However, 25(OH)D concentration has also been associated 

with sun exposure over the preceding 4-6 months104,106 and over the preceding 3 

years,107,108 perhaps because an individual’s 25(OH)D concentration at any 

particular time of year tends to be similar from year-to-year .109-111 Disadvantages 

of serum 25(OH)D concentration as a measure of time spent outdoors is that it is 

affected by dietary vitamin D intake,112 amount of skin exposed when outdoors,113 

shade-seeking behaviours,114 skin pigmentation106 and race/ethnicity.115,116 

Additionally, the precision and accuracy of 25(OH)D assays vary widely117 and 

incorrect estimates of 25(OH)D concentration can reduce the value of 25(OH)D 

concentration as a biomarker of sun exposure or time spent outdoors. 

Actinic Skin Damage Score  

Actinic skin damage score can be assessed non-invasively from silicone casts taken 

of the skin, usually the dorsum of the hand.102,118 The casts are then graded, most 

commonly on a scale of 1 (least actinic damage) to 6 (most actinic damage), 

providing an objective ordinal measure of cumulative past sun exposure.102,119 

Studies assessing actinic skin damage score using skin casts have shown that it 

correlates with histological assessment of dermal elastosis.118,120 A higher actinic 

skin damage score has been consistently associated with older age in children and 

adults.121-125 In adults, greater cumulative lifetime ultraviolet radiation exposure is 

also associated with more severe actinic skin damage121,122,124,125 and some121,123 

but not all124 studies have found an association with number of past sunburns. The 

association between skin casts and past sun exposure has been variously 

quantified. A Western Australian study found that those with an actinic skin 

damage score of 6 reported spending about twice as much time outside, over their 

lifetime, compared to the groups with a score of 1, 2 or 3 and approximately 25-

30% more time outside compared to those with a score of 4 or 5.125 Another 

Australian study showed that for every 1000 KJ/m2 increase in self-reported 

ultraviolet radiation exposure over the lifetime, the odds of being in a higher vs 
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lower actinic skin damage score increased by 39%.121 Teenagers residing in 

Scotland had lower skin damage scores than teenagers in Northern Australia,126 

but in adults, those residing in Brisbane (27˚S) did not have higher skin scores 

than adults residing in Tasmania (43˚S).121 The latter finding is possibly due to 

adults being more likely to reside in areas of different latitude throughout their 

life.  In summary, actinic skin damage score can be used as a measure of lifetime 

ultraviolet radiation exposure. Disadvantages of the technique include its 

insensitivity to small changes (as only 6 scores are possible), the possibility of 

floor or ceiling effects and that it is affected by skin characteristics such as 

pigmentation and tendency to sunburn and tan after sun exposure.121,124 

Conjunctival Ultraviolet Autofluorescence 

Conjunctival ultraviolet autofluorescence (CUVAF) is a technique for measuring 

past ocular sun exposure.127 CUVAF uses an ultraviolet (300nm-400nm) emission 

source and a camera with a ultraviolet blocking lens, similar to the Wood’s lamp, to 

elicit and photograph autofluorescence within the conjunctiva and this area can 

then be measured. CUVAF is thought to be a measure of cumulative or medium-

term sun exposure, although this hasn’t been conclusively shown. Like actinic skin 

damage, CUVAF area is mostly absent in children (<10 years)123; however, in the 

Norfolk Island Eye Study, CUVAF area was greatest in the 15-29 year age group, 

suggesting that CUVAF rapidly develops in adolescence and may reflect early life 

sun exposure.128 Nevertheless, self-reported usual daily time spent outdoors in 

summer and in winter have both been associated with CUVAF area in adults, 

indicating that CUVAF is useful as a measure of cumulative ocular sun exposure.129-

131 Quantification of this relationship requires further work as the measurement of 

past sun exposure has been fairly crude to date. The Norfolk Island Eye Study 

found that those who reported spending >3/4 of an average day outside had 

approximately twice (median area 45.1mm2 vs 28.3mm2) the median CUVAF area 

of those reported spending<1/4 of an average day outside.130 Similarly, in the 

Raine Study participants, CUVAF area was lower in those who reported spending 

<1/4 of an average summer day outside compared to those spending >3/4 of an 

average summer day outside (median area approximately 37mm2 vs 56mm2) and 
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was lower in those who reported spending an average winter day mostly indoors 

vs mostly outdoors (median area approximately 40mm2 vs 55mm2).129 

Melanocytic Naevus Count 

In children, the number of melanocytic naevi on the whole body and on the arms 

or back – which are both highly correlated with whole body naevus counts (r=0.88 

and r=0.84, respectively)132 – is associated with past sun or ultraviolet radiation 

exposure.133-136 In adults, the number of melanocytic naevi decreases with age137 

and the relationship between past sun exposure and naevi count is less clear. 

Naevus count in adults does not appear be associated with cumulative past sun 

exposure but may be associated with intermittent past sun exposure and number 

of past sunburns.137,138 Similar to actinic skin damage score and 25(OH)D 

concentration, skin pigmentation can impact naevus count.136 

Spectrophotometry 

Spectrophotometry can be used to measure skin pigmentation either to assess 

constitutional skin colour or suntan through estimates of skin colour or melanin 

density.102,139 A seasonal study showed that melanin density as assessed by 

spectrophotometry is greater in summer compared to winter months, indicating 

that spectrophotometry can detect suntan.140 As more sun exposure would be 

expected to cause a darker suntan, spectrophotometry has been used in some 

studies of children to assess recent sun exposure.140,141 

1.2.2. Subjective measures 

Objective measures of time spent outdoors are useful but are typically measures of 

sun exposure (i.e. ultraviolet radiation exposure) rather than time spent outdoors 

itself and are influenced by many other unrelated factors such as ethnicity. 

Another limitation is that objective measures of time spent outdoors, with the 

exception of electronic dosimeters, are generally insensitive to short-term 

variations in time spent outdoors. Reports elicited using detailed questions about 

daily activities or broader questions such as “how much time do you spend 

outdoors on an average day?” are able to measure time spent outdoors to some 

extent and can be a useful alternative or complementary measure of time spent 
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outdoors.102 Particular strengths of subjectively reported time spent outdoors are 

that they are more independent of the effects of latitude and skin pigmentation 

and, depending on the questions, the participants can record variations in time 

spent outdoors over a particular period (e.g. 12 months) that would not be 

detected by objective measures such as CUVAF or silicone casts. For example, 

CUVAF or silicone skin casts cannot detect if an individual spends more time 

outdoors in summer and less time outdoors in winter. It is generally thought that 

recall of recent time spent outdoors is a more accurate measure than recall of time 

spent outdoors in the distant past.102 

Parent-reported 

In young children, it is common for subjective measures of time spent outdoors to 

be reported by the child’s parent or caregiver (referred to as parent-reported). 

Parent-reported time spent outdoors or sun exposure generally has reasonable 

test-retest reliability (intraclass correlations: 0.21-0.77) and has been validated 

against the child’s amount of suntan (Pearson r=−0.17, p<0.001),141 polysulphone 

dosimeters (Pearson r=0.18-0.34, p<0.05),142,143 and a light meter (intraclass 

correlation=0.21-0.28, p value not provided).144 Parents were found to 

underestimate the amount of time their child spends outdoors, particularly when 

they are at school.144 

Self-reported 

Self-reported time spent outdoors has been more extensively validated in both 

children145 and adults.107,146 Self-reported time spent outdoors over the short-term 

in both questionnaire and diary format is moderately correlated with 

polysulphone (Pearson r=0.28-0.69, p<0.01)142,147 and electronic (Spearman 

ρ=0.40-0.51, p<0.01) ultraviolet radiation dosimeters.146 Furthermore, self-

reported time spent outdoors over the long-term (years) is correlated with 

25(OH)D concentration (r=0.21-0.22, p<0.05)107 and actinic skin damage score 

(r=0.33, p<0.05).107,124,125,148  

The accuracy of self-reported time spent outdoors is more difficult to assess. As 

demonstrated in the above paragraphs, self-reported time spent outdoors in adults 
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was more highly correlated with dosimeter readings than parent-reported time 

outdoors but this has not yet been compared in an appropriately designed study. It 

has been shown that, like parent-reported time spent outdoors, participants tend 

to overestimate the amount of time they spend outdoors;146,149,150 however, the 

ranking of participants in terms of time outdoors is relatively preserved.149 Thus, 

while self-reported measures of time spent outdoors may be valid and 

appropriately rank participants, they may not be entirely accurate. 

1.3. Time Spent Outdoors and Myopia 

It is now well accepted that spending more time outdoors is able to prevent the 

onset of myopia in children and adolescents. Randomised controlled trials that use 

school-based interventions to increase the amount of time students spend outside 

have successfully reduced the incidence of myopia compared to the control group 

by 3% to 9% per year.71,72,151,152 These studies also found that the intervention 

groups had a reduced overall myopic progression compared to the control group, a 

finding that has been inconsistently supported by longitudinal studies.73,153 

The effect of outdoor activity on progression of myopia was investigated as early 

as 1993154 but a modest effect was found among males only and it was not until 

studies in 200683 and 200769 that this relationship came under further scrutiny. 

However, these studies categorised sports and outdoor activity together and it was 

not until a publication by Rose et al.155 in 2008 that an association between time 

spent outdoors, irrespective of activity, and reduced risk of myopia was identified. 

Since then, a number of epidemiological studies using different study designs and 

instruments to measure time spent outdoors have investigated the association 

between myopia and time spent outdoors.  

1.3.1. Self-reported time spent outdoors 

Table 1-1 provides an overview of studies using self-report to measure time spent 

outdoors. Surprisingly, the studies by Li et al.156 and Ma et al.,157 which had the 

best design (i.e. longitudinal) and most representative samples (school-based), 

were not able to detect an effect of time outdoors on myopia risk, although both 

studies had effect estimates that were consistent with less time spent outdoors 
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increasing risk of myopia and myopic progression. The longitudinal study by Yao 

et al.158 did find that spending more time outdoors reduced the risk of myopia but 

this study sample came from a highly selected population of young males training 

to become pilots. Because participants were aiming to become pilots and pilots 

cannot be myopic, the participants were made very aware of risk factors for 

myopia and behaviours that might prevent myopia. This may explain the very 

strong effect this study found with a nearly 4-fold reduction in odds of myopia 

from spending >1 hour outdoors per day compare to <0.5 hours.  

The remaining cross-sectional studies in Table 1-1 all found that those with 

myopia spend less time outdoors. A key limitation of cross-sectional studies is that 

they cannot establish a direction of causality, thus these studies cannot themselves 

determine that spending less time outdoors precedes myopia onset, but 

longitudinal studies suggest this is the case. It is interesting that even adults aged 

>40 years with myopia spend less time outdoors compared to those without 

myopia40; one would not expect adults’ current time spent outdoors to be related 

to their risk of developing myopia when younger. However, this finding could be 

explained by individuals maintaining the same outdoor habits over time.159 Lin et 

al.58 failed to detect an association between time outdoors and refractive error in 

adolescents but found a remarkably strong effect in children (6-12 years). This is 

perhaps a result of the smaller sample size or the hospital-based nature of this 

study – participants recruited from ophthalmology and optometry clinics – which 

can introduce referral bias. In summary, findings from epidemiological studies 

using self-report to measure time outdoors are consistent with spending more 

time outdoors reducing risk of myopia, but these studies themselves do not 

provide conclusive proof of such an effect.
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Table 1-1 Epidemiological studies assessing the association between self-reported time spent outdoors and myopia 

First author 
(year) 

Study 
Design 

Sample 
size 

Baseline age 
Follow-
up 

Country Cyclo 
Unit of time outdoors and 
effect on myopia 

Other 

Li (2015)156 Longitudinal 1890 10-15 years 2 years China Yes 
Highest vs lowest (ref) tertile 
β=0.03 (95% CI: -0.02, 0.07) D/year 

Time spent outdoors in tertiles 
Lowest tertile=≤1.2h/day outside 
Highest tertile=≥2.3h/day outside 

Ma (2018)157 Longitudinal 1856 7-9 years 
2-4 
years China Yes 

Lowest vs highest (ref) tertile 
OR=1.12 (95% CI: 0.77, 1.64) 
β=0.02 (95% CI: -0.10, 0.13) 

Time spent outdoors in tertiles 
Lowest tertile=<4h/week outside 
Highest tertile=≥9h/week outside 

Yao 
(2019)158 Longitudinal 800 14-16 years 

20 
months China Yes 

>1h/day vs <0.50 h/day (ref)  
OR=0.27 (95% CI: 0.13, 0.56) 

Included only non-myopic males 
attending an aviation cadet pre-
recruitment class at baseline 

Dirani 
(2009)160 

Cross-
sectional 1249 11-20 years NA Singapore Yes 

h/day 
OR=0.90 (95% CI: 0.84, 0.96)  

Kim (2013)40 
Cross-
sectional 14285 40+ years NA Korea No 

>5h/day vs <5h/day (ref) 
OR=0.84 (95% CI: 0.76, 0.93) 

Binary time outdoors variable       
<5 h/day or >5 h/day 

Lee (2013)38 
Cross-
sectional 5048 18-24 years NA Taiwan No 

h/day  
β=0.06 (95% CI: 0.02, 0.10) 

Male military conscripts only 

Lin (2014)58 
Cross-
sectional 386 

6-12 years 
12-17 years NA China Yes 

Highest vs lowest (ref) tertile 
Younger β=1.27, p<0.001 
Older β=-0.23, p=0.53 

Tertiles of time outdoors 
Young: low=<1.3, high=≥2.3h/day 
Older: low=<1.1, high=≥1.9h/day 

Lu (2009)67 
Cross-
sectional 1232 13-17 years NA China Yes 

h/week  
OR=1.14 (95% CI: 0.69, 1.89) 

Participants only refracted if VA 
<6/12 and a 25% random sample 
if VA >6/12 

Abbreviations: Cyclo: cycloplegia; OR: odds ratio; h: hours; ref: reference; CI: confidence interval; D: dioptre 

OR is odds of myopia present (yes/no) as outcome. β is when spherical equivalent (dioptres) is outcome.  

All OR and β estimates are derived from multivariable regression. h/day and h/week are continuous variables. 

Green shading: significant association between greater time outdoors and reduced myopia. Yellow shading: No association between time outdoors 

and myopia detected



 

18 
 

1.3.2. Parent-reported time spent outdoors 

Table 1-2 shows the results of epidemiological studies using parent-reported time 

outdoors. Because parent-report is generally used when participants are too 

young to reliably recall their time spent outdoors, the studies in Table 1-2 are 

generally of children and adolescents. Overall, longitudinal studies support more 

(parent-reported) time spent outdoors reducing risk of incident myopia. The study 

by Chua et al.82 was probably not able to detect an effect of time spent outdoors on 

myopia risk due to the young age of the participants (3-year-olds) in whom 

myopia prevalence is low (1.6%) and refractions are difficult to obtain; nearly half 

of the cohort was not able to be refracted. The studies by Saw et al.83 and by Jones-

Jordan et al.153 measured parent-reported time in sports/games or outdoor 

activity rather than directly measuring time spent outdoors, potentially explaining 

why they did not detect a significant association between time outdoors and 

myopia. Only three of the longitudinal studies looked at the effect of time outdoors 

on myopia progression. All studies suggest that more time outdoors might reduce 

myopia progression but only two found a significant reduction in myopia 

progression with increasing time spent outdoors.153,161,162  

The unit used to measure time outdoors varies widely, thus it is difficult to 

compare the effect sizes between studies. Additionally, studies report a mixture of 

odds ratios, hazard ratios and risk ratios depending on whether logistic or Cox 

regression models were used in the analysis. For longitudinal data, Cox regression 

is generally the preferred model as it accounts for censoring of participants (e.g. 

through loss to follow-up) over multiple follow-ups and provides estimates of 

relative risk.163 Relative risk is similar to the odds ratio when outcomes are rare 

but diverges substantially from the odds ratio when the outcome is relatively 

common, such as in myopia.164 If this latter point is ignored and odds and risk are 

taken to be approximately similar, generally there appears to be approximately a 

0-16% reduction in the odds or risk of myopia per 1 hour increase in (parent-

reported) time spent outdoors per week. An exception to this is a cross-sectional 

and longitudinal analysis of a Beijing-based cohort79,162 that found an 

approximately 70% reduction in risk of myopia for each extra hour of time spent 
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outdoors per day. This finding could perhaps be due to the use of non-cycloplegic 

autorefraction, or the relatively smaller sample size, increasing the likelihood of 

chance variation affecting the results.  

Cross-sectional studies are generally in agreement with longitudinal studies; the 

only study unable to detect an effect of time spent outdoors on myopia 

investigated a young cohort (6 months to 6 years) in whom myopia is rarer.165 In 

summary, studies utilising parent-reported time spent outdoors convincingly 

show that higher parent-reported time spent outdoors is associated with lower 

myopia prevalence or incidence. These studies also suggest that more (parent-

reported) time spent outdoors is associated with reduced progression of myopia 

but this finding is not as well supported. 
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Table 1-2 Epidemiological studies assessing the association between parent-reported time outdoors and myopia 

First author 
(year) 

Study 
design 

Sampl
e size 

Baseline 
age (years) 

Follow-up 
(years) 

Region Cyclo 
Unit of time outdoors and 
effect on myopia 

Other information 

Chua (2015)82 Longitudinal 572 2  1 Singapore Yes 
h/day  
OR=0.84 (95% CI: 0.61, 1.17) 

Parents reported time outdoors at 
2 years. Myopia prevalence 1.6% 
(n=35) 

French 
(2013)59 

Longitudinal 2103 6 and 12 5-6 Australia Yes 
Lowest vs highest (ref) tertile 
Young OR=2.84 (95% CI: 1.56, 5.17) 
Older OR=2.15 (95% CI: 1.35, 3.42) 

Time spent outdoors in tertiles 
Young: low=≤16, high=>23h/week 
Older: low=≤13.5, high=>23h/week 

Guggenheim 
(2012)70 

Longitudinal 8107 8-9 2-7 UK No 
≥3h/day  vs <3h/day (ref) 
HR=0.76 (95% CI: 0.60, 0.96) 

  

Guo (2013)162 Longitudinal 681 5-13 1 China No 
h/day 
OR=0.29 (95% CI: 0.20, 0.44) 
β=0.10, p=0.04 

  

Huang 
(2019)161 

Longitudinal 10743 9-11 2 Taiwan Yes 
Usually vs never/seldom (ref) 
RR=0.77 (95% CI: 0.66, 0.91) 
β=0.17 (95% CI 0.08, 0.26) 

Time outdoors was a binary 
variable, never/seldom or usually 
do outdoor activities in recess 

Jones 
(2007)69 

Longitudinal 514 8-9 5 USA Yes 
h/week  
OR=0.91 (95% CI: 0.87, 0.95) 

  

Jones-Jordan 
(2011)64 

Longitudinal 1329 6-14 1-8 USA Yes 
Those who became myopic spent 
1.1-1.6 less h/week than peers 1-4 
years prior to myopia onset 

Included only emmetropic (-0.25 to 
+1.00 D) children at baseline 

Jones-Jordan 
(2012)153 

Longitudinal 835 6-14 1-8 USA Yes 
h/week  
β=0.03 (99% CI: -0.03, 0.08) D/year 

Included only myopic (≤-0.75 D) 
children at baseline 

Saw (2006)83 Longitudinal 994 7-9 3 Singapore Yes 
h/week  
RR=1.01 (95 CI: 0.98, 1.04) 

Included only non-myopic children 
(>-0.75 D) at baseline.  

Shah 
(2017)166 

Longitudinal 2833 2-9 1-13 UK No 

1 SD per day increase in TSO  
Age 2y HR=1.07 (95% CI: 0.98, 1.17) 
Age 3y HR=0.91 (95% CI: 0.84, 0.99) 
Age 9y HR=0.87 (95% CI: 0.80, 0.95) 

Time outdoors assessed at ages 2, 
3, 4, 5, 7 and 9 years. Myopia 
assessed between 10-15 years. SD 
corresponds to approximately 30-
50mins/day depending on age 
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Table 1-2 Continued 

Tsai (2016)167 Longitudinal 6794 9-11 1 Taiwan Yes 
>30mins/day vs <30mins/day (ref) 
HR=0.90 (95% CI: 0.82, 0.99) 

Time outdoors was a binary 
variable, <30 mins/day or 
>30mins/day 

Deng (2010)68 
Cross-
sectional 

147 6-18 NA USA No 
h/week  
OR=0.92 (95% CI: 0.84, 0.99) 

  

Guo (2013)79 
Cross-
sectional 

681 5-13 NA China No 
h/day  
OR=0.32 (95% CI: 0.21, 0.48) 

  

Harrington 
(2019)65 

Cross-
sectional 

1626 
6-7 and  
12-13 

NA Ireland Yes 

1-2h/day vs >4h/day (ref)  
OR=2.7 (95% CI: 1.8, 4.1) 
<1 h/day vs >4 h/day (ref) 
OR=5.0 (95% CI: 2.4, 10.3)  

Explanatory variable is daylight 
exposure during summer 

Low (2010)165 
Cross-
sectional 

2639 0.5 - 6 NA Singapore Yes 
h/day  
OR=0.95 (95% CI: 0.85, 1.07) 
β=0.03 (95% CI: 0.00, 0.07),p=0.07 

  

Rose 
(2008)155 

Cross-
sectional 

4093 6 and 12 NA Australia Yes 
Increasing tertile (trend)  
Younger β=0.05, p=0.009 
Older β=0.07, p<0.001 

Time spent outdoors in tertiles 
Young: low=<1.7, high=≥2.7h/day 
Older: low=<1.6, high=≥2.8h/day 

Yang 
(2018)168 

Cross-
sectional 

166 
6-8 and  
11-13 

NA Canada Yes 
h/week  
OR=0.86 (95% CI: 0.77, 0.96) 

Participants only received 
cycloplegia if non-cycloplegic 
autorefraction <-0.50D 

Zhou 
(2015)169 

Cross-
sectional 

1961 9-11 NA China Yes 
h/week  
OR=0.97 (95% CI: 0.95, 0.99) 

Cross-sectional analysis of a 
randomised controlled trial (He et 
al. 2015) 

Abbreviations: Cyclo: cycloplegia; OR: odds ratio; RR: risk ratio; HR: hazard ratio; h: hours; y: years; ref: reference; CI: confidence interval; D: dioptre; 

NA: not applicable 

OR is odds of myopia present (yes/no) as outcome. β is when spherical equivalent (dioptres) is outcome  

All OR and β estimates are derived from multivariable regression 

Green shading: significant association between time outdoors and myopia. Yellow shading: No association between time outdoors and myopia 

detected
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1.3.3. Light Meters 

Light meters are becoming more popular as a measure of time spent outdoors in 

studies of myopia. However, only a few studies have so far been published. In a 

study of 101 10- to 15-year-olds in Brisbane, Australia who wore a light meter on 

the wrist for two weeks, myopic children were found to spend significantly less 

time outdoors in light >1000 lux compared to non-myopic children (91 vs 127 

mins/day, difference=36 mins, p<0.01)170 and myopic children spent significantly 

more time in mesopic light (1-30 lux) compared to non-myopic children 

(difference=24 and 39 mins for weekdays and weekends, respectively).171 Other 

cross-sectional studies of children in Singapore (n=117, 7 days of light meter 

wear)144 and university students in Australia (n=35, 3 days of light meter wear)172 

and in the USA (n=55, 14 days of light meter wear)150 did not detect significantly 

different amounts of time spent outdoors in myopic compared to non-myopic 

individuals. 

A longitudinal analysis of the cohort of children in Brisbane mentioned above170 

found that spending more time in light >3000 lux and >5000 lux, but not >1000 

lux, was significantly associated with reduced axial eye growth over 18 months 

(β=−0.12mm and β=−0.09mm, respectively, p<0.05).173 A similar study of children 

5-10 years (n=60) in the USA was unable to detect a significant effect of daily light 

exposure on axial eye growth but found a similar effect (β=−0.09mm, p=0.07).84 A 

secondary analysis of a randomised controlled trial71 in Taiwan found that 

spending more than 200 minutes in light >1000 lux over the 1 week of light meter 

wear was associated with reduced myopia progression (assessed by spherical 

equivalent) over 12 months compared to those who spent <120 mins/week in 

light >1000 lux (β=0.14 D, 95% CI: 0.00, 0.27). In summary, studies using light 

meters generally show that individuals with myopia spend less time outdoors and 

that spending more time outdoors can reduce myopic progression as measured by 

axial eye growth. 
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1.3.4. 25-Hydroxyvitamin D 

A summary of the studies assessing the association between 25(OH)D 

concentration and risk of myopia are shown in Table 1-3. As blood samples are 

more difficult to obtain in younger children, most studies focus on 25(OH)D 

concentration in adolescents and adults. In adults ages >40 years, 25(OH)D 

concentration does not appear to be associated with myopia,174,175 consistent with 

risk of myopia being related to behaviours during early life, when myopia typically 

develops. In cross-sectional studies of children, adolescents and young adults, 

higher 25(OH)D concentration is significantly associated with lower risk of myopia 

or less myopic refractive error.176-179 An exception is the study by Kearney et al.180 

but this study had a small sample size (n=54) and included only university 

students (aged 18-20 years) who may have more homogeneous outdoor 

behaviours than the general population. An important longitudinal study by 

Guggenheim et al.181 found that those who were myopic by age 15 years had 

significantly lower serum 25(OH)D3 concentration at age 10 years (mean 

difference=1.7nmol/L, p=0.03) but there was no association between 25(OH)D3 

concentration and risk of incident myopia after adjusting for parent-reported time 

spent outdoors. This finding suggests that the relationship between 25(OH)D3 

concentration and myopia is mediated by time spent outdoors and thus suggests 

that vitamin D is not a causal factor in this relationship. Studies of 25(OH)D 

concentration, a marker of time spent outdoors, show that a higher 25(OH)D 

concentration is associated with reduced risk of myopia in children, adolescents 

and young adults, but not older adults.
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Table 1-3 Epidemiological studies assessing the association between time outdoors assessed by serum 25(OH)D concentration and myopia. 

Adapted with permission from a manuscript published in the British Journal of Ophthalmology1 

First author 
(year) 

Sample 
size 

Ages 
(years) 

Region Study design 25(OH)D increment Outcome 
Adjust for 
time 
outdoors 

Result of multivariable 
regression analysis 

Tideman 
(2016) 

2666 6-8   Netherlands 
Cross-
sectional 

per 25nmol/L 
increment 

Myopia Yes* OR=0.65 (95% CI: 0.46, 0.92)  

Choi (2014) 2038 13-18 Korea 
Cross-
sectional 

Per 2.5 nmol/L 
increment 

Spherical 
equivalent 

No β=0.03D (95% CI: 0.00, 0.06)  

Guggenheim 
(2014) 

3677 10-15 UK Longitudinal 
per 1 unit increase in 
the natural logarithm 

Myopia Yes* HR=0.83 (95% CI: 0.66, 1.04)  

Mutti (2011) 22 13-25 USA 
Cross-
sectional 

Myopic vs non-
myopic participants 

25(OH)D No 
Mean 25(OH)D 3.4 ng/mL lower 
in those with myopia, p=0.005 

Kearney 
(2018) 

54 18-20 
Northern 
Ireland 

Cross-
sectional 

Myopic vs non-
myopic participants 

25(OH)D3 No 
Mean 25(OH)D3 1.1nmol/L higher 
in those with myopia, p=0.25 

Yazar (2014) 946 18-22 Australia 
Cross-
sectional 

<50 vs ≥50 nmol/L Myopia Yes‡ OR=2.07 (95% CI: 1.29, 3.32)  

Lingham 
(2019) 

4112 46-70 Australia 
Cross-
sectional 

per 1 nmol/L 
increment 

Myopia No OR=1.02 (95% CI: 0.99, 1.05)  

Williams 
(2017) 

3094 >65 Europe 
Cross-
sectional 

per 1 nmol/L 
increase 

Myopia Yes‡ OR=0.99 (95%CI: 0.98, 1.00)  

Abbreviations: OR: odds ratio; HR: hazard ratio; 25(OH)D: 25-hydroxyvitamin D; D: dioptre 

Green shading: significant association between time outdoors and myopia. Yellow shading: No association between time outdoors and myopia 

detected 

*Parent-reported  ‡Self-reported 
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1.3.5. Conjunctival Ultraviolet Autofluorescence 

There have been three studies investigating the relationship between myopia and time 

spent outdoors as assessed by CUVAF. Studies have generally been in adults as CUVAF is 

rare in children under 10 years of age.123 Cross-sectional studies of 18- to 22-year-olds 

in Perth, Australia (n=1322)43 and of predominantly adults ≥15 years in Norfolk Island 

(n=636)182 both found approximately a 15-20% reduction in odds of myopia for every 

10mm² increase in total CUVAF area. In 54 Northern Irish adults aged 18-20 years,180 an 

increase in total CUVAF area of 1mm² was associated with a 6% (95% CI: 2%, 10%) 

reduction in odds of myopia. It should be noted that the total CUVAF area decreases 

with increasing latitude,183 thus CUVAF area in the Northern Irish cohort was much 

smaller than that in the Australian studies, potentially explaining the differences in 

effect of CUVAF area on myopia (Northern Ireland: median CUVAF area=4.5mm² and 

7.0mm² in those with and without myopia, respectively; Australia: median CUVAF 

area=31.9mm² and 47.9mm² in those with and without myopia, respectively). 

Interestingly, CUVAF area was more strongly associated with myopia than self-reported 

time spent outdoors or sun exposure behaviours in young adults residing in both Perth 

and Northern Ireland, suggesting it may be a better marker of past time spent outdoors 

or of ocular sunlight exposure in this age group. 

1.3.6. Summary 

The association between time spent outdoors and myopia has been extensively studied. 

Most studies used parent-reported measures of time spent outdoors, but some used 

self-reported or objective measures such as light meters, CUVAF or 25(OH)D 

concentration. Using each of these measures of time spent outdoors, epidemiological 

studies have consistently shown that spending more time outdoors is associated with 

reduced risk of myopia. Even studies that failed to detect a significant association nearly 

always reported an effect estimate consistent with more time spent outdoors reducing 

risk of myopia. Whether spending more time outdoors reduces myopia progression is 

less clear. There is seasonal variation in myopia progression, with progression being 

slowest in the summer months184,185, and this finding is supported by some longitudinal 

studies of myopia progression71,161,173 and randomised clinical trials.71,72 Therefore, on 

balance, it seems likely that spending more time outdoors can reduce myopia 
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progression. Questions that have not been answered include how long the protective 

effect of spending time outdoors lasts and whether spending time outdoors at certain 

ages is particularly important for preventing myopia. 

1.4. How Does Spending Time Outdoors Prevent Myopia? 

This section has been adapted from a paper published in the British Journal of 

Ophthalmology.1 

As established in Section 1.3, epidemiological studies show an association between 

spending more time outdoors and lower risk of myopia, but how does spending time 

outdoors actually prevent myopia? Identifying the factor(s) behind this relationship 

would allow development of targeted interventions that don’t necessarily involve more 

sun exposure, which would arise when spending more time outside, thereby avoiding 

potentially detrimental effects associated with spending time outdoors, such as sunburn 

and an increased risk of skin cancers.101  

Spending more time outdoors may reduce the risk of myopia by a number of pathways 

(Figure 1-2) and the means by which spending time outdoors might lower myopia risk 

have been briefly discussed in broader reviews as well as comprehensively in reviews 

on individual elements.24,186-200 However, the rapid expansion of studies in this area 

warrants an updated and focussed review comparing the evidence for different causal 

factors linking time spent outdoors and myopia. With assistance from my supervisors, I 

conducted a comprehensive narrative review of eight leading hypotheses on how time 

spent outdoors prevents myopia: higher light illuminance (brighter light), reduced 

peripheral defocus, higher vitamin D levels, differing chromatic spectrum of light, higher 

physical activity, entrained circadian rhythms, less near work and greater high spatial 

frequency energy. 
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1.4.1. Literature Search 

I did not conduct a formal systematic review. However, I did conduct a broad search of 

the literature using Medline, Google Scholar and the University of Western Australia 

library’s OneSearch system using the keyword ‘myopia’ in combination with keywords 

from each of the paragraph headings (e.g. ‘light’, ‘vitamin D’, ‘circadian rhythms’). I 

compiled a collection of relevant articles based on title and abstract. Additionally, I 

searched reference lists and previously published reviews for relevant articles.  

 

 

Figure 1-2 How spending more time outdoors may reduce risk of myopia. Reproduced with 

permission from the British Journal of Ophthalmology1 
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1.4.2. Higher illuminance 

The illuminance (brightness) of light outdoors is typically 10 to 1000 times greater than 

that of indoor lighting71,144 and may link time spent outdoors and myopia.155 Chicks 

raised under low illuminance (50 lux) conditions develop myopia201 and brighter 

ambient lighting (10,000 to 40,000 lux) prevents FDM in chicks and rhesus monkeys in 

a dose-dependent manner.51,202,203 Inhibition of dopamine-2 receptors completely 

blocks the protective effect of brighter light on FDM in chicks, demonstrating the key 

role of dopamine in FDM.202 However, illuminance appears to play a lesser role in LIM. 

Brighter lighting did not reduce the amount of LIM in chicks and rhesus monkeys, but, 

in chicks, did slow the rate of development of LIM.204,205 Dopamine receptors also 

appear to play a smaller role in LIM; injection of dopamine-1 or dopamine-2 receptor 

antagonists into the vitreous did not impact the ability of brief periods of normal visual 

input to prevent LIM, suggesting that LIM is at least partly regulated by other non-

dopamine pathways.56 

In children, myopia progresses faster in winter months, when daylight is shorter, 

compared to summer months when daylight lasts longer.184,206 However, this 

association may not arise directly from longer daylight and therefore more exposure to 

brighter light but from spending more time outdoors on warmer days.173 Interestingly, 

people born in summer months appear to have a higher risk of moderate or severe 

myopia in later life, potentially due to shorter or reducing daylight hours in the first 

months of life.207,208  

As discussed in section 1.3.3, studies using light meters to directly measure light 

exposure have found that higher average daily light exposure was associated with 

slower eye growth,71,173 with 40 minutes a day of bright light (>3000 lux) exposure 

being associated with a significantly slower rate of eye growth.173 Artificially increasing 

light exposure may also lower myopia risk. In 22 young adults, using light therapy 

glasses (506 lux) for 30 minutes per day for 7 days resulted in a slightly thicker 

choroid,209 a measure associated with slower eye growth in children.210 In a one-year 

intervention study (n=317), increasing classroom illuminance from approximately 100 

lux to 500 lux reduced the incidence of myopia by 6% compared to the control group; 

however, this study was open to selection bias as only a subset of participants who 
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volunteered underwent refraction.211 It is noteworthy that if brighter light is able to 

prevent myopia in humans, this may indicate that human myopia is FDM-like as 

increasing light illuminance in animals studies of LIM has little impact. 

In summary, there is direct evidence of a relationship between brighter light exposure 

and lower myopia risk in children and adolescents. In animals, exposure to brighter 

light prevents FDM onset and progression; however, brighter light may play a lesser 

role in LIM. In humans, brighter light exposure appears to cause choroidal thickening, 

reduce axial eye growth and may be associated with reduced incidence of myopia. 

Higher illuminance may therefore mediate the relationship between time spent 

outdoors and myopia. Further interventional studies will shed light on whether 

increasing light exposure is a viable intervention for myopia prevention. 

1.4.3. Reduced peripheral defocus 

Animal studies have demonstrated that hypermetropic defocus, as in LIM, causes axial 

elongation of the eye. The retina is known to be able to respond to visual input such as 

hypermetropic defocus and stimulate eye growth in local area of the retina.212,213 In 

rhesus monkeys and guinea pigs, peripheral hypermetropic defocus without central 

defocus induces both central and peripheral myopia, demonstrating that the peripheral 

retina can regulate overall eye growth.214,215 Hypermetropic defocus of the peripheral 

retina is therefore a potential driver of myopia and can be induced by the environment, 

when peripheral objects are nearer than the object of central focus (environmentally-

induced), or by a prolate eye shape. 

The myopic eye is more prolate than the emmetropic eye and, because of this, 

experiences more relative peripheral hypermetropia (Figure 1-3).216,217 However, these 

characteristics are likely secondary to myopia as large longitudinal studies found no 

link between baseline relative peripheral hypermetropia (up to 30˚ eccentricity) and 

myopia onset or progression.218,219 Nevertheless, dual-focal and multifocal contact 

lenses designed to induce relative peripheral myopia,29,30 and orthokeratology lenses 

which also induce relative peripheral myopia,220 seem to slow progression of myopia in 

children.28,220 Therefore, eye shape-induced peripheral defocus may be involved in 

myopia progression but not myopia onset. 
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Figure 1-3 Focal point of parallel peripheral light rays in the emmetropic (left), 

hypermetropic (middle) and myopic (right) eye. 

It is not known whether environmentally-induced peripheral defocus is involved in 

myopia onset or progression. In the outdoor environment, objects are typically far from 

the eye and the dioptric environment is generally uniform (Figure 1-4). Thus, peripheral 

objects are minimally defocussed when outdoors. In contrast, when indoors, objects are 

typically nearer and variation in the dioptric distance of objects is greater. In this 

dioptrically-varied environment, there is potential for off-axis objects to produce 

greater relative peripheral hypermetropia or myopia.24 It has been suggested that 

spending less time outdoors and more time indoors exposes children to more 

peripheral defocus, potentially causing increased axial elongation of the eye. 

Conversely, the dioptric uniformity of the outdoor environment and consequent 

minimisation of peripheral defocus may somehow protect against myopia.24 However, 

this hypothesis is complicated by relative peripheral myopia, which is also present in 

the indoor environment24 and is a strong inhibitor of eye growth.215,221 Additionally, 

nearly constant hypermetropic defocus is required to induce myopia in animals, which 

is an unlikely environmental situation in humans.53,54 
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Figure 1-4 The indoor and outdoor dioptric environment. a) Dioptric distance is the 

reciprocal of distance and increases rapidly at distances less than 2m. b) and c) examples of 

an indoor and outdoor environment, respectively. Green asterisk represents point of 

fixation. Blue arrows and numbers correspond to dioptric distance of object from observer. 

Objects nearer than the point of fixation will be hypermetropically defocused. Reproduced 

with permission from the British Journal of Ophthalmology1 
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In summary, animal studies show that relative peripheral hypermetropia can induce 

myopia. Human studies show that peripheral defocus is probably involved in myopia 

progression but not onset. There is scarce evidence assessing the role of 

environmentally-induced peripheral defocus in myopia. Whether the indoor 

environment could produce enough constant relative peripheral hypermetropia to 

stimulate eye growth, and whether peripheral defocus is actually substantially different 

in the outdoor environment, are unknown. Wearable devices that measure the distances 

of objects will enable a better understanding of defocus patterns in the visual 

environment and lead to a better understanding of the role of environmentally-induced 

peripheral defocus in human myopia.222 

1.4.4. Vitamin D 

As discussed earlier, vitamin D status as assessed by 25(OH)D concentration is 

associated with myopia. Thus, vitamin D is a potential link between time spent outdoors 

and myopia, although the possible molecular pathways are unclear.179,196 Alternatively, 

serum 25(OH)D levels may act only as a biomarker of recent time spent outdoors, as 

discussed in section 1.2.1 and 1.3.4, without being causally related to myopia. As shown 

in Table 1-3, children, adolescents and young adults with myopia have lower 25(OH)D 

concentrations than those without myopia, even after adjusting for reported time spent 

outdoors.  

Crucially, however, the only longitudinal study to date found no association between 

baseline 25(OH)D levels and onset of myopia in children, after adjusting for previously 

reported time spent outdoors, suggesting 25(OH)D is merely a biomarker of time spent 

outdoors rather than causally related to myopia. Furthermore, a Mendelian 

randomisation study based on four single nucleotide polymorphisms (SNPs) that 

slightly alter serum 25(OH)D concentration found that a genetic predisposition to lower 

25(OH)D concentration was not associated with increased risk of myopia.223  

Findings from cross-sectional studies that those with myopia have lower 25(OH)D 

concentration, that persists even after adjusting for reported time spent outdoors, may 

arise from residual confounding due to inaccurate assessment of time spent outdoors 

over the relevant time period (time outdoors was self- or parent-reported). A benefit of 

the Mendelian randomisation study is that it can largely ignore time outdoors as a 
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covariate; however, this study may not have detected a threshold effect due to the small 

effect of SNPs on 25(OH)D concentration (Combined R²=1-2%). Nevertheless, the 

longitudinal and Mendelian randomisation studies provide the strongest evidence and 

in the absence of a convincing mechanism behind how vitamin D prevents myopia, it 

seems unlikely that vitamin D is causally related to myopia. 

1.4.5. Chromatic spectrum of light 

Shorter wavelengths of light (e.g. blue) are refracted more than longer wavelengths (e.g. 

red), thus, in the eye, blue light will be focussed anterior to red light. Eyes of chicks use 

such chromatic cues from light to regulate eye growth.224,225 Compared to most artificial 

light sources, including tungsten and fluorescent lights, sunlight contains relatively 

more green, blue and ultraviolet light.226,227 The different chromatic spectrum of 

artificial light could cause the retina to incorrectly interpret defocus signals and induce 

eye growth, thereby linking time spent outdoors and myopia.  

Rearing animals under narrow-band wavelengths of light produces changes in eye 

growth that differ among species and wavelengths of light (Table 1-4). Likewise, 

monochromatic lighting has mixed effects on the development of FDM or LIM. Red 

lighting prevented FDM and LIM in rhesus monkeys228 and LIM in guinea pigs229 but had 

no effect on FDM in chicks,230 whereas blue light slightly retarded FDM but not LIM in 

chicks.230,231 Although conducted in artificial conditions, these studies demonstrate that 

differing spectra of light can potentially induce refractive changes. In a more realistic 

study, rearing guinea pigs under a halogen lamp with emission spectrum close to 

sunlight or an indoor fluorescent lamp produced equal amounts of LIM.232 

Violet light (360-400nm) has been suggested to be key for myopia prevention. In chicks, 

the addition of a fluorescent violet light impeded FDM and LIM compared to controls 

and in a retrospective review of medical records, eye growth in children who wore 

violet light-transmitting contact lenses (n=116) was slower by 0.05mm/year compared 

to children who wore contact lenses that partially blocked violet light (n=31).233 

However, it has been argued that the crystalline lens does not transmit enough violet 

light to have a relevant effect at the retina.230 Transmission of light through the lens is 

age-related; at age 10 years, approximately 15% of 400nm light reaches the retina 
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whereas just 1% reaches the retina at 60-70 years of age.227 Thus it is possible that 

some violet light reaches the retina in children. 

Table 1-4 Effect of raising various animals under monochromatic light on refraction, 

relative to controls raised under white light 

First author (year) Animal Colour of light 
Refractive effect 
(relative to white light) 

Seidemann (2002)234 Chick Blue  Hypermetropic 

Foulds (2013)226 Chick Blue (15% green) Hypermetropic 

Wang et al (2018)230 Chick Blue  Hypermetropic 

Wang et al (2018)230 Chick Ultraviolet Hypermetropic 

Seidemann (2002)234 Chick Red Myopic 

Foulds (2013)226 Chick Red (10% yellow) Myopic 

Wang (2018)230 Chick Red Myopic 

Liu (2011)235 Guinea Pig Blue Hypermetropic 

Jiang (2014)229 Guinea Pig Blue Nil effect 

Qian (2013)236 Guinea Pig Blue Hypermetropic 

Zou (2018)237 Guinea Pig Blue Hypermetropic 

Liu (2011)235 Guinea Pig Green Myopic 

Qian (2013)236 Guinea Pig Green Myopic 

Zou (2018)237 Guinea Pig Green Myopic 

Jiang (2014)229 Guinea Pig Red Myopic 

Gawne (2018)238 Tree Shrew Blue Myopic 

Gawne (2017)239 Tree Shrew Red Hypermetropic 

Ward (2018)240 Tree Shrew Red Hypermetropic 

Hung (2018)228 Rhesus Monkey Red Hypermetropic 

Smith (2015)241 Rhesus Monkey Red Hypermetropic 

 

The amount of medium-wavelength (green) or long-wavelength (red) absorbing opsin 

in the retina may also have an impact on the risk of myopia. A large case-control study 

found a lower prevalence of myopia among red/green colour vision-deficient 

individuals compared to those with normal colour vision.242 A small study in chicks 

found no association between the medium to long wavelength cone (M/L) ratio and 

severity of FDM, but a remarkably strong correlation between higher M/L ratio and 

more hypermetropic refractive error in control eyes.243  

Differences in the chromatic spectrum of light can potentially alter eye growth, but the 

empirical evidence directly linking chromatic light and myopia onset is still relatively 

weak. Replication and new studies addressing whether the differences in chromatic 

spectrum of sunlight and artificial light are able to induce myopia are needed.  
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1.4.6. Physical Activity 

Early studies found that more physical activity protected against myopia, perhaps via 

one of the many biochemical changes induced by exercise.69,244 However, these studies 

did not adjust for time spent outdoors or used a combined measure of physical and 

outdoor activity. In a cross-sectional study of children in the Sydney Myopia Study (age 

6 and 12 years), more time spent in outdoor sport and activity was associated with 

lower myopia risk, but there was no similar effect for indoor sports and activity, 

suggesting that spending time outdoors, rather than physical activity, was protective.155 

More recent longitudinal studies designed to adjust for time spent outdoors as a 

covariate have confirmed that physical activity itself is unrelated to myopia risk and 

hence does not link time spent outdoors and myopia.70,245 

1.4.7. Circadian rhythms 

There is significant overlap in signalling between regulation of circadian rhythms and 

eye growth.192 For example, dopamine is a key regulator of both circadian rhythms and 

eye growth.192 The eye’s axial length and choroidal thickness also undergo small (~10-

20μm) diurnal variations in approximate antiphase with one another246,247 and induced 

hypermetropic defocus, as in LIM, disrupts these diurnal rhythms.247,248 Furthermore, in 

chicks, expression of genes regulating circadian rhythms was mildly reduced in form-

deprived eyes compared to contralateral eyes249 and, in mice, retinal-specific 

conditional knockout of a key circadian rhythm gene, Bmal1, induced myopic eye 

growth.250 Thus, circadian rhythms may be involved in regulating refractive 

development. Light exposure is instrumental for entraining human circadian rhythms 

and a study of 32 young adult Australians found that exposure to light significantly 

reduced the amplitude of diurnal variations in axial length.251 Thus light regulating 

circadian and diurnal rhythms could be a link between time spent outdoors and myopia 

A study in young adults (n=42) found no difference in axial length or choroidal 

thickness, diurnal rhythms, time spent outdoors, light exposure or sleep duration in 

those with and without myopia.252 These null findings may reflect the older age of 

participants (22-41 years), who generally have a much lower risk of myopia. A 

longitudinal study of 32 adults (aged 18-32) also found no difference in diurnal 

variations in choroidal thickness between myopic and emmetropic individuals but did 
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find that myopic individuals had larger diurnal axial length variation compared to 

emmetropic individuals and that larger amplitude of diurnal axial length variation was 

associated with a greater increase in axial length over 12 months.251  

Melatonin levels are strongly linked to circadian rhythms: high during sleep and low 

during the day.252 In chicks, doses of melatonin of ≤1mg injected intravitreally slightly 

enhanced FDM severity, while very high doses (2mg) mildly retarded FDM.253,254 Two 

cross-sectional studies in humans (n=55, ages 21-64 years; n=24, ages 17-40 years) 

found no direct relationship between melatonin concentration amplitude and phase and 

myopia.252,255 Conversely, in another study of university students (n=54, ages 18-20 

years), those with myopia had higher morning melatonin levels compared to those 

without myopia.256 Interestingly, Abbott et al.255 noted that objectively assessed greater 

time spent outdoors over the previous 7 days was associated with higher morning 

melatonin levels; suggesting that, in the latter study, myopes spent more time outdoors 

than non-myopes over the previous week. These contrary findings may be due to the 

different ages of participants, different methods of recruitment, or the small sample 

sizes increasing likelihood of chance variation. In two large cross-sectional studies of 

Chinese children and adolescents, myopia was associated with shorter self-reported 

sleep duration, but these studies may be impacted by recall bias.169,257 

On balance, it seems likely that eye growth can be regulated by circadian rhythms. 

However, evidence showing disrupted circadian rhythms in myopic humans is generally 

scarce and of limited quality. Additionally, it has not been shown that disrupted 

circadian rhythms are related to risk of myopia onset in children. Melatonin itself is 

probably not directly related to myopia, but it may be a useful marker of circadian 

rhythm regulation.  

1.4.8. Near work 

Excessive near work has long been theorised to cause myopia and has been identified as 

a risk factor for myopia.57 Therefore the relationship between time spent outdoors and 

myopia may simply arise from individuals performing less near work when outside. 

Several studies provide evidence that, in reality, time spent on near work and time 

spent outdoors are largely unrelated. The correlation between time spent outdoors and 

time on near work in 6- and 12-year-old Australian children was weak (r=0.20 and 
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r=0.03, respectively).155 Other cross-sectional and longitudinal studies have found 

independent effects of time spent outdoors and near work on myopia risk, although this 

could arise from limitations in accurately measuring these variables.59,64,160 

The possible causal pathways from near work to myopia are also unclear. Abolition of 

accommodation in chicks does not prevent LIM, suggesting that accommodation itself 

does not cause myopia.258 Accommodative lag, which occurs when less accommodation 

is exerted than theoretically required for near targets, imposes hypermetropic defocus 

on the retina and is greater in myopic individuals than emmetropic individuals.259 

However, in studies of children218 or marmoset monkeys,260 accommodative lag was not 

associated with risk of myopia onset or progression and only increased after the onset 

of myopia, suggesting that myopia causes increased accommodative lag rather than the 

reverse. Overall, it seems unlikely that time spent on near work mediates the 

relationship between time spent outdoors and myopia.  

1.4.9. Spatial frequency characteristics 

It has recently been suggested that the spatial frequency characteristics of outdoor 

scenes may be beneficial in preventing myopia.261 In 191 human cone sensitivity-

matched images of varied indoor and outdoor scenes, outdoor scenes, when compared 

to indoor scenes, contained greater amounts of mid or high spatial frequency, relative to 

low spatial frequency, detail.261 Occluders or lenses, used to induce FDM or LIM, both 

preferentially reduce contrast at higher spatial frequencies.262,263 Moreover, 

environments with greater energy at mid264 and/or high262,265 spatial frequency are able 

to prevent myopic shifts in chicks. Temporal flicker, which is translated from movement 

of spatial frequency stimuli, also appears to modulate eye growth, with low, relative to 

high, frequency flicker environments inducing eye growth.266 This area has some 

potential to explain the protective effect of time spent outdoors on myopia but requires 

further investigation, particularly in human studies. 

1.4.10. Summary 

Spending time outdoors may prevent myopia via multiple means. Higher illuminance is 

the most well-established theory, with support from both animal and human studies. 

Increasing light exposure is a promising intervention for myopia, but interventional 
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studies that increase light exposure without altering time spent outdoors (e.g. with 

artificial light) are needed before being adopted in a clinical setting. Peripheral defocus 

appears to be able to modulate eye growth; however, whether differences in peripheral 

defocus in the outdoor environment compared to the indoor environment mediates the 

relationship between time spent outdoors and myopia is unknown. Wearable devices 

that measure distances of objects from the observer may help to elucidate this 

relationship by characterising peripheral defocus in different environments. Circadian 

rhythms, chromatic spectrum of light and spatial frequency characteristics could link 

time spent outdoors and myopia, but there is limited human evidence to support this; 

verification will be required before intervention studies are worthwhile. It seems 

unlikely that physical activity, vitamin D or near work are involved. Spending time 

outdoors may also prevent myopia via multiple means and some combination of these 

elements may be required for maximal efficacy. For example, in chicks, brighter light 

and induced relative peripheral myopia had an additive effect on reducing eye 

growth.267 Reassuringly, ultraviolet radiation exposure is likely not required for myopia 

protection, therefore clinical recommendations or public health interventions to 

increase time spent outdoors are likely compatible with skin protection and sunglasses 

use, which do not reduce light intensity significantly.268 However, it should be noted 

that despite extensive sun protection campaigns in Australia, skin protection in 

adolescents remains suboptimal.269 

1.5. Aims of Current Research 

Time spent outdoors is a challenging variable to measure and studies have often relied 

on participant or parent recall when investigating its association with myopia. 

Additionally, the method for reporting time spent outdoors varies substantially 

between studies; thus it is difficult to compare the effects of time outdoors on reduction 

in risk of myopia from different studies. Objective measures of sun exposure do exist 

and these may help circumvent some of the limitations of subjective measures of time 

spent outdoors, but also have their own limitations, such as being impacted by skin 

pigmentation. One advantage of these objective measures is that they typically measure 

exposure to sunlight and it is the brightness of sunlight that seems to prevent myopia. 

Few studies have attempted to use multiple measures to assess past time outdoors over 

the long-term (years to decades).  
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The effect of spending time outdoors on myopia risk seems to be observable over long 

periods. For instance, studies in Australia, the UK and the USA all found the time spent 

outdoors reduces risk of myopia incidence 5-6 years later.59,69,70 Additionally Shah et 

al.166 found that more time spent outdoors at age 3 years was associated with reduced 

risk of incident myopia between 10 and 15 years (7-12 years later). These studies have 

focused on myopia onset in children, as these individuals are most likely to develop high 

myopia and consequent visual impairment; however, myopia can continue to develop 

until the 3rd decade of life and even mild or moderate myopia is associated with 

increased risk of visual impairment.24 It is therefore not know if spending more time 

outdoors during early childhood causes a lasting reduction in risk of myopia into young 

adulthood. Furthermore, the effect of time spent outdoors in late adolescence and young 

adulthood on subsequent risk of myopia has not been well investigated.  

The aims of this research are: 

1) To evaluate past time spent outdoors exposed to sunlight, in a cohort of young 

adults, using multiple subjective and objective measures. 

2) To investigate the relationship between time spent outdoors in the sun through 

childhood, adolescence and young adulthood and prevalence and severity of 

myopia in young adults. 

Aim 1 will explore how best to assess past time spent outdoors in a cohort of young 

adults. I will investigate the usefulness of long-term recall of past sun exposure as well 

as the relationship between various subjective and objective measures of sun exposure. 

Finally I will aim to develop index variables of past time spent outside in the sun that 

best utilise the various objective and subjective measures of sun exposure. Hypotheses 

include:  

 Long-term recall of past time spent outside has some value as a measure of past 

sun exposure.  

 Objective measures of sun exposure will correlate with subjective measures of 

recent or childhood time spent outdoors 

 Index variables developed by combing information from subjective and objective 

measures of past time spent outside will be better than any individual measure 

alone. 
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Aim 2 will utilise the outcomes from aim 1 on assessing past time spent outdoors to 

investigate the relationship between time spent outdoors and myopia. Specifically, I will 

investigate whether a childhood sun exposure intervention or time spent outdoors in 

childhood has impacted myopia outcomes in young adults. I will also aim to investigate 

whether time spent outside in adolescence is associated with reduced risk of myopia as 

an adult and I will aim to better describe and quantify the relationship between past 

time spent outside and risk of myopia as an adult. Hypotheses include: 

 Young adults who received an intervention to reduce sun exposure in childhood 

will have a higher prevalence of myopia 

 More time spent outdoors in childhood has long-term benefits in preventing the 

onset of myopia 

 Spending more time outdoors in adolescence and early adulthood will be 

associated with reduced risk of myopia as a young adult.  
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Chapter 2: Methods of the Kidskin Young Adult Myopia 

Study 

This chapter has been adapted from a paper published in the BMJ Open under a Creative 

Commons Attribution Non Commercial copyright license.270 

Hereafter, the terms time spent outdoors, time spent in the sun and sun exposure are 

used somewhat interchangeably, but it is important to acknowledge that they are 

slightly different. Time spent outdoors does not factor in time of day (i.e. can be day or 

night), time spent in the sun refers to time spent outdoors between sunrise and sunset, 

and sun exposure refers exclusively to time spent outdoors in daytime and is greater in 

the middle of the day (when ultraviolet radiation is most intense) and lesser in the 

mornings and evenings and when sun protection is used. Time spent in the sun may also 

be interpreted as referring to time spent in direct sunlight (i.e. not in the shade) but as 

shade use is not a factor in the following chapters I will ignore this nuance for simplicity. 

As spending time outdoors is thought to prevent myopia through higher illuminance 

from sunlight, it is time spent outdoors between sunrise and sunset or amount of 

sunlight exposure that ideally should be measured. Thus, much of this work focusses on 

measuring time spent outdoors during the daytime or in sunlight. Hereafter, time spent 

outdoors, time spent in the sun, time spent outdoors in the sun and time in sun refer to 

the amount of time spent outside during the daytime, regardless of time of day and use 

of sun protection or shade. Sun exposure continues to refer to exposure to the sun, 

which is modified by time of day of exposure and use of sun protection.  

2.1. Introduction 

Assessing the long-term impact of time spent outdoors is challenging. Long-term 

prospective studies are best-placed to investigate this relationship but are, by nature, 

lengthy and costly to run. Retrospective assessment of past time spent outdoors is a 

quicker and cheaper alternative but this type of study may require recall of distant 

events, which is likely to be less precise.  

To investigate the relationship between past time spent outdoors and the risk of myopia 

in young adulthood, the Kidskin Young Adult Myopia Study (KYAMS), a follow-up of the 
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Kidskin Study, was conducted. The Kidskin Study was a non-randomised controlled trial 

that ran between 1995 and 2001; it is further detailed in section 2.2. In the Kidskin 

Study, participants in the intervention arms of the study received a 4-year educational 

intervention that successfully reduced their sun exposure during this period. 

Furthermore, prospective data on sun exposure were collected on all participants 

during the Kidskin Study. The KYAMS (see 2.3) recruited Kidskin Study participants 

when they were in young adulthood and assessed their myopia status and past sun 

exposure. Thus, the KYAMS uses a mixture of prospectively collected sun exposure data 

from childhood (Kidskin Study) and retrospectively assessed sun exposure data from 

young adulthood (KYAMS; both measures of recent and cumulative sun exposure). 

2.2. Background of the Kidskin Study 

2.2.1. Overview 

The Kidskin Study aimed to “design, implement and evaluate an intervention to reduce 

sun exposure in children”271 and thus reduce the risk of melanoma in later life.271,272 The 

study was conducted in Perth, Western Australia between 1995 and 2001. Eligible 

participants were those attending their first year of schooling in 1995 (born 1988-

1989) at one of 33 participating schools in Perth, Western Australia. Of the 2528 

children invited to participate in the Kidskin study, consent was provided by a parent or 

legal guardian for 1776 (70.3%).271 Table 2-1 provides an overview of the schedule of 

the intervention and outcome measurements in the Kidskin Study.  

The Kidskin Study was designed as a non-randomised controlled trial that included a 

high-intensity intervention group, a moderate-intensity intervention group and a no-

intervention comparison group (hereafter referred to as high, moderate or control 

groups, respectively). Participants were examined in 1995 (ages 5-6 years, baseline), 

1997 (7-8 years), 1999 (9-10 years, end of intervention) and 2001 (11-12 years, 2-years 

post-intervention).271,273,274 Schools with 50 or more 1st grade students located within a 

30km radius of Perth were eligible to participate in the study. In an attempt to prevent 

contamination between schools (i.e. school children of different intervention groups 

interacting with one another), eligible schools were geographically clustered based on 

proximity to other primary schools and sharing of local beaches and swimming school. 
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The clusters as a whole were assigned to intervention arms. Due to budgetary 

constraints, clusters were assigned based on their proximity to Perth centre. Clusters 

nearer Perth centre were assigned to the high intervention group, clusters furthest from 

Perth were assigned to the control group and those in the middle to the moderate 

group.271 Schools within clusters were further stratified by socioeconomic rating and 

proximity to the beach and then randomly selected to be invited to participate in the 

Kidskin Study. Five schools initially declined to participate and a further five schools of 

the same socioeconomic rating were randomly invited to participate from within the 

same clusters, all of whom accepted.271 

At baseline, demographic, naevus counts and pigmentary and skin type characteristics 

were approximately equal between the high, moderate and control groups. However, a 

higher percentage of parents of children in the high and moderate groups had a tertiary 

degree (49.2% and 44.7%, respectively) compared to the control group (24.3%).271  

Table 2-1 Schedule of Kidskin Study intervention and data collection 

 

1995 1996 1997 1998 1999 2001 

Intervention Spring‡ Spring Spring Spring 

  Suntan‡ 

  

Summer* 

 

Summer* Summer* 

Questionnaire Spring 

 

Summer* 

 

Summer* Summer* 

Constitutional‡^ Winter 

   

Winter Winter 

Naevus Counts Winter 

   

Winter Winter 

In Australia, summer is from Dec-Feb, autumn from Mar-May, winter from Jun-Aug, and spring 

from Sep-Nov 

* Measured at end of summer immediately after school holidays 

‡ Measured by skin spectrophotometry 

^ Constitutional skin colour measured from inner arm 

Adapted from Lingham et al.270 

2.2.2. Intervention 

The Kidskin Study intervention was a specially designed curriculum, that aimed to 

encourage children to use sun protection and to avoid sun exposure during the middle 

of the day. The intervention was administered to the high and moderate groups and 

replaced the regular Western Australian sun safety education curriculum. The Kidskin 

Study curriculum was designed to be developmentally appropriate and skills-based and 
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included both home and school-based activities, with the latter administered in school 

by the children’s usual teacher.274 In addition to the Kidskin Study curriculum, the high 

group also received “Totally Cool Summer Club” program material over the summer 

holidays and were offered low-cost swim-wear that protected the trunk, upper arms, 

and thighs. Schools allocated to the high group were also given assistance in 

implementing sun-protection policies.271 The control group received the standard 

Western Australian health education curriculum over the same period.271 

2.2.3. Outcomes 

Melanocytic Naevi on the back 

The primary outcome of the Kidskin Study was change in number of melanocytic naevi 

on the back. Overall, those in the high and moderate groups developed fewer 

melanocytic naevi on the back between 1995 and 2001 (Figure 2-1). However, the 

change in number of melanocytic naevi on the back was not significantly different 

between the high, moderate and control groups both at the end of the intervention 

(1999) and 2 years after the intervention ceased (2001).275 On further analysis, boys in 

the high and moderate group had a significantly lower increase in melanocytic naevi on 

the back between 1995 and 2001, but there was no significant difference in girls (Figure 

2-1). As the Kidskin Study was not designed to address sex differences in naevi 

development, the investigators concluded that this finding is only modest evidence of an 

effect of sun exposure on melanocytic naevi count.275 It is possible that melanocytic 

naevi were not a sensitive enough marker to detect differences in sun exposure 

between the intervention groups.275 
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Figure 2-1 Ratio of change in mean number of melanocytic naevi on the backs of Kidskin 

Study participants between 1995 and 2001. Adapted from English et al. 2005.275 Ratios are 

relative to control group. A ratio <1 indicates development of fewer melanocytic naevi. 

Error bars represent 95% confidence interval. Ratios are adjusted for constitutional skin 

colour, hair colour and sex (overall analysis). A significant intervention group by time 

interaction was noted among males (overall: p=0.09; males: p<0.001; females: p=0.7).  

Parent-reported sun exposure and sun protection use 

Analysis of secondary outcomes showed that parents of children in the high group 

reported lower mean whole body sun exposure – measured using a sun exposure-index 

(sun index), which accounted for amount of time spent outdoors, time of day when 

outdoors and sun protection use – than the control group at the 1997 and 1999 follow-

ups.141,272 At the 1997 follow-up, parents of children in both intervention groups 

reported that their children spent less time outside between 11am and 2pm compared 

to the control group,141 but at the 1999 follow-up, only children in the high group had 

significantly lower reported time spent outdoors between 11am and 2pm compared to 

the control group.273 There was no significant difference in parent-reported time spent 

outdoors between 8am and 4pm (for 1995 and 1997 follow-ups) or 8am and 5pm (for 

1999 and 2001 follow-ups) between the intervention groups and control group at any 

of the Kidskin Study follow-ups (Figure 2-2), but the high and moderate groups appear 
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to spend slightly less time outdoors than the control group at all follow-ups.273 At the 

2001 follow-up, there was no significant difference in time spent outdoors between 

parent-reported whole body sun exposure index or time spent outdoors between 11am 

and 2pm between the high, moderate and control groups, indicating that the impact of 

the Kidskin Study intervention had mostly dissipated by 2 years after the intervention 

had ceased. 

Regarding sun protection use, those in the moderate and high groups were more likely 

to keep their back covered and wear swimsuits that covered the back and arms at the 

1997 and 1999 follow-ups. At the 2001 follow-up, 2 years after the intervention had 

ceased, there was no significant difference in sun exposure or sun protection 

behaviours between children in the high, moderate and control groups, with the 

exception of applying sunscreen to the back, which was more common in the moderate 

and high groups.273  

 

Figure 2-2 Crude median parent-reported time spent outdoors in the previous summer 

holidays between 8am and 4pm (1995 and 1997) or 8am and 5pm (1999 and 2001) in each 

of the intervention groups. Data adapted from Milne et al.276 Error bars represent 

interquartile ranges, exact interquartile ranges not available for 1997 follow-up. There 

were no significant differences at any follow-ups. Due to changes in questionnaire between 

follow-ups data should only be compared within follow-ups (i.e. not longitudinally) 
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2.2.4. Implications 

The size, quality and length of intervention and follow-up of the Kidskin Study make it 

unique among studies of child and adolescent sun protection. Based on parent-reported 

data, the Kidskin Study intervention reduced sun exposure in the high and moderate 

groups and increased the proportion of individuals who covered their back all the time 

when in the sun. However, the intervention had no significant effect on overall naevi 

development or total time spent outdoors between 8am and 4pm or 8am and 5pm. 

Other sun-protection intervention studies have had mixed results in reducing sun 

exposure in participants. Studies finding no effect of an intervention, lacking a control 

group, or not longitudinally following the same participants, have limited usefulness 

when investigating the impacts of sun exposure during childhood on future health 

outcomes.277-281 Of the studies that have successfully reduced sun exposure in the 

intervention group compared to the control group, all have had shorter intervention 

and follow-up periods than the Kidskin Study.282-284 

Hence, the Kidskin Study provides a novel opportunity to investigate the association 

between sun exposure during childhood and the development of potentially related 

conditions in adulthood. The intervention study formed a cohort in which particular 

groups of participants (i.e. intervention groups) had different levels of sun exposure 

during a well-defined period in primary school (2-4 years). Additionally, participants 

had both subjective and objective measurements of sun exposure prospectively 

recorded at multiple time points throughout childhood. These measures can be further 

used to study the relationship between childhood sun exposure and future health. 

Participants of the Kidskin Study were on average 25-26 years old at the beginning of 

the KYAMS in 2015, an age when the prevalence of myopia has generally stabilised.285 

The KYAMS followed-up participants in the Kidskin Study, with an aim to determine the 

long-term effects of sun exposure and a sun-protection intervention during childhood 

on the development of myopia. 

2.3. The Kidskin Young Adult Myopia Study 

The KYAMS utilised the established Kidskin Study cohort to investigate the association 

between the Kidskin Study intervention and the prevalence of myopia in participants of 
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the Kidskin Study, who are now young adults. Recruitment for the KYAMS began in May 

2015 and was completed in March 2019. All participants of the Kidskin Study who had 

not withdrawn consent were eligible to participate in the KYAMS. The study had ethical 

approval from the University of Western Australia Human Research Ethics Committee 

(RA/4/1/6807) and all participants provided written informed consent prior to the 

study examination.  

The aim of the KYAMS was to investigate the impact of past sun exposure, particularly 

childhood sun exposure, on the prevalence of myopia in young adult Kidskin Study 

participants. More specifically, the aim was to investigate whether the high and 

moderate groups of the Kidskin Study had a higher prevalence of myopia due to 

reduced sun exposure during the Kidskin Study intervention period and whether 

parent-reported time spent outdoors during the Kidskin Study was associated with risk 

of myopia in young adulthood. Furthermore, multiple subjective and objective measures 

of sun exposure were collected to assess past sun exposure in the KYAMS participants in 

order to investigate its association with myopia risk. 

2.3.1. Statement of contribution 

Large studies such as the KYAMS necessarily involve a research team and require 

support from many different people to operate. After beginning my PhD in 2017, I was 

responsible for day-to-day coordination of the KYAMS including managing ethics 

approvals, participant recruitment, data collection and data management. I was part of a 

team who worked on participant recruitment and I was involved in calling participants, 

posting recruitment letters, updating addresses via the electoral roll and recruiting 

participants via Facebook. At an estimate, I may have been involved in the recruitment 

of around 1/3 of participants which involved posting hundreds of letters and making 

hundreds of phone calls. Data collection was also divided among our research team. I 

would conduct the entire eye examination if a single participants was to be seen or I 

would do part of the eye examination and my colleagues would assist with other parts if 

multiple participants were being seen at the same time. I was at various points involved 

in conducting part or all of the entire eye examination protocol of approximately half of 

the KYAMS participants. I was partly responsible for data entry, although I probably 

entered data for less than one quarter of participants, and I did the entire data cleaning. 
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I was responsible for organising or conducting the analysis of biospecimens and images 

collected during the KYAMS. I analysed the CUVAF images and organised for the 

analysis of the skin casts and the serum samples for 25(OH)D concentration.  

2.3.2. Recruitment 

The majority of Kidskin Study participants had not been contacted since they were last 

examined for the Kidskin Study in 2001. More recently in 2005, approximately one third 

(n=547) of Kidskin Study participants responded to a mail out invitation to provide a 

saliva sample. Thus, a significant amount of time had passed (minimum 10-15 years) 

since all Kidskin Study participants were last contacted. A variety of approaches were 

therefore used to contact participants including previous addresses and phone numbers 

collected in the Kidskin Study, Facebook, the Australian Electoral Roll and snowball 

recruiting from participants of the KYAMS, i.e. asking them to help spread awareness of 

the KYAMS to their schoolmates. 

2.3.3. Data Collection 

Participants attended the Lions Eye Institute in Perth, Western Australia for the KYAMS 

study examination. An overview of the measures collected in the KYAMS is given in 

Table 2-2. The KYAMS is primarily investigating the impact of past sun exposure on 

myopia; however, a number of broader eye and health measures were also collected 

during the study examination.  
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Table 2-2 Outcome measures in the KYAMS 

Eye and Vision measures Sun exposure measures Other health measures 

 Refractive error 

 Vertometry/Lensometry 

 Visual acuity 

 Corneal endothelial cell 
count 

 Ocular motility and 
stereoacuity status 

 Eye colour photography 

 Ocular biometry 

 Intraocular pressure 

 Macular and optic disc 
parameters measured 
using HRT & OCT 

 Retinal photography 

 Actinic skin damage 
score  

 Serum 25(OH)D 
concentration 

 CUVAF photography 

 Self-reported history 
of sun exposure 

 Naevi count on right 
arm 

  

 Height 

 Weight 

 Blood Pressure 

 Back photography 

 DNA 

 Self-reported skin and 
hair phenotypes 

 

Abbreviations: 25(OH)D: 25-hydroxyvitamin D; HRT: Heidelberg retinal tomography; OCT: 

optical coherence tomography; CUVAF: conjunctival ultraviolet autofluorescence; DNA: 

deoxyribonucleic acid 

Measurement of refractive error and ocular biometry 

The refractive error of KYAMS participants was measured with autorefraction (Nidek 

ARK-1, Nidek Co. Ltd, Japan) at least 20 minutes after instillation of 1 drop of 

tropicamide 1% in each eye. An additional drop of tropicamide 1% was administered if 

participants were not adequately cyclopleged (assessed by pupil reactivity) after 20 

minutes. A minimum of 3 autorefraction measurements were taken on each eye and the 

average of these measurements used for analyses. The Nidek ARK-1 has been found to 

be a valid assessment of refractive error and have good test-retest repeatability.286 

Myopia was defined as a spherical equivalent <−0.50 dioptres [D] (calculated as 

spherical refractive correction + ½ Cylindrical refractive correction).  

Further eye measures related to refractive error and myopia were also collected. Visual 

acuity was assessed at 4 meters using the ETDRS chart R (Precision Vision, Woodstock, 

Illinois, USA) with the participant wearing their regular distance correction (if 

applicable). Pinhole visual acuity was assessed in all participants regardless of whether 

initial visual acuity was reduced or not. Participants’ spectacle prescriptions were 

measured by lensometry (CL-200 Computerized Lensmeter, Topcon Medical Systems, 

Inc, NJ, USA) and participants were asked to recall how many years ago they were first 



 

51 
 

prescribed glasses and/or contact lenses. Ocular biometry, including axial length, 

keratometry and anterior chamber depth, was measured with the IOLMaster 500 (Carl 

Zeiss Meditec AG, Jena, Germany) prior to instillation of tropicamide. A minimum of 5 

measurements of axial length and anterior depth and 3 keratometry measurements 

were captured and the average of these taken for analyses. Biometry with a partial 

coherence laser interferometer such as the IOLMaster 500 is accurate and repeatable.287 

Self-reported demographic and sun exposure data 

Participants completed a questionnaire as well as a sun calendar at home or during the 

study visit. The questionnaire sought information on current demographics, including 

education, occupation and parental ancestry, medical and ophthalmic history, time 

spent outdoors in the sun on an average working and non-working day in summer and 

winter, natural hair colour, skin type, and skin reaction after sun exposure (Appendix 

1). 

The sun calendar asked participants to report their city of residence, leisure time spent 

in the sun in summer and winter (categories: ‘less than half an hour per day’, ‘half to one 

hour’, ‘1-2 hours’, ‘2-3 hours’, ‘3-4 hours’, and ‘more than 4 hours’) and sun-protection 

behaviours (use of hat, sunglasses or sunscreen in categories of ‘never’, ‘less than half of 

the time’, ‘half of the time’, ‘more than half of the time’, ‘all of the time’) for each year of 

life from 5 years of age onward up to 26 years of age (Appendix 2). The sun calendar 

was only introduced into the KYAMS after an initial pilot phase of the study. Participants 

who had completed the KYAMS visit before the sun calendar was introduced (n=50) 

were contacted by letter and email and asked to complete and return the sun calendar. 

Comparison of subjective assessments of time spent outdoors 

Time spent outdoors was assessed using the questionnaire and the sun calendar in the 

KYAMS and by questionnaires completed in 1995, 1997, 1999 and 2001 in the Kidskin 

Study. As an example of the Kidskin Study questionnaires, the 1999 Kidskin Study 

questionnaire is included in Appendix 3. Minor word changes were made to the 

questionnaire between follow-ups. 

Table 2-3 compares key characteristics of the 3 questionnaires. While there are 

overlapping elements to all questionnaires, none of them are directly equivalent. The 
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main outcome of the Kidskin Study was melanoma risk, which has been tied to 

intermittent, high amounts of ultraviolet radiation exposure such as might be 

encountered during school holidays and at the beach or pool. Thus, questionnaires only 

focused on the summer holidays, a relatively short period (approximately 45 days) that 

may not be representative of time spent outdoors outside of school holidays, hence will 

be a limitation in the analysis of these data. 

Table 2-3 Comparison of questionnaires assessing time spent outside in the KYAMS and 

Kidskin Study 

 
Kidskin Study questionnaire KYAMS sun calendar KYAMS questionnaire 

Completed by Parent Participant Participant 

Ages assessed 6, 8, 10 and 12 years 
Every year of life from 

5-26 years 
Age of KYAMS examination 

(25-30 years) 

Time of year Summer holidays Summer and winter Summer and winter 

Time of day 8am to 4pm or 8am to 5pm During daylight During daylight 

During leisure or 
work/school 

Leisure time Leisure time 
Leisure and non-leisure 

time 

Locations 
Beach, pool or around the 

house/neighbourhood 
No restriction No restriction 

Data type Categorical Categorical Numeric 

 

Objective measures of sun exposure 

To gain a better understanding of each individual’s past and recent sun exposure, a 

variety of objective measures of sun exposure were collected. Actinic skin damage was 

measured using silicone skin casts taken from the back of participants’ right hands and 

graded by an experienced examiner, based in Brisbane, on a scale of 1 to 6,119 where 

grade 1 represents no or little sun-related skin damage and grade 6 represents severe 

skin damage.121,288 During the study visit, the number of melanocytic naevi on the right 

arm of participants was counted by a trained examiner (myself or one of the other study 

staff) and a photograph was taken of participants’ backs (Finepix HS20 EXR, Fujifilm, 

Tokyo, Japan). CUVAF photographs to measure past ocular sun exposure were captured 

using a Nikon D100 camera (Nikon, Melville, New York, USA) at a resolution of 6.016 

megapixels (3008 x 2000 pixels) with a B+W 486 UV IR filter (Schneider Kreuznach, 

Bad Kreuznach, Rhineland-Palatinate, Germany) fitted to a 105mm f/2.8 Micro Nikkor 

lens (Nikon, Melville, New York, USA). Two Metz 36C-2 flashes (Metz, Zirndorf, Middle 
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Franconia, Germany) with 18A Wratten glass filters fitted over the flash heads are used 

as the excitation source. I measured CUVAF area using a specially-designed, validated, 

semi-automated computer program (MATLAB 2013b, MathWorks, Natick, USA).289 

Blood samples were taken by venepuncture into serum separator tubes. Serum was 

separated by centrifuging blood at 1100-1300 revolutions per minute and 1 mL aliquots 

of serum were frozen at -40˚C until the completion of the study. Serum 25(OH)D 

concentration was then measured by researchers at the University of Western Australia, 

Perth, Australia using liquid chromatography tandem mass spectrometry (LC-MS/MS) 

calibrated according to a standard reference290 after completion of data collection.  

2.3.4. Reliability of KYAMS sun exposure measures 

Subjective measures 

Previous test-retest assessments of questionnaire measures of skin colour (κw=0.76),291 

hair colour (κ=0.73),291 tendency to sunburn after sun exposure (weighted kappa 

[κw]=0.51-0.76),107,291 ability to tan after sun exposure (κw=0.74-0.76)107,291 and number 

of lifetime sunburns (κw=0.61-0.73)107 have shown such measures to be reliable.107 The 

repeatability of the sun calendar has also been assessed and found to be repeatable 

after both 11 weeks (κw=.43–0.74)107 and after 5 years (intraclass correlation 0.77).125 

Objective measures 

Test-retest reliability of actinic skin damage score was previously assessed for the skin 

cast examiner on a sample of 50 skin casts from 14-year-old participants residing in 

Brisbane, Australia. A polychoric correlation of 0.87 (95% confidence interval: 0.66, 

0.97) was found between the first and second grading of the skin casts.292 The 

intragrader and intergrader reliability of naevus counts was not assessed in the KYAMS, 

but previous studies have found good repeatability with intraclass correlation between 

0.70 and 0.97.132 As part of another study,293 I had previously remeasured CUVAF area 

on 200 CUVAF photographs from 50 study participants (2 photographs per eye), 

including some KYAMS participants. The mean difference between the first and second 

measurement on a single photograph was -0.24mm² (95% limits of agreement: −3.66, 

3.19) as shown in Figure 2-3.  
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Figure 2-3 Bland-Altman plot of test-retest reliability of CUVAF area. Central dashed line is 

the mean difference and upper and lower dashed lines are the upper and lower 95% limits 

of agreement. Reproduced with permission from Clinical & Experimental Ophthalmology293 

 

Twelve KYAMS participants had two serum samples analysed for 25(OH)D 

concentration with LC-MS/MS without the knowledge of the laboratory (the second 

sample was assigned a random ID). The mean difference between the first and second 

25(OH)D measurement was 1.2nmol/L (95% limits of agreement: −24.7, 27.1) and the 

Bland-Altman plot is shown in Figure 2-4.  



 

55 
 

 

Figure 2-4 Bland-Altman plot of test-retest reliability of 25(OH)D concentration using LC-

MS/MS. Central dashed line is the mean difference and upper and lower dashed lines are 

the upper and lower 95% limits of agreement. 

2.4. Summary 

The KYAMS is a follow-up of the Kidskin Study cohort. Some participants of the Kidskin 

Study received a sun-exposure intervention of either moderate- or high-intensity 

intervention while those in the control group did not. Additionally, parents of all 

participants of the Kidskin Study reported their child’s time spent outdoors in the sun 

over the summer holidays during childhood and naevi on the backs of children were 

counted. In the KYAMS, past sun exposure of the Kidskin Study participants was 

assessed using multiple objective and subjective measures of sun exposure. These data 

are used to, first, compare how well retrospective assessment of past sun exposure in 

the KYAMS agrees or correlates with prospectively assessed sun exposure during 

childhood in the Kidskin Study and, second, to investigate the association between 

myopia in young adulthood and past sun exposure. 
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Chapter 3: Evaluating recruitment for the Kidskin Young 

Adult Myopia Study 

This chapter has been adapted from a manuscript submitted for publication in BMC 

Medical Research Methodologies.294 

3.1. Introduction 

In studies such as the KYAMS, re-engaging a cohort that has not been actively followed-

up for some years, or even decades, is challenging. Participants may change address or 

phone number or relocate interstate or internationally. Furthermore, the means by 

which humans communicate have changed rapidly over the last two decades. Mobile 

phones and communication via social media and other online platforms has become 

more common, whereas communication by methods such post or landline telephone 

has declined. These changes could present additional challenges and/or opportunities 

for re-initiating contact with cohort members. For example, the reduced use of landline 

phones may mean that phone numbers collected during a previous study have become 

obsolete. On the other hand, the rise of social media may facilitate contact with study 

participants. Some studies, conducted in the mid-2000s, have evaluated their success in 

retaining cohort study members after long periods of inactivity (6-20 years).295,296 

However, there is little empirical evidence on how best to re-engage a cohort after a loss 

of contact over a long period and in the context of recent changes in communication 

methods. I, with assistance from co-authors, evaluated our ability to recruit Kidskin 

Study participants for the KYAMS. 

3.2. Methods  

3.2.1. Kidskin Study contact information 

At the Kidskin Study baseline, parents or caregivers (hereafter referred to as parents) 

completed questionnaires that included questions on child’s sex, ancestry, tendency to 

sunburn or suntan after sun exposure and educational attainment of parents. Parents 

also updated their contact details including postal address and phone number at each 

follow-up. 
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A further follow-up of Kidskin Study participants was conducted in 2005 (16-17 years) 

in which participants were invited by mail to provide saliva samples for genetic 

analysis. At the 2005 follow-up, participants were asked to update their contact details 

including providing a landline and mobile telephone number (where able).  

3.2.2. Recruitment methods for the KYAMS 

Methods of recruitment for the KYAMS are outlined in Figure 3-1. Contact data collected 

at the participant’s most recent Kidskin Study follow-up was used to attempt to contact 

participants. No attempt was made to contact individuals for whom there was neither 

telephone number nor postal address available. No financial incentives were provided 

for participants to participate but we did emphasise that participants were receiving a 

‘free eye exam’, provided them with feedback about the examination and the study and 

covered parking costs where necessary. 

 

Figure 3-1 Flow chart of methods for KYAMS recruitment. If direct contact was made with 

the participants, no further attempt was made to contact participants via subsequent 

contact methods. Reproduced from an open-access manuscript published in BMC Medical 

Research Methodologies.294 
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Invitation letters 

In a pilot study, a random sample of 100 participants, drawn from those who 

participated in the 2005 follow-up, were initially contacted by phone and another 

sample of 100 participants of the 2005 follow-up were contacted by letter (Appendix 4), 

which included a reply-paid envelope and a short form on which participants could 

update their contact information and indicate whether they would like to participate. A 

higher participation rate was observed in the group first contacted by letter (25 vs 17 

participants). Consequently all remaining participants were sent a letter as the first 

point of contact. After the first round of invitation letters, the Australian Electoral Roll 

was used to obtain updated postal addresses where possible, while also confirming old 

postal addresses from which there had been no response. Registration on the Australian 

Electoral Roll is compulsory for Australian citizens over 18 years of age and over 95% of 

those estimated to be eligible for the Electoral Roll are enrolled.297 The Roll contains 

only names and addresses; therefore, I could rarely differentiate between multiple 

records of people with the same first and last name and in these instances I did not send 

a letter to any of these listed addresses. 

Phone numbers 

All telephone numbers (both mobile and landline) were rung at least once. Many were 

rung multiple times, but these data were not systematically recorded. Telephones were 

often answered by parents and occasionally siblings. When this happened, either the 

family member provided contact details for the participant or the researcher provided 

details of the study and how to contact the study team for the family member to pass on 

to the participant, depending on the preference of the family member. 

Facebook 

A Facebook page was set up at the initiation of the KYAMS and participants were 

encouraged to follow the page and share it with their friends. An advertisement was 

placed on Facebook in late 2017 to early 2018. The advertisement was targeted to 

friends of participants who followed the study page. Those who clicked on the 

advertisement were directed to a form where they received more information about the 

study and could provide their contact details if interested. Finally, first and last names of 
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Kidskin Study participants were searched on Facebook and, if identified, sent a message 

inviting them to participate in the study. As the KYAMS Facebook page and participants 

were not ‘Friends’ on Facebook, messages were not sent directly to participants but 

rather ended in a “message request” folder, which required participants to accept the 

request before viewing the message. Once a Kidskin Study participant had been directly 

contacted (i.e. not via family or friends), no further attempt was made to contact them 

by other means. For example, Facebook messages that were sent later in the 

recruitment period (e.g. 2018) were not sent to those already contacted by phone or 

mail. Throughout the KYAMS, participants were also encouraged to tell their school 

friends about the study. 

3.3. Analysis 

Data Analysis 

Participants who had been contacted using any of the approaches were classified as 

either: participated, showed interest in participating (but did not participate), not living 

in Perth (and therefore unable to participate), family member to pass on details (but no 

further contact made), or contacted but not interested. Contact information including 

details of any successful contact were recorded in a spreadsheet. Data for this analysis 

were retrospectively extracted from the spreadsheet. 

Statistical Analysis 

From data collected at the Kidskin Study baseline, parental education was collapsed into 

tertiary/non-tertiary qualification and ancestry was categorised into European (British, 

Northern European, Southern European) or non-European. Demographic data collected 

from Kidskin Study baseline (1995) questionnaires were compared in participants of 

the Kidskin Study baseline and KYAMS participants using Pearson’s chi square test. The 

significance level was set 0.05. 

The primary outcome in the analysis was participation in the KYAMS (yes/no, referred 

to as KYAMS participation). The secondary outcome was contact made with the 

participant or a family member (yes/no, referred to as KYAMS contact). Contact 

attempts were calculated in different ways for each method. For letters, contact 

attempts were the number of letters sent. For phones, an exact record of the number of 
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phone calls was not recorded, therefore each available phone number (mobile or 

landline) was considered as one contact attempt. For Facebook, one sent Facebook 

message was considered one contact attempt and one click on the advertisement was 

one contact attempt. Contact attempts for the Facebook page or word of mouth could 

not be estimated. The first point of contact was the person (participant, sibling or 

parent) who was first contacted by the study team, regardless of whether contact was 

later made with the participant or a different family member. Due to low numbers of 

siblings (n=13) being the first point of contact, the parent and sibling groups were 

collapsed together. A participant’s phone was classed as “disconnected” if all telephone 

numbers were disconnected. 

Logistic regression was used to analyse the association between demographics and 

available contact data at the beginning of the KYAMS and participation in the KYAMS 

(primary outcome) or contact being made with the participant or a family member 

(secondary outcome). For those who were contacted, I additionally investigated 

whether the first point of contact (participant vs family member), or a particular contact 

method, was more likely to result in KYAMS participation. 

3.4. Results 

3.4.1. KYAMS participants characteristics 

Of the 1,776 participants who consented to the Kidskin Study in 1995, 1,728 (97.3%) 

had not withdrawn consent. Of these, 33 (1.9%) did not have a phone number or home 

address; no contact was attempted with these participants and they were excluded from 

this analysis. Of the remaining 1,695 participants For whom contact details were 

available, 1,694 had a home address, 1,626 (95.9%) had a landline phone number and 

415 (24.5%) had a mobile phone number collected during the previous Kidskin Study 

follow-ups. Participants’ phones were disconnected for 415 (33.9%) of those with only 

a landline number and for 77 (18.6%) of those with a mobile number, with or without a 

landline number. A large proportion (93.5%, n=388) of those with a mobile phone 

number had participated in the 2005 follow-up. From the Australian Electoral Roll, the 

addresses of 147 (8.7%) participants were confirmed and a new address identified for 

697 (41.1%) participants. Between May 2015 and March 2019, 599 (35.3%) Kidskin 
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Study participants or a family member were contacted and 303 (17.9%) individuals 

from the original cohort (50.6% of those contacted) participated in the KYAMS. 

Approximately two-thirds (n=205, 67.7%) of KYAMS participants had participated in 

the 2005 follow-up.  

Table 3-1 Comparison of baseline characteristics of KYAMS participants and Kidskin Study 

baseline participants 

Demographics 
Kidskin Study 

(n=1695) 
KYAMS (n=303) p* 

Sex     <0.001 
Male 854 (51.5%) 116 (38.5%)   

Female 803 (48.5%) 185 (61.5%)   

Intervention Group     0.002 
Control 753 (45.4%) 101 (33.6%)   

Moderate 397 (23.9%) 90 (29.9%)   
High 510 (30.7%) 110 (36.5%)   

Highest Parental Education     0.005 
Non-tertiary 1019 (62.2%) 160 (53.5%)   

Tertiary 618 (37.8%) 139 (46.5%)   

European ancestry     0.07 
No 181 (10.9%) 22 (7.3%)   
Yes 1479 (89.1%) 279 (92.7%)   

Sunburn after sun exposure‡     0.94 
Get severe sunburn with 

blistering 198 (12.0%) 36 (12.0%)   
Have painful sunburn 695 (42.2%) 132 (44.0%)   

Get mildly burnt 661 (40.1%) 115 (38.3%)   
Not get sunburnt at all 93 (5.6%) 17 (5.7%)   

Tanning after sun exposure†     0.07 
Very tanned 584 (35.4%) 84 (28.0%)   

Moderately tanned 677 (41.1%) 144 (48.0%)   
Lightly tanned 339 (20.6%) 64 (21.3%)   

No suntan at all 48 (2.9%) 8 (2.7%)   
* Pearson Chi Square test 

‡ Parent-reported sunburn after spending 30 minutes in the sun in the middle of the day for the 

first time in summer without wearing sunscreen 

† Parent-reported suntan at the end of summer after spending short periods of time in the sun 

every day over summer without sunscreen 

The mean age of KYAMS participants was 27.5 years (range: 25.2-30.0 years) and 185 

(61.5%) participants were female. Compared to baseline characteristics in the Kidskin 
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Study, KYAMS participants were more likely to be female, be in an intervention group, 

and have a parent with a tertiary education (Table 3-1).  

3.4.2. Results of contact and recruitment methods 

A total of 5,526 contact attempts were made including 2,578 (46.7%) letters sent, 2,041 

(36.9%) phone numbers, 364 (6.6%) Facebook messages sent and 273 (4.9%) Facebook 

advertisement clicks. Figure 3-2 shows the breakdown of successful instances of KYAMS 

contact or participation. Of the 5,526 contact attempts, 599 were successful. Most 

instances of contact were made by phone (n=302, 50.4%), followed by letter (n=236, 

39.4%), Facebook (n=50, 8.3%) and word of mouth (n=6, 1.0%). Of the 303 participants 

who consented to participate in the KYAMS, 193 (63.7%) were contacted by letter, 78 

(25.7%) by phone, 29 (9.6%) by Facebook, and 3 (1.0%) by word of mouth. When the 

participant was the first point of contact, contact resulted in KYAMS participation in 257 

of 357 (72.0%) instances compared to just 46 of 242 (19.0%) instances where the 

parent or sibling was the first point of contact. 

Of the 296 participants (or family members) who were contacted but did not 

participate, 45 (15.2%) participants initially expressed an interest in the KYAMS but 

were ultimately unable to organise an appointment, 62 (21.0%) did not reside in Perth 

and were unable to participate on return trips, 82 (27.7%) declined to participate and, 

in 102 (34.5%) instances, details of the study and how to contact the study team were 

left with a family member. 
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Figure 3-2 Percentage of contact attempts resulting in either contact with the participant 

or their family member (Contacted) or KYAMS participation (Participated) for each contact 

method. Number of contact attempts: Facebook: Ad (Advertisement)=273, Facebook: Msq 

(Message)=364, Letter: ER (Electoral Roll address)=884, Letter: KS (Previous Kidskin Study 

address)=1694, Phone: LL (Landline)=1626, Phone: Mob (Mobile)=415. Figure does not 

include 6 participants who were contacted by word of mouth, 3 of whom participated in the 

KYAMS, and 3 participants who contacted us via the Facebook study page, all of whom 

participated. Reproduced from an open-access manuscript published in BMC Medical 

Research Methodologies.294 

3.4.3. Factors associated with KYAMS contact or participation 

The results of the multivariable logistic regression models for both the primary and 

secondary outcomes are shown in Table 3-2. Participation in the 2005 follow-up was 

associated with 5-fold and 4-fold higher odds of KYAMS contact and participation, 

respectively. Females and those in the intervention groups were also more likely to be 

contacted and participate in the KYAMS. Those with a mobile or landline number had 

approximately 2-fold higher odds of KYAMS contact; however, only having a landline 

phone number was significantly associated with increased likelihood of KYAMS 

participation. 
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Table 3-2 Multivariable analysis of factors associated with contact or participation 

Multivariable model Contacted 
(n=1656) 

Participated 
(n=1618) 

Participation after 
contact (n=599) 

   
Odds ratio (95% CI) Odds ratio (95% CI) Odds ratio (95% CI) 

Sex      

Male Reference Reference Reference 

Female 1.51 (1.20, 1.91) 1.83 (1.39, 2.42) 1.31 (0.87, 1.97) 

Intervention group      

Control Reference Reference Reference 

Moderate 1.43 (1.09, 1.88) 1.68 (1.22, 2.32) 1.25 (0.76, 2.04) 

High 1.60 (1.20, 2.14) 1.68 (1.19, 2.36) 1.35 (0.82, 2.22) 

Participant 2005 follow-up      

No Reference Reference Reference 

Yes 5.09 (3.67, 7.06) 4.22 (2.85, 6.25) 1.87 (1.15, 3.04) 

Mobile number      

No Reference Reference NA 

Yes 2.25 (1.57, 3.23) 1.43 (0.96, 2.11) NA 

Landline number      

No Reference Reference NA 

Yes 1.96 (1.04, 3.67) 2.45 (1.02, 5.86) NA 

Telephone/s disconnected    

No NA Reference NA 

Yes NA 0.44 (0.31, 0.64) NA 

First point of contact      

Parent/Sibling NA NA Reference 

Participant NA NA 4.84 (2.89, 8.10) 

Contact method       

Phone: Landline NA NA Reference 

Phone: Mobile NA NA 1.54 (0.83, 2.84) 

Letter: Old address NA NA 6.53 (3.35, 12.74) 

Letter: Electoral roll 
address 

NA NA 5.77 (2.85, 11.67) 

Facebook: Message NA NA 2.01 (0.81, 4.98) 

Facebook: 
Advertisement/Page* 

NA NA 2.72 (0.84, 8.81) 

Word of mouth NA NA 2.06 (0.37, 11.59) 

*All participants contacted through the Facebook page participated, therefore this group was 

combined with those contacted through the Facebook advertisement. 

Abbreviations: CI: confidence interval 

When the analysis was restricted to those who had been contacted, the likelihood of 

participating in the KYAMS was nearly 5-times higher when the participant was the first 

point of contact (using any contact method) compared to a family member. Being 

contacted by letter – either using the Kidskin Study address or the Electoral Roll 



 

65 
 

address – was associated with approximately 6-fold higher odds of participating in the 

KYAMS when compared to being contacted by landline telephone, which had the least 

success. In this restricted analysis, participating in the 2005 follow-up was still 

associated with higher likelihood of participating in the KYAMS, although the effect had 

substantially lessened, and sex and intervention group were no longer significantly 

associated with KYAMS participation. 

3.5. Discussion 

3.5.1. Participant characteristics 

With the assistance of co-authors, I evaluated our success in re-engaging the Kidskin 

Study cohort after at least 10 years of inactivity. The number of Kidskin Study cohort 

members actively participating in follow-ups of the Kidskin Study has gradually 

declined over time, with 1,776 participants enrolled at baseline in 1995 and 547 

(30.8%) consenting to the 2005 follow-up (Figure 3-3). Of the 1,695 eligible Kidskin 

study participants, 303 (17.9%) were examined in KYAMS. Those who participated in 

the KYAMS were more likely to be female, have a parent with a tertiary education and 

be in an intervention group. These characteristics were also noted at the 2001 Kidskin 

Study follow-up.273,275 
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Figure 3-3 Bar chart of participant numbers in successive Kidskin Study follow-ups 

showing decline over time. Follow-ups of the Kidskin Study were conducted in 1995, 1997, 

1999, 2001 and 2005 and the KYAMS ran between 2015 and 2019. Reproduced with 

permission from an open-access manuscript published in BMC Medical Research 

Methodology.294 

3.5.2. Impact of participation in 2005 Kidskin Study follow-up 

Those who engaged in the 2005 follow-up were more likely to participate in the KYAMS 

compared to those not involved in the 2005 follow-up. Interestingly, the effect of 

participating in the 2005 follow-up on likelihood of KYAMS participation was 

substantially reduced when the analysis was restricted to only those who had been 

contacted. This indicates that the relationship between KYAMS participation and 2005 

follow-up participation was largely mediated by the higher likelihood of being able to 

contact participants who attended the 2005 follow-up. Additionally, most participants 

of the 2005 follow-up had a mobile telephone number, which was independently 

associated with increased likelihood of being contacted but was not associated with 

increased likelihood of participating in the KYAMS.  
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3.5.3. Factors associated with KYAMS contact or participation 

Although having a mobile or landline telephone number was associated with greater 

likelihood of being contacted, this study found that once contact had been achieved, the 

invitation letter was the method most likely to result in KYAMS participation. There 

could be several reasons for this. First, receiving a letter may have been a less intrusive 

contact method and allowed participants more time and flexibility to understand the 

study and its requirements and ultimately be more amenable to participating. 

Furthermore, a letter may have had appeared more legitimate or novel and this may 

have contributed to an individual’s willingness to participate. Second, attempts to make 

contact with most participants was by letter in the first instance; therefore the most 

motivated participants, who may have responded to any contact method, would have 

responded to the first contact (i.e. letter). However, despite being sent later in the 

recruitment period, the second round of letters was nearly as effective as the first in 

translating KYAMS contact to KYAMS participation, casting doubt on this explanation. 

Third, participants not interested in participating may have been less likely to return 

the reply-paid envelope. These participants would be incorrectly classified as not 

contacted and would introduce an ascertainment bias, artificially inflating the apparent 

effectiveness of letter invitations in increasing likelihood of KYAMS participation.  

The participant being the first point of contact was strongly associated with KYAMS 

participation. In many instances, KYAMS researchers had no control over whether the 

participant or a family member was the first point of contact. Contact data from the 

Kidskin Study were first collected when the participants were still in school and likely 

residing in the family home. Most participants had moved out of the family home by the 

time of the KYAMS. Using Facebook did result in some extra instances of KYAMS contact 

and participation, but overall the success was limited, with only 15 (5%) of KYAMS 

participants contacted by Facebook.  

Participants in the KYAMS were significantly more likely to be female, assigned to a 

Kidskin Study intervention group and have a parent with a tertiary education, than 

participants of the Kidskin Study baseline. There was evidence that these findings were 

confounded by other variables such as 2005 follow-up participation. In multivariable 

logistic regression, parental education was not associated with either increased 
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likelihood of being contacted for or participating in the KYAMS, and female sex and 

being assigned to an intervention group were associated with increased likelihood of 

KYAMS contact but were not significantly associated with KYAMS participation once 

contact had been made.  

3.5.4. Comparison with other studies 

Many studies have reported on retention rates and strategies in longitudinal cohort 

studies. A recent systematic review and meta-analysis concluded that having a higher 

number of follow-up or reminder strategies was actually associated with reduced 

retention,298 although perhaps this arises when studies struggling to retain participants 

resort to using other recruitment strategies. The review did, however, conclude that the 

use of more emerging follow-up strategies (text message, social media) was associated 

with improved retention.298  

Studies have consistently shown that incentives increase retention rates.298-300 

Invitation letters and phone calls are common methods for contacting cohort 

members.298 Other cohort studies and randomised controlled trials have identified a key 

role for mobile phones in retention301,302 and some contemporary cohort studies use 

Facebook to maintain contact with or improve retention of participants.303,304 Past 

studies specifically addressing cohort retention after long periods of inactivity have 

concluded that the internet provides a useful tool for tracing participants through 

address and phone number details available online, but these studies were conducted in 

the mid-2000s and have not evaluated the use of social media.295,296 

Our retention rate (17.9%) was lower than for other long-term follow-ups of similarly 

aged participants (43% to 80%).305-307 Many of these studies were designed for long-

term follow-up, thus participants were aware of future follow-ups and had more regular 

assessments (e.g. every 3 years). One Finnish cohort was examined irregularly at ages 5, 

9, 16 and 30 years and achieved a retention rate of 54%; however, details on how they 

maintained contact with participants were not reported.305,306 Using phone and mail 

contact methods, a Canadian study was able to re-initiate contact with 29% of 

participants after a 20-year period of inactivity (last seen at age 15-17 years), a similar 

rate to the KYAMS (35%). The overall participation rate of that study (12.4%) was 

lower than the KYAMS.295 Interestingly, the Canadian study had greater success in 
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tracing men,295 whereas women were more likely to be contacted in the KYAMS. A meta-

analysis of studies of all ages found that predominantly women cohorts have better 

retention rates than those with more men, suggesting women are more likely to 

participate in ongoing follow-ups.298,305 

3.5.5. Challenges in recruitment 

Our group faced some unique challenges when re-engaging the Kidskin Study cohort. 

First, contact information for most participants was last updated before the widespread 

use of mobile phones and the internet to communicate; therefore, there were few 

mobile phone numbers and no email addresses available. Second, most participants had 

not been contacted for some time; about one-third of the cohort had not been contacted 

for at least 10 years and the remaining two-thirds had not been contacted for 14 years 

or more. Third, most participants had moved out of the family home in the interval 

between the KYAMS and the previous follow-up; thus many were no longer residing 

locally or their contact information was out-of-date.  

This study shows that while advancements in technology have provided new 

communication methods, many participants still prefer to receive an invitation letter 

and indeed most KYAMS participants were contacted this way. Additionally, while 

mobile phones may make it easier to contact individuals, this may not be their preferred 

contact method. Participants contacted by mobile phone in this study were often busy 

and preferred to communicate by email or text message.  

3.5.6. Limitations 

This analysis has limitations. It is retrospective; consequently, data were collected only 

partially systematically. For example, the number of letters sent was recorded but not 

the number of phone calls made. Each phone number was therefore considered to be 

one contact attempt, which underestimates the number of phone calls made. 

Additionally, due to the higher rate of successful contacts, those who participated in the 

2005 follow-up or who had a mobile phone number may have received more contact 

attempts such as phone calls from study staff. It was also assumed that only those who 

responded to contact attempts had been contacted, but it is likely that some participants 

received letters or Facebook messages and ignored them, leading to incorrect estimates 
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of the number of participants contacted. Future studies may wish to prospectively 

collect data on recruitment attempts and to overcome some of the limitations 

encountered in this study. Encouraging participants to respond if they do not wish to 

participate will always be a challenge. The use of electronic contact methods, such as 

email, that make it easier to decline to participate may help to mitigate this bias. 

3.5.7. Conclusions 

Re-engaging a cohort after a period of inactivity is a challenge, and changes in 

communication methods over time can lead to past contact information becoming out-

dated. After at least a 10-year period of inactivity, 599 (35.4%) of eligible Kidskin Study 

participants or their family members were contacted about the KYAMS and 303 

(17.9%) original Kidskin Study cohort members participated in the study. Most 

participants were contacted by letter, but up-to-date mobile phone numbers can 

improve likelihood of making contact. Once contact was established, direct contact with 

the participants themselves (i.e. not family members) and the use of invitation letters 

were most effective at recruiting participants.  

Our group plans to keep the Kidskin Study cohort engaged in case further follow-ups 

are planned. We have collected updated contact details (including emails and mobile 

phones) from KYAMS participants. We are maintaining the Facebook page and are 

sending out newsletters once or twice a year keeping participants informed of the 

findings of the study and research that is being conducted. 
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Chapter 4: How well can young adult participants recall 

their time spent outdoors in childhood? 

This chapter has been adapted and sections reproduced from Lingham et al.308 with 

permission from the European Society for Photobiology, the European Photochemistry 

Association, and the Royal Society of Chemistry. 

4.1. Introduction 

4.1.1. Assessing childhood time spent in the sun 

Childhood appears to be a key period in which sun exposure can modify long-term risk 

of certain health conditions. For example, spending more time outdoors in the sun or 

greater sun exposure in childhood has been associated with reduced risk of myopia 

onset,70,166 decreased risk of multiple sclerosis309 and increased risk of melanoma310,311 

and pterygium312 in adulthood. Furthermore, spending more time outdoors in early 

childhood may result in a greater reduction in risk of myopia onset than spending time 

outdoors in later childhood,59,166 indicating this may be a key period for determining 

future risk of myopia onset. Research into or predictions of an individuals’ current or 

future risk of a certain sun exposure-related condition, such as myopia, may therefore 

depend upon retrospective recall of childhood sun exposure or sun-protection 

behaviours. Indeed, some of the aforementioned studies of multiple sclerosis309and 

pterygium312 as well as case-control studies of melanoma313,314 relied on retrospective 

recall of sun exposure, despite the lack of validation of these data against childhood-

specific measures of sun exposure. 

One of the challenges in investigating the effects of past time spent outdoors in the sun, 

particularly childhood time spent outdoors in relation to myopia in adulthood, is precise 

measurement of time spent outdoors. As discussed in Chapter 2, time spent in sunlight 

over the short-term can be prospectively assessed using dosimeters.102,146,315,316 

However, objective measures of long-term past time spent in the sun assess only 

cumulative exposure over the lifetime, e.g. silicone skin casts provide a measure of 

cumulative actinic skin damage.107,125 Importantly, these methods cannot detect 

variations in the amount of time spent outdoors at specific ages or over particular time 
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frames, such as childhood, which may be of particular interest for myopia.166 

Additionally, these objective measures of cumulative sun exposure are influenced by 

other factors such as age or skin type, which can limit their utility, and are typically 

measured for one body site, such as the wrist, which may not be relevant to the research 

question.102,316 

4.1.2. Recall of childhood sun exposure 

Self-reported measures of time spent outdoors in the sun, ranging from diaries to 

questionnaires completed during particular times of life, may circumvent some of the 

limitations of objective measures of cumulative sun exposure. Short-term recall (e.g. 

weeks to months) of time spent in the sun has been correlated with objective measures 

of short-term time in sun, such as serum 25-hydroxyvitamin D (25[OH]D) concentration 

and time spent outdoors as recorded by dosimeters.107,142,144,146,147 

Few studies have examined the validity of self-reported time spent in the sun over the 

longer term, e.g. 5+ years prior. King and colleagues found that participants 

overestimated their time spent outdoors in the sun over the previous 12-month period 

compared to a sun diary completed throughout the year. However, this group also found 

that the rank correlation (Spearman) was better (ρ=0.35 to ρ=0.56), indicating that 

while participants overestimated their time spent outdoors, ranking of participants was 

preserved to some extent.149 Sun calendars that ask participants to recall time in the sun 

and sun-protection behaviours for each year of life from early childhood (e.g. 5 years) 

have been previously used for long-term retrospective assessment of time spent in the 

sun.107,125,159 Using such a sun calendar, time in the sun in summer over the last year and 

over the last 3 years was correlated with serum 25[OH]D concentration (r=0.22 and 

r=0.23, respectively).107 Additionally, self-reported cumulative lifetime time spent 

outdoors in the sun has been found to be correlated with actinic skin 

damage.107,125,317,318 However, it is not clear whether long-term recall of time in the sun 

provides an adequate measure to explore effects of sun exposure at specific ages, rather 

than the cumulative total. If such measures were accurate, they could provide 

information on particular ages of susceptibility to the beneficial effects of time spent in 

the sun on myopia risk.  
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4.1.3. Aim 

This study assesses the extent to which young adults’ recall of their summertime time 

spent in the sun and use of sun-protection measures at 6, 8, 10 and 12 years of age 

agreed with parent-reported data collected at those same ages, and whether these self-

reported responses could be used to predict an individual’s childhood time in sun or use 

of sun protection. 

4.2. Methods 

Participants of the Kidskin Young Adult Myopia Study (KYAMS) who participated before 

January 2019 were included in this study. Data for two KYAMS participants who were 

examined after January 2019 and for two participants who returned their sun calendar 

questionnaires after January 2019 were not included in this particular analysis. 

For this analysis, self-reported sun calendar data collected in the KYAMS on time spent 

in the sun at 8, 10 and 12 years, and use of sunscreen and a hat at ages 6, 8, 10 and 12 

years, were compared to parent-reported responses collected during the Kidskin Study 

for those ages. 

4.2.1. KYAMS sun calendar 

Sun calendar data used in this analysis were the self-reported amount of leisure time in 

the sun on an average summer day at ages 8, 10 and 12 years, and proportion of time 

wearing a hat with brim or visor and proportion of time wearing sunscreen at ages 6, 8, 

10 and 12 years. Categories for time spent outdoors questions were “less than half an 

hour”, “half to one hour”, “1-2 hours”, “2-3 hours”, “3-4 hours”, ‘more than 4 hours”. For 

use of sunscreen or hat the categories were “never”, “less than half of the time”, “half of 

the time”, “more than half of the time”, “all of the time”. These data are referred to as 

“KYAMS” or “offspring” data. 

4.2.2. Kidskin Study questionnaire data 

Parents completed a questionnaire on their child’s time spent in the sun and use of sun-

protection measures such as sunscreen, hat, and shade over the previous summer 

holidays when the child was aged approximately 6, 8, 10 and 12 years. The data 
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collected included the amount of time spent outdoors at the beach, the pool, or around 

the house or neighbourhood as well as the proportion of time their child was in the 

shade, using sunscreen or wearing a hat at each of these venues. As data on shade use 

were not collected in the KYAMS, these data were not included in the analysis. 

The questionnaires were modified slightly over the course of the Kidskin Study. The 

1995 and 1997 questionnaires recorded time spent outdoors between 8am and 4pm 

whereas the 1999 and 2001 questionnaires covered time spent outdoors between 8am 

and 5pm. The amount of time spent outdoors when outside around the house or 

neighbourhood was not reported in 1995, and for 1997 was for between 11am and 

5pm, compared to 8am to 5pm at the 1999 and 2001 follow-ups. I therefore did not 

calculate time outdoors for 1995 (children aged 6 years) but used time in the sun data 

from 1997, 1999 and 2001 in this analysis.  

Data collected between 1995 and 2001 are referred to as “Kidskin Study” or “parent” 

data. For this analysis, parent-reported data are treated as gold-standard measures of 

Kidskin Study participant’s childhood time spent in the sun. Previous work from the 

Kidskin study showed that a sun index - a composite measure of sun exposure and sun-

protection use derived from the parent questionnaires - had good test-retest 

reliability.319 Furthermore, the parent-reported sun index was correlated with 

measured suntan (r=–0.17, p<0.001),319 and parent-reported time outdoors between 

11am and 2pm was associated with the number of melanocytic naevi on the back at age 

12 years in the Kidskin Study.134 

4.2.3. Data analysis 

KYAMS data 

The majority of KYAMS participants were of English or Celtic background. A binary 

variable was created; those reporting both parents of only English, Celtic, Northern 

European, Eastern European or Mediterranean European background were considered 

as being of European ancestry. Only two people reported a highest completed level of 

education lower than secondary school; this group was combined with the secondary 

school education group.  
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Kidskin Study data 

Parent data from the Kidskin Study were used to calculate parent-reported time spent 

in the sun during the summer holidays at ages 8, 10 and 12 years and the proportion of 

time outside spent wearing a hat or sunscreen at ages 6, 8, 10 and 12 years. These 

estimates were then classified into categories matching the KYAMS sun calendar data.  

The responses to the Kidskin Study parent questionnaires were categorical: time 

outdoors was recorded as “no time”, “less than 1 hour”, “1 hour up to 2 hours”, “2 hours 

up to 3 hours”, “3 hours up to 4 hours” and “4 hours or more”. Responses to the 

questions regarding use of sunscreen or hat when outdoors at these venues included 

“None or hardly any of the time”, “Some of the time”, “About half of the time”, “Most of 

the time”, and “All of the time”. Number of days spent at each venue was recorded as “no 

days”, “1 to 2 days”, “3 to 6 days”, “7 to 14 days”, “15 or more days”. I assumed that a 

child was outdoors at a maximum of one venue on any given day. 

To calculate the parent-reported time in the sun, hat use and sunscreen use variables 

from the Kidskin Study data to match variables from the KYAMS sun calendar, I first 

assigned numeric values to the categorical responses. For questions regarding time 

spent outdoors on an average day, the values were assigned as follows: <½ hour = 0.25 

hours, ½ to 1 hour=0.75 hours, 1 to 2 hours=1.5 hours, 2 to 3 hours=2.5 hours, 3 to 4 

hours=3.5 hours and >4 hours=5 hours. For days spent at each venue over the holidays, 

values were assigned as: no days=0 days, 1 to 2 days=1.5 days, 3 to 6 days=4.5 days, 7 to 

14 days= 10.5 days and 15 or more days =15days. Categories of proportion of time 

wearing sunscreen or a hat were assigned values of 0, 0.25, 0.50, 0.75, and 1 in keeping 

with the natural order of the groups. 

As the Kidskin Study parent-reported time outdoors data represent time between 8am 

and 4pm, 8am and 5pm or 11am and 5pm depending on the year of Kidskin Study 

follow-up and outdoor venue, I made these consistent with each other and with the 

KYAMS data by calculating a proportion of time spent outdoors at each venue (Equation 

4-1). This was achieved by dividing amount of time spent outdoors (e.g. 2.5 hours) 

reported by parents in the Kidskin Study by the length of the relevant time period (e.g. 8 

hours for an 8am to 4pm period). I then multiplied this by the length of an average 
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summer day, assumed to be 12 hours, to calculate the amount of time spent outdoors on 

a 12 hour day (e.g. (2.5/8) x 12 = 3.75 hours).  

The daily average amount of time spent outdoors over the summer holidays was then 

calculated by multiplying the amount of time spent outdoors on an average 12-hour day 

at each venue by the number of days spent at each venue, and dividing this by the total 

number of days in the summer school holidays. The school holidays were assumed to be 

45 days long as the Australian school holidays are usually around 7 weeks and the 

maximum possible total number of days spent at all three venues combined was 45 

days.  

Equation 4-1 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑡𝑖𝑚𝑒 𝑜𝑢𝑡𝑑𝑜𝑜𝑟𝑠 =  
∑ ((

𝑇𝑖𝑚𝑒𝑣𝑒𝑛𝑢𝑒

𝑃𝑒𝑟𝑖𝑜𝑑𝑣𝑒𝑛𝑢𝑒
𝑣𝑒𝑛𝑢𝑒 × 12)  × 𝐷𝑎𝑦𝑠𝑣𝑒𝑛𝑢𝑒)

45
 

Where venue = beach, pool or outdoors around the house 

Time = parent-reported average time spent outdoors at venue 

Period = the length of the time period which the question referred to e.g. if question asked how 

many hours did child spent outdoors between 8am and 5pm then length of time period would 

be 9 hours. 

Days = Number of days spent at venue over the summer holidays 

A similar process was followed to calculate variables for total proportion of time outside 

wearing sunscreen or a hat, but the process was simpler as these data were initially 

reported as proportions. The proportion of time using sunscreen or a hat at each of the 

pool, beach and around the house or neighbourhood was multiplied by the number of 

days spent at each venue and divided by the number of days in the school holidays to 

obtain a daily average proportion of time spent outdoors using a hat or sunscreen 

(Equation 4-2). 

Equation 4-2 

𝑆𝑢𝑛 𝑝𝑟𝑜𝑡𝑒𝑐𝑡𝑖𝑜𝑛 𝑢𝑠𝑒 =  
∑ (𝑣𝑒𝑛𝑢𝑒 𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛𝑣𝑒𝑛𝑢𝑒  × 𝐷𝑎𝑦𝑠𝑣𝑒𝑛𝑢𝑒)

45
 

Where sun protection refers to hat or sunscreen 

venue = beach, pool or outdoors around the house 

Proportion = parent-reported average proportion of time spent outdoors using sun protection 

at venue 

Days = number of days spent at venue over the summer holidays.  
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These derived numeric variables were then categorised to match the responses of the 

KYAMS sun calendar. Time spent outdoors data were classified according to daily time 

spent outdoors (e.g. <0.5 hours, 0.5-1 hour etc.). The variables for proportion of time 

outdoors spent wearing sunscreen or a hat were categorised as follows: proportion ≤ 

0.10 = “never”, >0.10 and <0.4 = “less than half of the time”, ≥0.4 and ≤0.6 = “half of the 

time”, >0.6 and <0.90 = “more than half of the time”, and ≥0.90 = “all of the time”. These 

classifications were chosen to best fit with the description of each group and to keep the 

median value of each group close to the numeric values previously assigned to the 

parent-reported categories (i.e. 0, 0.25, 0.50, 0.75 and 1). 

4.2.4. Statistical analysis 

The statistical analysis broadly comprises three parts: 1) Testing agreement between 

offspring-reported and parent-reported responses, 2) Modelling univariate and 

multivariable associations between parent-reported responses and offspring-reported 

responses and 3) Testing the extent to which offspring-reported responses predicted 

parent-reported responses.  

Agreement between offspring-reported and parent-reported responses 

Statistical analysis was carried out using R statistical software version 3.5.1 (R 

Foundation for Statistical Software, Vienna, Austria). Pearson’s chi square test was used 

to compare characteristics of the participants. I used a weighted kappa statistic to test 

the agreement between the offspring self-reported responses and the matching parent-

reported variables at each age. The weighted kappa assesses the amount of agreement 

between two variables while accounting for agreement expected by chance and is 

equivalent to the intraclass correlation under certain conditions.320 The weights account 

for the uneven spacing between groups and were equal to the numeric values assigned 

to each KYAMS sun-calendar category (i.e. 0.25, 0.75, 1.5, 2.5, 3.5 and 5 for time in the 

sun and 0, 0.25, 0.5, 0.75 and 1 for hat or sunscreen use). The weighted kappa and a 

95% confidence interval were calculated for each of 1995 (excluding time outdoors), 

1997, 1999, 2001 and for an average of all years. The following criteria were used to 

qualify the level of agreement, <0=poor, 0 – 0.2 = slight, 0.21 – 0.4 = fair, 0.41 – 0.6 = 

moderate, 0.61 – 0.8 = substantial, 0.81 – 1 = almost perfect.321 
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Association between parent-reported and offspring-reported data 

Ordinal logistic regression was used to analyse the association between Kidskin Study 

parent-reported time in sun, hat use or sunscreen use (outcomes) with offspring recall 

for the same variable (predictors). KYAMS questionnaire data were used as covariates. 

Ordinal regression was chosen due to the ordinal nature of the outcomes and to enable 

adjustment for potential confounders that could influence ability to recall past sun 

exposure and sun protection behaviours. Rather than construct a model for each follow-

up year separately, I included data from all follow-ups in a single regression model 

using a generalised estimating equation approach to account for within-subject 

correlation. These models therefore provide an analysis of overall recall of sun exposure 

behaviours at all years where data were available (i.e. 8, 10 and 12 years or 6, 8, 10 and 

12 years) and enabled us to more precisely identify relevant covariates. I used the R 

package ‘repolr’ to fit the models as it has been shown to return appropriate parameter 

estimates and tests the assumption of proportional odds.322 The odds ratios (OR) 

reported from ordinal logistic regression represent the odds of being above vs below 

the ith category (i.e. OR >1 represents greater odds of being in a higher category and OR 

<1 represents lower odds of being in a higher category). As there were few KYAMS 

participants in the lowest category of time spent in the sun, categories one and two 

(‘less than ½ an hour’ and ‘½ to 1 hour’), for both Kidskin Study and KYAMS data, were 

collapsed together for ordinal regression. Sex and covariates with p<0.10 were included 

in the multivariable analysis. I also constructed a separate model adjusting for current 

self-reported time spent outdoors in the sun in summer to investigate whether KYAMS 

participants are using current time spent outdoors as a proxy for past time outdoors.  

Predicting parent-reported response with offspring-reported data 

Finally, to evaluate whether recall of childhood time spent outdoors in the sun and use 

of sun protection measures could be used in lieu of parent-reported data (i.e. in studies 

where this data is not available), I evaluated whether a combination of offspring 

responses, sex and covariates from the KYAMS could be used to predict Kidskin Study 

parent-reported responses. Ordinal logistic regression was used to fit the prediction 

model with categorical parent-response as the outcome. Separate prediction models 

were constructed for time spent outdoors, hat use and sunscreen use. A randomly 
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selected 80% of the data were used to fit the prediction model. The remaining 20% of 

the data were used to test the performance of the prediction model by calculating 

percent agreement and weighted kappa between the predicted parent-reported 

response and the actual parent-response.  

4.3. Results 

4.3.1. Characteristics 

A total of 301 individuals (mean age 27.5 [range 25.3 – 30.0] years) participated in the 

KYAMS between May 2015 and January 2019. KYAMS sun calendar data were available 

for 244 (81.3%) participants. Of the 301 participants, one had no Kidskin Study parent 

data and was excluded from further analysis. Characteristics of the KYAMS participants 

relevant to this study are shown in Table 4-1.  
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Table 4-1 Sun exposure-related characteristics of 243 KYAMS participants with sun 

calendar data (after excluding participant with no parent-reported data) 

Variable Number (%)  Number (%) 

Ancestry* 

 
Tanning after sun exposure  

European  213 (87.7%) Very tanned 51 (21.2%) 

Non-European 30 (12.3%) Moderately tanned 92 (38.2%) 

Highest Education completed 
 

Lightly tanned 81 (33.6%) 

Primary or Secondary School‡ 34 (14.1%) No suntan at all 17 (7.1%) 

TAFE/Technical College 71 (29.5%) Skin colour  

University - undergraduate 99 (41.1%) Olive 22 (9.1%) 

University - postgraduate 37 (15.4%) Olive-medium 39 (16.1%) 

Tendency to sunburn after 30 mins 
 

Medium-fair 79 (32.6%) 

Severe sunburn with blistering 11 (4.5%) Fair 102 (42.1%) 

Have painful sunburn 64 (26.4%) Hair colour  

Get mildly burnt 120 (49.6%) Black 18 (7.4%) 

Not get sunburnt at all 47 (19.4%) Dark brown 143 (59.1%) 

Number of painful sunburns 
 

Mousey blond 58 (24.0%) 

Never 8 (3.3%) Light blond 12 (5.0%) 

Once 20 (8.2%) Red 13 (4.5%) 

2-10 times 169 (69.5%)   

More than 10 times 46 (18.9%)   

*Those reporting both parents of only English, Celtic, Northern European, Eastern European or 

Mediterranean European background were considered as having a European background.  

‡Only two people reported a highest completed level of education below secondary school; this 

group was combined with the secondary school education group. 

Abbreviations: TAFE: Technical and Further Education 

 

On average, KYAMS participants recalled spending more time in the sun than their 

parents reported at ages 8, 10 and 12 years (median category: 2-3 hours vs 1-2 hours 

for all). Individual offspring sun-calendar responses tended to be more similar across 

ages than the parent-reported data (Table 4-2).   
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Table 4-2 Similarities in responses across years within the KYAMS self-reported sun 

calendar and within the parent-reported questionnaires of the Kidskin Study. 

 

 Kappa*  Kappa*  Kappa*  Kappa*  Kappa*  Kappa* 

  

Age 6 vs 

Age 8  

Age 6 vs 

Age 10 

Age 6 vs 

Age 12 

Age 8 vs 

Age 10 

Age 8 vs 

Age 12 

Age 10 vs 

Age 12 

Time spent outdoors in sun              

KYAMS 0.93 0.84 0.70 0.89 0.74 0.83 

Kidskin Study       0.28 0.19 0.19 

Proportion of time spent 

wearing hat  
            

KYAMS 0.95 0.83 0.60 0.88 0.63 0.72 

Kidskin Study 0.40 0.32 0.11 0.40 0.16 0.27 

Proportion of time spent 

wearing sunscreen              

KYAMS 0.96 0.91 0.76 0.94 0.79 0.84 

Kidskin Study 0.35 0.34 0.24 0.30 0.28 0.31 

*Weighted kappa using the numeric differences between groups as the weights. A higher 

weighted kappa indicates a higher number of individuals selecting the same response at the two 

compared years 

4.3.2. Agreement between parent-reported and long-term recall measures 

The observed agreement, expected agreement, weighted kappa and its 95% confidence 

interval for each survey year and for an average of all survey years of the Kidskin Study 

are shown in Table 4-3. Figure 4-1 and Figure 4-2 show the proportion of agreeing and 

disagreeing responses for time spent outdoors, hat use and sunscreen use using data 

from all available years combined. The best agreement between parent and offspring 

data was for sunscreen use. Time in the sun showed slight agreement at all ages, with 

best agreement at age 12 years and when all years were averaged. Slight agreement was 

also found for hat wearing. However, this agreement weakened at each successive 

follow-up and was not significantly better than chance at age 12 years or when all 

responses were averaged. There was little change in the kappa estimates when the 

participants were sub-categorised into control, moderate or high intervention group, 

with the exception that the moderate group had consistently poorer agreement of hat 

wear (weighted kappa at age 8, 10 and 12 = -0.03, -0.08 and -0.08, respectively), which 

may be partly due to increased variability associated with the smaller sample size. 
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Table 4-3 Agreement between Kidskin parent-reported responses and KYAMS participant 

long-term recall of time spent outdoors in the sun and the proportion of outdoors time that 

they wore a hat or sunscreen 

  
Observed 

Agreement 

Expected 

Agreement 

Weighted 

Kappa* 
95% CI 

Age 6         

Proportion of time spent wearing hat  35.2% 28.4% 0.14 0.05, 0.23 

Proportion of time spent wearing sunscreen  34.5% 27.7% 0.14 0.05, 0.23 

Age 8     

Time spent outdoors in sun  23.3% 21.5% 0.11 0.02, 0.21 

Proportion of time spent wearing hat  32.5% 27.6% 0.11 0.02, 0.20 

Proportion of time spent wearing sunscreen  32.7% 26.2% 0.19 0.10, 0.28 

Age 10 

    Time spent outdoors in sun  22.5% 21.4% 0.10 0.01, 0.20 

Proportion of time spent wearing hat  32.1% 27.3% 0.10 0.01, 0.19 

Proportion of time spent wearing sunscreen  31.5% 26.5% 0.17 0.08, 0.26 

Age 12     

Time spent outdoors in sun  25.0% 20.7% 0.16 0.07, 0.26 

Proportion of time spent wearing hat  26.7% 23.3% 0.05 -0.04, 0.14 

Proportion of time spent wearing sunscreen  26.1% 22.3% 0.16 0.07, 0.25 

Average of all years     

Time spent outdoors in sun  20.9% 24.1% 0.16 0.07, 0.25 

Proportion of time spent wearing hat  34.0% 34.3% 0.05 -0.04, 0.14 

Proportion of time spent wearing sunscreen  38.8% 31.0% 0.20 0.11, 0.29 

*Weights were equal to the numeric values assigned to each KYAMS sun-calendar category (i.e. 

0.25, 0.75, 1.5, 2.5, 3.5 and 5 for time in sun and 0, 0.25, 0.5, 0.75 and 1 for hat or sunscreen use). 
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Figure 4-1 Stacked bar chart showing proportion of agreeing and disagreeing responses 

between the parent-reported and offspring-reported time spent outdoors at ages 8, 10 and 

12 years combined 

 

Figure 4-2 Stacked bar charts showing proportion of agreeing and disagreeing responses 

between the parent-reported and offspring-reported hat use and sunscreen use at ages 6, 8, 

10 and 12 years combined 
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4.3.3. Predictors of Kidskin Study parent-reported response 

After adjustment for sex, age at Kidskin Study follow-up and hair colour, increasing 

KYAMS self-reported time in sun at age 8, 10 or 12 years was associated with increasing 

parent-reported time in sun at those ages (OR=1.31, 95% CI: 1.12, 1.53) (Table 4-4). 

However, after adjusting for quartiles of KYAMS self-reported current time in the sun in 

summer, this association was no longer statistically significant (OR=1.17, 95% CI: 0.99, 

1.37), whereas quartiles of self-reported current time in sun remained significantly 

associated with parent-reported responses (OR=1.38, 95% CI: 1.15, 1.66). Increasing 

category of KYAMS self-reported hat and sunscreen use were also associated with 

increasing Kidskin Study parent-reported responses after adjustment for covariates 

(Table 4-4). Covariates in the hat use model were sex, tendency to sunburn and highest 

level of education. Covariates in the sunscreen model were sex, tendency to sunburn 

and age at Kidskin Study follow-up. The proportional odds assumption was not violated 

in any of the final ordinal regression models (all p > 0.05). Figure 4-3 graphically 

represents the value of offspring-reported time outdoors, hat use and sunscreen use in 

predicting parent-reported responses. 
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Table 4-4 Results of generalised estimating equation ordinal logistic regression models 

analysing the association between Kidskin Study parent-reported responses and KYAMS 

long-term recall of time spent in the sun, and the proportion of outdoors time that they 

wore a hat or sunscreen 

  Time in Sun Hat wear Sunscreen use 

  OR (95% CI) OR (95% CI) OR (95% CI) 

Increasing KYAMS self-reported 

category 1.31 (1.12, 1.53) 1.37 (1.16, 1.62) 1.23 (1.03, 1.48) 

Sex   

 

  

Female Reference Reference Reference 

Male 1.56 (1.04, 2.35) 2.36 (1.56, 3.58) 0.76 (0.49, 1.18) 

Age at Kidskin Study Follow-up 0.93 (0.85, 1.01) NA 0.89 (0.84, 0.94) 

Decreasing Tendency to Sunburn NA 0.77 (0.59, 1.01) 0.67 (0.52, 0.88) 

Hair Colour   

 

  

Black Reference NA NA 

Dark Brown 2.85 (1.60, 6.38) NA NA 

Mousey Blond 3.82 (1.60, 9.15) NA NA 

Light Blond 5.94 (2.01, 17.60) NA NA 

Red 3.67 (1.32, 10.19) NA NA 

Highest Level of Education   

 

  

Primary or Secondary School NA Reference NA 

TAFE/Technical College NA 1.41 (0.75, 2.64) NA 

University - undergraduate NA 1.10 (0.60, 2.01) NA 

University - postgraduate NA 2.17 (1.01, 4.63) NA 

TAFE: Technical and Further Education (vocational education)
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Figure 4-3 Predicted probabilities of being in each of the parent-reported sun-behaviour 

groups based on self-reported response for time spent outdoors (a), proportion of time 

spent wearing a hat (b) and proportion of time spent wearing sunscreen (c). Probabilities 

are derived from ordinal logistic regression models without adjusting for covariates. Figure 

reproduced from Lingham et al.308 with permission from the European Society for 

Photobiology, the European Photochemistry Association, and the Royal Society of 

Chemistry. 
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4.3.4. Performance of the prediction models 

The performance of the prediction models as evaluated by agreement between actual 

and predicted parent-reported time in sun, hat use and sunscreen use is shown in Table 

4-5. Predicted parent-reported hat use and sunscreen use did not have better than 

chance agreement with actual parent-reported hat use and sunscreen use. Predicted 

parent-reported time in sun had slight agreement with actual parent-reported time in 

sun; however, the overall performance of the prediction model was relatively poor. 

 

Table 4-5 Performance of prediction models using self-reported sun-related behaviours to 

predict parent-reported sun-related behaviours – agreement between predicted and actual 

parent-reported time spent in the sun, proportion of time wearing hat and proportion of 

time wearing sunscreen  

  

Observed 

Agreement 

Expected 

Agreement 

Weighted 

Kappa 95% CI 

Childhood time in sun* 32.23% 28.32% 0.09 0.01, 0.16 

Current time in sun‡ 32.56% 27.11% 0.08 -0.02, 0.17 

Time wearing hat† 38.15% 37.18% 0.04 -0.04, 0.13 

Time wearing sunscreen§ 39.43% 36.79% 0.04 -0.06, 0.14 

*Variables in model: self-reported time in sun at age 8, 10 and 12 years, age at Kidskin Study 

follow-up, sex, hair colour. 

‡Variables in model: self-reported quartiles of time spent outside in summer at time of KYAMS, 

age at Kidskin Study follow-up, sex, hair colour. 

†Variables in model: self-reported hat use, sex, tendency to sunburn, highest level of education. 

§Variables in model: self-reported time in sun, age at Kidskin Study follow-up, sex, tendency to 

sunburn. 
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4.4. Discussion 

4.4.1. Findings 

I investigated whether recall of childhood time spent outdoors in the sun is useful in 

investigating the effects of time spent in the sun in childhood on later health outcomes 

(i.e. myopia). In this study, young adults’ long-term recall of time spent outdoors in the 

sun and sun-protection behaviours during specific years of childhood, and averaged 

over this period, had only slight agreement with parent-reported data collected during 

childhood. Offspring long-term recall of time spent in the sun and use of sun protection 

was associated with corresponding parent-reported behaviours but had little utility in 

predicting parent responses reported at the time, even after adjustment for relevant 

covariates. Therefore, use of long-term self-reported data recalling sun-related 

behaviours from 15 to 20 years ago (between ages 6 and 12) in lieu of prospectively 

collected parent-reported data collected would be of limited value in the KYAMS.  

Long-term recall of time in the sun at ages 8, 10 and 12 years was not significantly 

associated with parent-reported responses after adjustment for current self-reported 

time in the sun. Indeed, offspring’s current time spent in the sun was associated with 

parent-reported time in the sun, indicating that a) people maintain time in the sun 

behaviours from childhood to young adulthood, as has previously been noted,159 and/or 

b) that young adults’ recall of their time spent in the sun during childhood is based to 

some extent on their current time spent outdoors. The latter point could potentially be 

explained by anchoring bias, in which individuals use some prior value as a starting 

point (anchor) to estimate an uncertain value. This results in estimates that are typically 

biased toward the anchor.323 In surveys of farmers, recall of data (e.g. income) in the 

previous two years was shown to be heavily reliant on recall of current data.324 Thus, 

current data were used as an anchor to recall past data. It is possible that KYAMS 

participants used current time spent outdoors as an anchor from which they estimated 

past time outdoors and estimates were therefore biased towards current time spent 

outdoors. Questions that encourage participants to use memorable childhood events to 

guide estimates may mitigate this issue.107,313  
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Our results suggest that self-reported current time spent in the sun is potentially more 

useful than long-term recall for assessing childhood time outdoors. However, current 

time in the sun data would be entirely insensitive to changes in time spent outdoors in 

the sun over the life-course, which is often what is being assessed when participants are 

asked to recall time spent in the sun over the long-term. Interestingly, long-term recall 

of greater hat and sunscreen use at ages 6, 8, 10 and 12 years was associated with 

increasing parent-reported response for the same variables even after adjustment for 

current hat and sunscreen use. Thus, participants are able to recall their past hat and 

sunscreen use to some extent. Unfortunately, the long-term self-reported offspring data 

were not accurate enough to be useful in predicting parent-reported time in the sun, hat 

use or sunscreen use responses. Hence it is unlikely that other studies that lack data on 

actual sun-related behaviours during childhood will be able to estimate these 

retrospectively. 

4.4.2. Implications 

These findings have important implications for the design of future studies on the 

effects of sun exposure or time spent outdoors on health and the interpretation of past 

studies using retrospective recall of sun exposure or time spent in the sun as an 

explanatory variable. Studies have reported associations between long-term recall of 

past sun exposure and skin cancer,313,314,325 pterygium312 and multiple sclerosis.309 

Despite validation of these questionnaires against cumulative objective measures of sun 

exposure, these results should be interpreted with caution as recall of childhood time 

spent in the sun may be inaccurate or more reflective of recent time spent in the sun. 

Many studies use interview techniques to elicit recall of sun exposure,309,312-314,325 which 

may be a better method for measuring past sun exposure, but how well these estimates 

reflect actual time in sun at the time is not known. 

4.4.3. Limitations 

This study has some limitations. First, parent-reported data collected during the Kidskin 

Study were treated as the gold-standard measure of childhood sun-related behaviours, 

but these data may also be limited and subject to error. The Kidskin Study parent-

reported data have the advantage of being collected close to the time the relevant 

behaviours occurred but are also subject to reporting errors such as parents’ lack of 
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awareness of their child’s activities, particularly as the child gets older. The unmasked 

design of the Kidskin Study could also have introduced a social desirability bias, where 

parents of offspring in the intervention groups may under-report sun exposure because 

they feel this is more socially desirable. I think it unlikely that such bias affected 

offspring in the KYAMS; examiners were masked to intervention group and participants 

had only very few recollections of the Kidskin Study and were often unaware that some 

schools were in control or intervention arms or indeed that only select schools in Perth 

participated in the study. Second, the Kidskin Study sun-related behaviour variables 

were computed from a number of categorical variables, potentially resulting in loss of 

information, and there were minor changes to the wording of questionnaires between 

follow-ups. The latter could explain why these measures at ages 6, 8, 10 and 12 years 

were less similar in the Kidskin Study when compared to the KYAMS (Table 4-2).  It is 

because of the limitations and potential error in the parent-reported ‘gold-standard’ 

data raised in these first two points that the terms ‘accuracy’ or ‘validation’ were 

deliberately avoided in this study. Despite this, sun-index data derived from the same 

questionnaire have been shown to be internally valid and have good test-retest 

reliability,134,319 and there is some evidence that parents are aware of their child’s time 

spent outside over the short-term.142 Therefore, while parent-reported measures of 

time spent in the sun and sun protection in this study may not be entirely accurate, I 

believe they are a valid measure to compare against.  

Third, the questionnaires used to collect data on time in the sun, hat use and sunscreen 

use in the Kidskin Study and KYAMS were quite different. The approach taken in this 

study may therefore not be the best method for comparing responses between 

retrospective recall and prospective parent-reported data. It wasn’t feasible to ask 

KYAMS participants to complete the same questionnaires as their parents for each age 

investigated (approximately 50 pages of questionnaires). I therefore used the Kidskin 

Study parent data to derive sun-behaviour variables that were similar to those collected 

in the KYAMS sun calendar, which has been used previously for retrospective recall of 

time in sun.107,159 Fourth, the KYAMS sample was not entirely representative of the 

Kidskin Study cohort, having a higher proportion of females and of individuals in the 

high or moderate intervention groups when compared to the baseline Kidskin Study 
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sample. There is, therefore, some potential for attrition bias and these findings may not 

be widely generalizable.  

Two main strategies for overcoming these limitations in future studies would be to first, 

maintain a consistent tool for measuring time spent outdoors throughout the follow-up 

and second, utilise objective measures of time spent outdoors such as visible light 

dosimeters. Maintaining a consistent tool would make comparisons simpler and more 

appropriate while using dosimeters would provide a gold-standard measure of time 

spent outside, that is unaffected by recall bias, to compare against. 

4.4.4. Conclusions 

Agreement between young adults’ long-term recall of their childhood sun-related 

behaviours and parent-reported data collected at the time was slight or consistent with 

chance findings. KYAMS young adult self-reported sun-related behaviours were 

associated with corresponding Kidskin Study parent-reported data. This indicates that 

grouped data on long-term retrospective recall of sun-related behaviours had some 

value when investigating associations with later health outcomes. Yet, this study 

showed that such data could not be usefully applied to predict individual behaviours 

reported at the time. These findings have implications for the design of studies 

assessing the long-term impact of time spent in the sun on human health. 
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Chapter 5: The relationship between sun exposure and 

myopia in the Kidskin Young Adult Myopia Study 

This chapter has been adapted from a manuscript prepared for publication but not yet 

reviewed by co-authors or submitted to a journal for publication. 

5.1. Introduction 

As discussed in Chapter 1, myopia is a common condition that is associated with 

substantial economic costs and potentially blinding eye disorders.15,16,21-23 Spending 

more time outdoors during childhood can reduce risk of onset of myopia.59,72,74 

However, the relationship between time outdoors and risk of myopia has not been fully 

characterised; partly because of difficulties in precise assessment of past time outdoors. 

For example, it is not known whether spending more time outdoors during childhood 

can reduce long-term risk of myopia (i.e. into young adulthood) or whether spending 

more time outdoors in later adolescence or early adulthood has the same impact on 

myopia risk as spending more time outdoors in childhood. 

This chapter presents the main findings of the Kidskin Young Adult Myopia Study 

(KYAMS). As discussed in Chapter 2, the KYAMS is a follow-up of the Kidskin Study; a 

sun-exposure intervention study that was completed between 1995 and 2001. The 

KYAMS is a unique study because its participants have had multiple measurements of 

time spent outdoors in the sun through childhood and young adulthood. Subjective 

measures of time spent in the sun in the KYAMS include parent-reported time spent 

outdoors during daytime in the summer holidays at ages 8, 10 and 12 years, self-

reported recall of leisure time spent in the sun for each year of life from 5 to 26 years of 

age and self-reported recall of time spent outdoors in the sun on an average day at the 

time of the KYAMS. Objective measures of time spent outdoors in the sun include actinic 

skin damage score – assessed from a silicone skin cast taken from the back of the hand 

and graded from 1 (least skin damage) to 6 (most skin damage)119 – conjunctival 

ultraviolet autofluorescence (CUVAF) area129,130 and 25-hydroxyvitamin D 

concentration.104,107 Furthermore, participants of the Kidskin Study received either the 

standard Western Australian sun safety curriculum (control group) or a moderate- or 
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high-intensity sun exposure intervention (moderate and high groups, respectively) 

between 1995 and 1999. During the this 4-year intervention period, participants in the 

intervention groups were found to have lower sun exposure over the summer holidays 

compared to the control groups, but there were no differences in sun exposure between 

the groups two years after the intervention ceased (2001). 

The aims of this chapter are to: 

1) Examine the relationships between the measures of time spent outdoors in the 

sun in the KYAMS and compute an index variable from these to more precisely 

measure past time spent outdoors 

2) Investigate the impact of the Kidskin Study intervention on the prevalence of 

myopia in the KYAMS. 

3) Investigate the impact of past time in sun on refractive error or risk of myopia in 

the KYAMS. 

I use the terminology time spent outdoors in the sun or time in sun in this chapter as the 

KYAMS questionnaires all ask participants to report the time they spent outdoors in the 

sun and the Kidskin Study questionnaires asked parents to report their child’s time 

spent outdoors between 8am and 4pm (1997) or 8am and 5pm (1999, 2001). Time 

spent outdoors in the sun in this chapter does not account for use of shade or sun 

protection. 

5.2. Methods 

5.2.1. Outcomes 

Myopia status was the primary outcome in this analysis and spherical equivalent and 

axial length were treated as secondary outcomes. Myopia was defined as: 

1) A mean cycloplegic spherical equivalent of both eyes <-0.50 dioptres (D); OR 

2)  A self-reported history of prior refractive surgery and of myopia prior to the 

surgery; OR  

3) If cycloplegic autorefraction data were missing, a mean non-cycloplegic 

autorefraction of both eyes <-0.50 D and prescription distance spectacles with a 

mean spherical equivalent refraction of <-0.50 D. 
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Participants without cycloplegic autorefraction (n=11) or who had prior laser refractive 

surgery (n=7) were treated as having missing spherical equivalent data. No participants 

had a history of lensectomy. 

5.2.2. Measures of time spent in the sun 

For this analysis, I aimed to use all available measures of time spent in the sun collected 

in the Kidskin Study and KYAMS: parent-reported time spent outdoors in the summer 

holiday in the years 1997, 1999 and 2001, self-reported leisure time spent outdoors as 

reported on the sun calendar from 5 to 26 years of age, self-reported current time spent 

outdoors at the time of the KYAMS, actinic skin damage score, serum 25(OH)D 

concentration, CUVAF area, and naevus count of the right arm. I had initially planned to 

use naevi count of the back but these data were not ready at the time of analysis. 

5.2.3. Statistical analysis 

Deseasonalising 25(OH)D concentration 

Serum 25(OH)D2 and 25(OH)D3 concentration were summed to calculate total 25(OH)D 

concentration. Serum 25(OH)D concentration is higher in summer and lower in winter; 

I therefore deseasonalised 25(OH)D concentration by fitting a cosine model (Equation 

5-1) to the 25(OH)D concentration data and adding the residuals to the sample mean.326 

I simultaneously adjusted for use of vitamin D supplementation to account for its non-

sun related effect on 25(OH)D concentration.  

Equation 5-1 Cosine model to deseasonalise 25(OH)D concentration 

25(𝑂𝐻)𝐷 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = 𝛽0 + 𝛽1 sin
2𝜋𝑡

12
+ 𝛽2 cos

2𝜋𝑡

12
 

                          Where t=month of collection of blood sample 

Relationships between measures of time spent in the sun 

To explore the relationships between the measures of time in sun, I used objective 

measures of time in sun as outcomes and compared them to each other and to the 

subjective measures of time in sun using simple regression analysis. I used negative 

binomial regression when naevus count was the outcome as this method appropriately 

deals with count data and allows for overdispersion. Skin damage score was an ordinal 
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variable and Spearman’s correlation and ordinal logistic regression calculated when 

skin damage score was a correlate or an outcome in a regression model, respectively. 

Pearson’s correlation and linear regression were used at all other times. No adjustment 

for multiple testing was made to the level of significance as this was an exploratory 

analysis and tests were not independent of one another (all measure time spent 

outside). 

Development of time in sun indices 

I next developed a time spent in the sun index using factor analysis. Factor analysis 

identifies one or more factors (underlying latent variables) that explain as much of the 

variance and covariance in the observed measures of time in sun (indicators) as 

possible. In this study I aimed to identify latent variable/s that represented time spent 

outdoors in the sun. Factor scores, which use the correlation between the factors and 

the indicators as weights, can then be generated for each factor. Factor scores represent 

the relative ranking of participants within the latent variable and can be used as an 

index variable (in this case, of past time in sun). All indicator variables, with the 

exception of skin damage score, were square root transformed prior to factor analysis 

to better approximate a normal distribution. The multivariate distribution of the square 

root transformed variables was confirmed to be approximately normal using a quantile-

quantile plot. I used confirmatory factor analysis (CFA) to generate factor scores in this 

study. CFA requires greater user input when specifying the model structure but allows 

one to formally test for model improvement and for correlations between indicators 

and factors, and can handle missing data when using maximum likelihood estimation. 

To identify the initial structure of the CFA model including the optimum number of 

latent variables, I first used exploratory factor analysis in the R package “psych” with 

maximum likelihood estimation and a Promax transformation. A Promax 

transformation is used when more than one factor is identified and these factors are 

correlated. To account for the ordinal nature of the skin damage score variable, the 

polychoric correlation was calculated for correlations involving skin damage score.  

Using the results of the exploratory analysis as an initial guide, I then specified a CFA 

model with full information maximum likelihood estimation to a using the R package 

“lavaan”. CFA in lavaan is robust to the inclusion of ordinal variables in the model 
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provided they are exogenous (i.e. do not causally affect other variables in the model). All 

other variables were numeric.  In all models, I included covariance terms between the 

two self-reported KYAMS measures of time spent outdoors and between the three 

Kidskin Study parent-reported measures of time spent outdoors to account for 

correlation between these variables that might arise from the similar measurement 

method rather than from actual time spent in the sun. Variables that were associated 

with the factors at p<0.10 were retained in the model. The final confirmatory factor 

analysis model was used to estimate factor scores for each underlying latent variable 

using the regression method.327,328 The regression method produces factor scores that 

are normally distributed, are between -1 and 1 and have a mean of 0.  

Association between intervention group, time in sun measures and myopia 

I used myopia status yes/no at the KYAMS follow-up as the primary outcome (n=303) 

and spherical equivalent and axial length as secondary outcomes (n=285 and n=303, 

respectively). To examine associations with potential explanatory variables, logistic and 

linear regression analyses were used when outcomes were binary (myopia yes/no) and 

continuous (i.e. spherical equivalent and axial length), respectively. I first investigated 

the association between myopia, spherical equivalent or axial length and Kidskin Study 

intervention group, followed by the association between myopia, spherical equivalent 

or axial length and the measures of time spent in the sun collected in the KYAMS and the 

time in sun index variables created in the CFA. Potential confounders were adjusted for 

in multivariable analysis. Age, sex, education (university degree vs no university 

degree), number of parents with myopia (none, one or two), ethnicity (Caucasian vs 

non-Caucasian), and intervention group were identified as potential confounders prior 

to analysis. Further confounders were identified if p<0.10 on univariate testing with 

myopia or spherical equivalent. All analyses were conducted in R version 3.5.1 (R 

foundation for statistical computing, Vienna, Austria). The significance level was 5% and 

confidence intervals [CI] are 95%. The significance level was not adjusted for multiple 

tests when myopia, spherical equivalent or axial length were the outcome because the 

multiple measures of time spent outdoors were collapsed into the sun indices, from 

which conclusions were drawn, and these tests were not independent of one another. 
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5.3. Results 

5.3.1. Refractive correction among KYAMS participants 

The median spherical equivalent of both eyes was 0.06 D (interquartile range: -0.63, 

0.56). The median amount of astigmatism was -0.50 DC (interquartile range: -0.75, -

0.25) and astigmatism more than 1 DC was present in 40 (13%) of participants and 2 

(0.7%) participants had astigmatism greater than 3 DC (-4.38 and -5.75 DC). 

Approximately 40% (n=123) reported having been prescribed glasses or contact lenses. 

Of those who were myopic, 32 (36%) reported mostly wearing contact lenses while 45 

(51%) reported mostly wearing glasses and 12 (13%) had not been prescribed glasses 

or contact lenses or did not wear the refractive correction if it had been prescribed. 

5.3.2. Relationship between time in sun variables 

Table 5-1 shows descriptive statistics for each of the sun-exposure variables and Table 

5-2 shows the relationships between the measures of time spent outdoors in the sun on 

univariable regression analysis. There was no significant association between mean 

self-reported time in sun between ages 5 and 9 years and 10 and 14 years in the KYAMS 

sun calendar and any of the objective measures of time in sun. This agrees with the 

findings of Chapter 4 showing recall of time spent outdoors in the sun between 8-12 

years had little agreement with parent-reported responses.308 Additionally, nevus count 

of the right arm was not associated with any other subjective or objective measures of 

time spent in the sun. As I was unable to confirm that these data were valid measures of 

past time spent outdoors in the sun, they were not used in any further analyses.  
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Table 5-1 Descriptive statistics of measures of time in sun 

 
Median Range n (%) 

Time spent in sun (hrs/day)    

Parent-report (8 years) 1.9 0 – 9.8 270 (89.1%) 

Parent-report (10 years) 1.9 0 – 7.8 270 (89.1%) 

Parent-report (12 years) 1.7 0 – 8.7 257 (84.8%) 

Self-reported (5-9 years) 2.0 0.50 – 5.0 245 (80.9%) 

Self-reported (10-14 years) 2.0 0.40 – 5.0 245 (80.9%) 

Self-reported (15-19 years) 1.9 0.25 – 5.0 245 (80.9%) 

Self-reported (20-26 years) 1.7 0.25 – 5.0 246 (81.2%) 

Self-reported current at KYAMS 1.6 0.07 – 9.1 261 (86.1%) 
Deseasonalised 25(OH)D 
concentration (nmol/L) 68.9 15.3 – 182.3 259 (85.5%) 

Total CUVAF area (mm²) 32.5 0 – 118.5 294 (97.0%) 

Naevus count 20.0 0 – 100 301 (99.3%) 

Skin damage score  n % 295 (97.4%) 

3 48 16.27%  

4 107 36.27%  

5 94 31.86%  

6 46 15.59%  
n (%) is the number and percentage of participants with data  

KYAMS recall of time spent in the sun between ages 15-19 years and 20-26 years were 

highly correlated (r=0.83, 95% CI: 0.79, 0.86); I therefore combined these variables to 

create a variable of average time spent outdoors in the sun between 15 and 26 years of 

age. Measures of time in sun included in the analysis were Kidskin Study parent-

reported time spent outdoors during daytime in 1997, 1999 and 2001 (approximately 

age 8, 10 and 12 years, respectively), KYAMS self-reported current time spent outdoors 

in the sun, KYAMS recall of time in sun between ages 15 and 26 years, deseasonalised 

25(OH)D concentration, total CUVAF area and skin damage score. Figure 5-3 shows the 

correlation between these variables. Only 143 (47.2%) participants had complete data 

on all time in sun measures. However, 226 (74.6%) participants were missing 1 or 

fewer measures and 274 (90.4%) were missing two or fewer measures
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Table 5-2 Univariable associations between objective measures of time in sun (column headings) and subjective or other objective measures 

of time in sun (row headings) 

 
25(OH)D conc (nmol/L)*§ Total CUVAF area (mm²)* Right arm naevus count† Skin damage score‡ 

 
Beta (95% CI) p  Beta (95% CI) p 

Relative increase 
(95% CI) 

p Odds ratio (95% CI) p 

Time spent in the sun (hrs/day)         

Parent-report (8 years) 2.40 (0.41, 4.40) 0.02 3.03 (1.09, 4.97) 0.002 1.02 (0.94, 1.11) 0.59 1.16 (1.00, 1.34) 0.05 

Parent-report (10 years) 2.40 (0.06, 4.74) 0.046 2.85 (0.73, 4.97) 0.009 1.08 (0.99, 1.18) 0.07 1.19 (1.01, 1.41) 0.04 

Parent-report (12 years) 2.43 (0.50, 4.35) 0.01 1.62 (-0.20, 3.43) 0.08 0.97 (0.91, 1.04) 0.47 1.09 (0.96, 1.25) 0.18 

Parent-reported  
(mean 8-12 years) 

4.33 (1.72, 6.94) 0.001 4.25 (1.81, 6.69) 0.001 1.02 (0.92, 1.13) 0.68 1.30 (1.08, 1.57) 0.005 

Self-reported (5-9 years) 1.41 (-1.72, 4.54) 0.38 0.89 (-1.89, 3.66) 0.53 0.97 (0.88, 1.08) 0.58 1.10 (0.89, 1.36) 0.37 

Self-reported (10-14 years) 2.70 (-0.57, 5.97) 0.11 2.06 (-0.80, 4.92) 0.16 1.01 (0.90, 1.12) 0.92 1.09 (0.88, 1.36) 0.44 

Self-reported (15-19 years) 5.01 (1.76, 8.26) 0.003 4.18 (1.33, 7.02) 0.004 1.02 (0.92, 1.14) 0.69 1.09 (0.87, 1.35) 0.48 

Self-reported (20-26 years) 4.36 (1.13, 7.58) 0.001 4.56 (1.76, 7.35) 0.002 1.04 (0.93, 1.16) 0.53 1.17 (0.94, 1.45) 0.16 
Self-reported current time 
outdoors in sun 

2.27 (0.12, 4.42) 0.04 2.73 (0.82, 4.64) 0.006 0.99 (0.92, 1.07) 0.83 1.15 (1.01, 1.32) 0.04 

Deseasonalised 25(OH)D  
per 10nmol/L increase‡ 

NA NA 0.86 (-0.33, 2.05) 0.16 1.03 (0.99, 1.07) 0.27 1.03 (0.95, 1.13) 0.46 

Total CUVAF area (mm²) 
per 10mm² increase 

0.94 (-0.36, 2.23) 0.16 NA NA 1.03 (0.98, 1.07) 0.24 1.06 (0.98, 1.16) 0.17 

Naevus count 
per 10 naevus increase 

1.15 (-0.31 2.60) 0.12 0.80 (-0.53, 2.14) 0.24 NA NA 0.99 (0.90, 1.10) 0.88 

Skin damage score  
per 1 category increase 

1.41 (-1.92, 4.74) 0.41 2.37 (-0.64, 5.39) 0.12 0.99 (0.88, 1.11) 0.84 NA NA 

CI: Confidence interval; 25(OH)D: 25-hydroxyvitamin D; CUVAF: Conjunctival ultraviolet autofluorescence; conc.: concentration 

Column headings are the outcomes in the regression models, row headings are the explanatory variables 

Skin damage score is an ordinal variable with higher score indicating worse skin damage 

*Linear regression; †Negative binomial regression – relative increase in number of naevi per unit increase, an increase >1 indicates more naevi  

‡Ordinal logistic regression – an odds ratio above 1 indicates higher odds of having worse actinic skin damage 

§25(OH)D concentration deseasonalised according to month of collection and concurrently adjusted for vitamin D supplement use 
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5.3.3. Time in sun indices 

Exploratory factor analysis indicated that the time spent in sun variables could 

best be explained by two factors (i.e. latent variables). Factor 1 was most strongly 

correlated with variables that represented childhood time spent outdoors in the 

sun and factor 2 was most strongly correlated with variables representing more 

recent time spent outdoors in the sun (>15 years of age; Figure 5-1). I therefore 

interpreted these factors as representing childhood and recent time spent 

outdoors in the sun (referred to as recent sun index and childhood sun index). 

 

Figure 5-1 Results of exploratory factor analysis showing the loading (correlation) 

between the indicator variables and each of factors 1 and 2. 

On CFA, I began by specifying a two-factor model; however, the two factor scores 

were highly correlated (Pearson’s r=0.91) and thus would have limited value in 

differentiating between the effects of recent and childhood time in sun on risk of 

myopia. For practical reasons, I therefore specified a one-factor model (total sun 

index, Figure 5-2a) representing total past time in sun and used this in the primary 
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analysis despite it being a slightly worse fit, albeit not significantly worse (chi-

square test, p=0.52), than the two-factor model.329 

 

Figure 5-2 Pathways of the CFA models used to generate factor scores for the total 

sun index (a), childhood sun index (b) and recent sun index (c). Double headed arrows 

indicate covariance terms, small circles indicate error terms. Parent=Parent-reported 

time spent in the sun, Self=self-reported time spent in the sun, 25-D=25-

hydroxyvitamin D. CUVAF=Conjunctival ultraviolet autofluorescence. Skin damage 

score included as an ordinal variable 

I was still interested in whether spending time in the sun in childhood or in later 

adolescence/young adulthood had differential effects on myopia risk or refractive 

error. Therefore, I separately specified two additional models: a one-factor model 

designed to measure childhood time spent in the sun (childhood sun index, Figure 

5-2b) and a one-factor model of recent time spent in the sun (recent sun index, 

Figure 5-2c). CUVAF area was associated with both the childhood and recent sun 

indices (p<0.1) but skin damage score was associated only with the childhood sun 

index (p<0.1) and not with the recent sun index (p=0.2). The childhood and recent 

sun indices obtained from these separate factor models had a lower correlation 

(Pearson’s r=0.47). All models had adequate goodness of fit statistics (p>0.05, 
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comparative fit index >0.95, root-mean-square error of approximation <0.05, 

standardized root-mean-square residual <0.05). Factor scores, which were used as 

the total, childhood and recent sun indices, were generated from each of the 

relevant one-factor models. One participant had no measures of recent time spent 

outdoors in the sun and was therefore missing the recent sun index. The factor 

scores were normally distributed between -0.6 and +0.5. The correlation between 

these indices and the indicator measures of time in sun are shown in Figure 5-3. 

 

Figure 5-3 Correlation between each of the time in sun indices from confirmatory 

factor analyses and observed measures of time in sun. Pearson’s correlation 

coefficient is presented in the lower half of table, correlations involving skin damage 

score (ordinal variable) are the Spearman correlation coefficient. The size and 

darkness of the circles represent the strength of the correlation with larger and darker 

circles representing a higher correlation coefficient. All correlations ≥0.12 are 

significantly greater than 0 (i.e. p<0.05) 
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5.3.4. Myopia, time spent outdoors and Kidskin Study intervention 

group 

The prevalence of myopia was 30.4%, 28.8% and 28.9% in the control, moderate 

and high intervention groups, respectively. Compared to the control group, there 

was no significant association between myopia prevalence or spherical equivalent 

and Kidskin Study intervention group (Table 5-3). There were no significant 

differences in the total, childhood or recent sun indices between the three 

intervention groups (Test for linear regression model improvement, p=0.78, 

p=0.80 and p=0.60, respectively) 

5.3.5. Myopia and time outdoors: Individual measures 

Table 5-3 shows the association between individual measures of time in sun and 

myopia status or spherical equivalent. Spending more time outdoors as reported 

by parents, particularly at age 10 years, and greater CUVAF area were associated 

with reduced myopia risk. More time spent outdoors in the sun at the time of the 

KYAMS, more time spent outdoors in the sun between 15 and 26 years of age and 

greater CUVAF area were similarly associated with a more hypermetropic 

spherical equivalent. Only parent-reported time spent outdoors at age 10 was 

significantly associated with axial length (β=-0.11, 95% CI: -0.20, -0.02, p=0.02) 
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Table 5-3 Associations between myopia or spherical equivalent and individual 

measures of time spent outdoors in the sun using multivariable regression 

    Myopia*† Mean Spherical Equivalent*‡§ 

Odds ratio (95%CI) p n Beta (95% CI) p n 

Intervention Group 
  

282 
  

266 

Control reference 
  

reference 
  

Moderate 0.81 (0.42, 1.56) 0.53 
 

0.40 (-0.14, 0.94) 0.15 
 

High 0.84 (0.42, 1.65) 0.61 
 

0.19 (-0.37, 0.75) 0.51 
 

Time spent in sun (hrs/day) 
     

Parent-reported (8 years) 0.98 (0.81, 1.19) 0.88 253 -0.06 (-0.22, 0.11) 0.49 238 

Parent-reported (10 years) 0.71 (0.56, 0.91) 0.006 252 0.13 (-0.04, 0.30) 0.14 239 

Parent-reported (12 years) 0.82 (0.67, 1.01) 0.06 240 0.06 (-0.09, 0.21) 0.45 229 

Parent-reported 
(mean of 8-12 years) 

0.75 (0.57, 0.98) 0.03 276 0.07 (-0.14, 0.27) 0.51 261 

Self-reported KYAMS sun 
calendar 

(mean 15-26 years) 
0.88 (0.65, 1.18) 0.38 239 0.24 (0.00, 0.48) 0.05 226 

Self-reported current time 
outdoors (KYAMS) 

0.82 (0.66, 1.03) 0.09 252 0.20 (0.05, 0.36) 0.01 239 

Deseasonalised 25(OH)D  
per 10nmol/L increase 

1.02 (0.91, 1.15) 0.72 240 0.02 (-0.08, 0.11) 0.74 229 

Total CUVAF area (mm²) 
per 10mm² increase 

0.87 (0.77, 0.98) 0.02 274 0.10 (0.002, 0.19) 0.05 259 

Skin damage score 
per 1 category increase 

1.17 (0.87, 1.57) 0.30 275 -0.22 (-0.47, 0.02) 0.07 259 

p<0.05 in bold 

*Adjusted for age, sex, university education, outdoor occupation, parental myopia, 

parental education, Caucasian/non-Caucasian and Kidskin Study intervention group 

†Logistic regression; ‡Linear regression 

§18 participants missing post-cycloplegic spherical equivalent data (n=11) or had prior 

refractive surgery (n=7) 

5.3.6. Myopia and time outdoors: Sun indices 

The associations between the sun indices and myopia are shown in Table 5-4. The 

total sun index was significantly associated with risk of myopia in the KYAMS with 

a 0.1 unit increase in the total sun index associated with a 17% reduction in the 

odds of myopia after adjusting for age, sex, education, occupation, parent myopia, 

parent education, Caucasian vs non-Caucasian ethnicity and Kidskin Study 

intervention group. A higher total sun index was associated with a more 

hypermetropic refractive error but this was not significant after adjusting for 

confounders. On multivariable regression, the childhood sun index was 
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significantly associated with reduced odds of myopia but not with spherical 

equivalent. On the other hand, the recent sun index was associated with a more 

hypermetropic/less myopic refractive error but was not significantly associated 

with myopia risk. Figure 5-4 plots the relationship between each of the childhood 

and recent sun indices and mean spherical equivalent of both eyes in the KYAMS 

 

Figure 5-4 Smoothed plots of mean spherical equivalent over childhood (left) and 

recent (right) sun indices. Grey shading represents 95% confidence intervals 

I used self-reported age of onset of glasses wear to further investigate whether the 

effect of childhood or recent time spent outdoors in the sun varied between those 

with onset of myopia <15 years or ≥15 years of age. In those with self-reported 

myopia onset <15 years of age (n=28), neither recent nor childhood sun indices 

were significantly associated with risk of myopia or spherical equivalent after 

adjusting for confounders, but all effects were consistent with more time spent in 

the sun potentially reducing myopic refractive error or risk of myopia. In those 

with myopia onset ≥15 years of age, a higher recent sun index was associated with 

a lower risk of myopia and a more hypermetropic refractive error.   
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Table 5-4 Association between myopia or spherical equivalent and sun indices (uncorrelated factors) 

  Myopia*   Spherical Equivalent† 

  Univariate (n=303) 
 

Multivariable‡ (n=266) Univariate (n=285) 
 

Multivariable‡ (n=264) 

  OR (95% CI) p OR (95% CI) p Beta (95% CI) p Beta (95% CI) p 

All participants (n=89 with myopia) 
      

  

Total sun index 0.79 (0.67, 0.92) 0.003 0.83 (0.70, 0.99) 0.04 0.25 (0.12, 0.39) <0.001 0.12 (-0.02, 0.27) 0.09 

Childhood sun index 0.79 (0.67, 0.92) 0.003 0.82 (0.69, 0.98) 0.03 0.19 (0.05, 0.33) 0.007 0.05 (-0.10, 0.19) 0.53 

Recent sun index 0.84 (0.72, 0.98) 0.02 0.88 (0.74, 1.03) 0.12 0.24 (0.11, 0.37) <0.001 0.17 (0.04, 0.30) 0.01 

Myopia onset <15 years (n=28) vs no myopia  
      

  

Total sun index 0.74 (0.57, 0.94) 0.02 0.89 (0.65, 1.22) 0.48 0.25 (0.10, 0.40) 0.002 0.08 (-0.08, 0.24) 0.33 

Childhood sun index 0.73 (0.57, 0.92) 0.009 0.84 (0.62, 1.13) 0.25 0.20 (0.05, 0.36) 0.01 0.04 (-0.12, 0.19) 0.66 

Recent sun index 0.79 (0.62, 1.01) 0.06 0.89 (0.65, 1.20) 0.44 0.22 (0.07, 0.37) 0.005 0.12 (-0.03, 0.27) 0.12 

Myopia onset ≥15 years (n=47) vs no myopia  
      

  

Total sun index 0.78 (0.64, 0.96) 0.02 0.76 (0.61, 0.96) 0.02 0.06 (-0.03, 0.16) 0.21 0.04 (-0.06, 0.14) 0.47 

Childhood sun index 0.83 (0.68, 1.02) 0.07 0.82 (0.66, 1.02) 0.07 -0.01 (-0.11, 0.08) 0.80 -0.03 (-0.14, 0.07) 0.51 

Recent sun index 0.81 (0.67, 0.98) 0.03 0.79 (0.64, 0.98) 0.03 0.11 (0.02, 0.20) 0.02 0.10 (0.007, 0.19) 0.04 

All effect sizes per a 0.1 unit increase in factor score 

*Logistic regression; †Linear regression 

one person missing recent sun index data 

‡Adjusted for age, sex, university education, outdoor occupation, parental myopia, parental education, Caucasian/non-Caucasian race and Kidskin 

Study intervention group 
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Figure 5-5 Association between quartile of childhood or recent sun index and myopia 

(left) and spherical equivalent (dioptres, right) after adjustment for one another and 

confounding factors. The error bars represent the 95% confidence interval for the 

estimate. Those in the 1st quartile had the lowest sun exposure and the 1st quartile the 

reference group. 

5.3.7. Axial length and sun indices 

Axial length was not significantly associated with any of the sun indices on 

univariable analysis (p>0.06 and p<0.20 for all), although all effect estimates were 

in the direction of increasing time spent outdoors being associated with a shorter 

axial length. There was a significant interaction between all sun indices and 

myopia status (total: p=0.003; childhood: p=0.003; recent: p=0.03)  such that there 

was virtually no effect of time spent outdoors on axial length in non-myopic 

individuals but there was a significant association between higher time spent 

outdoors and shorter axial length among myopic individuals (Figure 5-6). After 

adjusting for confounding factors, every 0.1-unit increase in total sun index, 

childhood sun index and recent sun index was associated with a 0.05, 0.08 and 

0.01 mm increase in axial length (i.e. more myopic) among non-myopic 

individuals, respectively, and a 0.16, 0.13 and 0.14 mm decrease (i.e. less myopic) 

among myopic individuals, respectively. 
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Figure 5-6 Plots of axial length vs total, childhood and recent sun indices. There was a 

significant interaction between myopia status and each of the sun indices such that 

the association between sun indices and axial length was greater among those who 

were myopic vs those weren’t.  
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5.3.8. Interpretation of sun indices 

The sun indices provide a ranking and are therefore difficult to practically apply. 

To assist meaningful interpretation of these results, I divided the childhood and 

recent sun factor scores into quartiles. Those in the lowest quartile of the 

childhood or recent sun index had approximately twice the prevalence of myopia 

compared to those in the highest quartile (childhood: 40.8% vs 19.7%; recent: 

38.2% vs 19.7%).  

Figure 5-5 shows the odds ratios for risk of myopia and beta coefficients for 

spherical equivalent for each of the four quartiles of the childhood and recent sun 

exposure indices after adjustment for one another and confounders. There was no 

significant interaction between recent and childhood sun indices (p=0.17 and 

p=0.78 on logistic and linear regression, respectively). There was some collinearity 

between the indices but this was not a substantial issue in the model (variance 

inflation factor: 1.36-1.43). 

To estimate the amount of time needed to spend outdoors during childhood and in 

later adolescence/early adulthood to reduce the prevalence of myopia in young 

adulthood by half (assuming these associations are causal), I compared the mean 

parent-reported time spent in the sun at ages 8, 10 and 12 years and mean recall 

of time spent in the sun between 15 and 26 years in the upper and lower quartiles 

of the childhood and recent sun indices. Compared to those in the lowest quartile, 

those in the highest quartile of the childhood sun index reportedly spent on 

average 2.2 hours more time outdoors in the sun per day between 8-12 years 

(parent-reported, mean 3.45 vs 1.24 hours). Similarly for the recent sun index, 

those in the highest quartile reportedly spent on average 1.9 hours more time 

outdoors per day between 15 and 26 years (self-reported, mean 2.83 vs 0.93 

hours).  

5.3.9. Sensitivity Analysis 

I assessed whether missing data on time spent in sun was introducing any bias by 

testing the association between myopia or spherical equivalent and the sun indices 

using only data from the 143 participants with complete time in sun data. Some 
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associations were no longer significant due to loss of statistical power but the 

estimates of the effects of the sun exposure indices on myopia did not change 

substantially (change in odds ratio between 0 and 0.09, change in beta estimate 

between 0 and 0.06, data not shown). 

5.4. Discussion 

5.4.1. Summary of findings 

This study aimed to assess whether low amounts of time spent outdoors in the sun 

during childhood and adolescence incurred an increased risk of myopia in young 

adulthood. I found that most objective and subjective measures of past time in sun 

were correlated and it was possible to use factor analysis to create an index 

variable of past time spent outdoors in the sun. The KYAMS was a follow-up of the 

Kidskin Study, a sun protection-intervention study. I found no differences in past 

time spent in the sun, as measured by the sun indices, between the three groups 

and no association between Kidskin Study intervention group and risk of myopia. 

Nevertheless, I found that more time spent in the sun in childhood was associated 

with a reduced risk of myopia in young adulthood. Furthermore, more time spent 

in the sun through adolescence and young adulthood appeared to modify 

refractive error measured at the KYAMS follow-up and was associated with 

reduced risk of onset of myopia after 15 years of age. Finally, compared to the 

lowest quartile of the childhood and recent sun indices, those in the highest 

quartile reportedly spent approximately 2 hours more time outdoors during 

childhood and late adolescence/young adulthood and had half the prevalence of 

myopia.  

5.4.2. Relationship between measures of time in sun 

In agreement with the findings of Chapter 4, self-reported time spent in the sun 

between ages 5 and 14 years was not associated with any of the objective 

measures of sun exposure. Thus it is likely participants cannot precisely recall time 

spent outdoors from this period. Additionally, I was unable to internally validate 

naevus count of the right arm as a measure of sun exposure. In the Kidskin Study, 

more naevi on the back was associated with greater past sun exposure.134 
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However, a study of participants aged 0-60 years137 also found no association 

between whole body naevus counts and self-reported past sun exposure and a 

twin study reported that the effects of the shared environmental on naevus count 

were far smaller in adults aged ≥45 years compared to those <45 years.330 It is 

therefore possible that naevus count on the arm is a poorer marker of past time 

spent in the sun in adults. 

Skin damage score was a valid measure of past time spent in the sun and was 

associated with the childhood sun index but not the recent sun index. CUVAF area 

and 25(OH)D concentration were consistently, positively associated with 

subjective measures of sun exposure but surprisingly were not associated with 

one another or with skin damage score. One explanation could be that skin damage 

score, CUVAF area and 25(OH)D concentration may be measures of time in sun 

over different periods of life, with skin score more closely associated with 

childhood time in sun, 25(OH)D concentration with more recent time in sun and 

CUVAF area more closely associated with time in sun between childhood and 

young adulthood. This is consistent with myopia being associated with CUVAF 

area43,180,182 but not 25(OH)D concentration in adults174,175 and myopia being 

associated with 25(OH)D concentration in children, adolescents and young 

adults.176-178 It is interesting that 25(OH)D concentration was significantly 

associated with childhood time spent in the sun. As the half-life of 25(OH)D is 

around 3 weeks,103 it is most likely that this association arises due to sustained 

time in sun behaviours from year-to-year. 

Another explanation why skin damage score, CUVAF area and 25(OH)D 

concentration were not associated is that a number of factors, independent of time 

in sun, can influence skin damage score, 25(OH)D concentration and CUVAF area, 

such as use of sun protection, and this may have reduced their value as a measure 

of time spent outdoors in the sun. For example, skin damage score and 25(OH)D 

concentration are both impacted by skin pigmentation or ability to tan.121,331 I did 

not adjust for skin characteristics that affect skin damage score or 25(OH)D 

concentration because they can be indirect measures of time spent in the sun. For 

example, those who had fairer skin reported spending less time outdoors in the 

sun between 15 and 26 years than those with darker skin (data not shown), 
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presumably because those with lighter skin are more likely to develop a sunburn 

and thus develop sun-avoidant behaviours. Thus, adjusting for skin colour would 

have removed some of the effects of time spent in the sun on the skin damage 

score. Similarly, in some studies in Europe,131,332 but notably not in Australian 

studies,123,129 wearing sunglasses has been shown to reduce CUVAF area. There 

was no consistent association between CUVAF area and sunglasses use in the 

KYAMS and I preferred to avoid potentially biasing adjustments (e.g. if those who 

spend less time outdoors are more or less motivated to wear sunglasses). 

5.4.3. Kidskin Study intervention group and myopia 

I found insufficient evidence to suggest that the Kidskin Study sun exposure 

intervention had an impact on long-term myopia risk in Kidskin Study 

participants. Indeed, the control group had the highest prevalence of myopia, 

which is opposite to what was expected. This finding provides reassurance that 

reducing sun exposure, without altering time spent outdoors, will not necessarily 

increase risk of myopia and that those implementing interventions that reduce sun 

exposure without substantially reducing time spent outdoors need not be overly 

concerned about increasing the risk of myopia. 

5.4.4. Myopia and individual measures of time in sun 

Previous studies have investigated the relationship between individual subjective 

and objective measures of time spent outdoors and risk of myopia. Greater self-

reported time spent outdoors, parent-reported time spent outdoors, serum 

25(OH)D concentrations and CUVAF area have all been associated with lower risk 

of myopia in children, adolescents and/or young adults (Chapter 1).43,59,70,177,182  

Risk of myopia and measures of time in sun 

In this study, greater mean parent-reported time spent outdoors in the sun over 

the summer holidays at ages 8, 10 and 12 years and a larger CUVAF area were 

associated with lower risk of myopia in young adulthood. Interestingly, parent-

reported time spent outdoors in the sun at age 10 years was most strongly 

associated with myopia risk and was also associated with shorter axial length. 

Other studies have shown that time spent outdoors at ages 6, 8 and 12 years are 
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associated with reduced risk of myopia onset,70,72,166 but there is no evidence that 

time spent outdoors at 10 years of age is particularly important for determining 

myopia risk. It is possible that parent-reported time spent in sun at 10 years was a 

slightly more precise measure of time spent outdoors in the sun than for age 8 or 

12 years, perhaps because parents were most aware of their child’s behaviours at 

this age. Time spent outdoors in the sun at age 10 years was the only parent-

reported measure that was significantly associated with all three of 25(OH)D 

concentration, CUVAF area and skin damage score. There was some evidence that 

parent-reported time spent in the sun at 12 years may also be associated with 

reduced risk of myopia, but this did not reach statistical significance (p=0.06). 

Spherical equivalent and measures of time in sun 

More time spent in the sun between ages 15 and 26 years, more current time spent 

outdoors (i.e. at the time of the KYAMS examination), and a larger CUVAF area 

were associated with a more hypermetropic refractive error. Self-reported time 

spent outdoors was associated with a more hypermetropic refractive error in 

young adult male military conscripts in Taiwan.38 This finding could be due either 

to spending more time outdoors reducing the risk of incident myopia or perhaps 

more time spent outdoors preventing myopia progression. CUVAF area is known 

to be lower in those with myopia,43,180,182 but its association with spherical 

equivalent has not been reported. There was no evidence of an association 

between 25(OH)D concentration and myopia in the KYAMS, possibly due to the 

age of the participants when current time spent in the sun behaviours may no 

longer be related to myopia risk. In children, adolescents and young adults up to 

20 years of age, lower 25(OH)D concentration is associated with higher risk of 

myopia,176-178,181 but this association is not apparent in adults >45 years.174,175 

Despite an association with risk of myopia, there was no association between 

parent-reported time outdoors at age 10 years or mean parent-reported time 

outdoors at ages 8, 10 and 12 years and spherical equivalent. This could suggest 

that time spent outdoors in childhood impacts risk of myopia onset but has less 

impact on final refractive error, implying that other factors may mediate final 

refractive error such as time spent outdoors after the onset of myopia. However, 

this difference could also be a chance finding and should be cautiously interpreted. 



 

114 
 

5.4.5. Myopia and sun indices 

A novel aspect to this study is the creation of sun indices, using multiple indicators 

of time spent outdoors in the sun, that are likely a better measure of time spent 

outdoors than any single measure. Using these sun indices, I found that a greater 

childhood sun index was associated with a lower risk of myopia and that a lower 

recent (late adolescence and young adulthood) sun index was associated with a 

more myopic refractive error in young adulthood. These findings suggest that it is 

time spent in the sun during childhood that is important for determining whether 

one becomes myopic or not and that subsequent time spent outdoors in the sun 

can potentially modify final refractive error, perhaps by inhibiting myopia 

progression. To further investigate these hypotheses I investigated the timing of 

the onset of myopia using self-reported age of onset of myopia. 

Sun indices and late-onset myopia 

When I divided those who had myopia into early onset (<15 years) and late onset 

(≥15years), a lower recent sun index was associated with increased risk of late 

onset myopia and a more myopic refraction in those with late onset myopia. This 

suggests that childhood time in sun doesn’t fully determine long-term risk of 

myopia but that risk can be modified by time spent outdoors in the sun in later 

adolescent. This is consistent with time spent outdoors at both age 6 years and 12 

years reducing risk of subsequent myopia onset in Australian children.59 Genetic 

variants associated with myopia have also been found to have different effects at 

different ages.333  The results suggest that interventions to increase the amount of 

time adolescents spent outside should be effective in preventing myopia and may 

reduce the magnitude of refractive error in adulthood. 

Sun indices and early-onset myopia 

After adjusting for confounding factors, none of the sun indices were associated 

with early-onset myopia. This may be due to the smaller number of participants 

with early-onset myopia (n=28) and thus lower statistical power, or perhaps 

genetic risk of myopia was higher in these individuals and the impact of 

environmental factors, such as time spent outdoors, on risk of myopia is 
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attenuated. This latter point could be supported by the relatively large change in 

the estimated odds ratio for early-onset myopia (10-15% change in odds of 

myopia) after adjusting for confounders such as parental myopia indicating these 

factors were having a sizeable impact on risk of myopia. This large change in the 

odds ratio is not seen in later-onset myopia after adjusting for confounders (1-2% 

change in odds of myopia). This could, however, also be explained by the further 

reduction of the number of participants in the early-onset myopia group after 

case-wise removal of those missing data on confounding variables, although only 2 

individuals were removed from the early-onset group on case-wise removal. 

Sun indices and axial length 

Interestingly, there was a significant interaction between myopia status and the 

sun indices such that more time spent outdoors was associated with shorter axial 

length among myopic individuals only. This finding suggests that spending more 

time outdoors may reduce axial elongation and hence myopia progression; 

however, it is important to be careful when interpreting this due to the lack of 

longitudinal data in this study. It is equally possible that this is an age-of-onset 

effect, where those who spent more time outdoors among the myopic group 

tended to develop myopia at an older age and hence had less time for progression 

and axial elongation. Or this association could be driven by some of the more 

highly myopic individuals who also had low sun indices.  

Sun indices and recall bias 

It is important to note that the sun indices were most strongly correlated with the 

subjective measures of time spent in the sun. Thus, if recall bias was present in 

these subjective measures, then this bias could be passed on to the sun indices. 

Indeed, greater parent-reported childhood time spent in sun was associated with 

reduced myopia risk but not spherical equivalent, and more self-reported time in 

the sun between 15 and 26 years was associated with more hypermetropic 

spherical equivalent but not myopia risk. However, the inclusion of objective 

measures of time spent in the sun in the factor analysis should act to balance out 

any potential recall bias and provide a better representation of true past time 

spent outdoors in the sun. 
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Interpretation of sun indices 

Compared to the highest quartile, those in the lowest quartile of the childhood or 

recent sun indices had twice the prevalence of myopia and spent on average 

approximately 2 hours less time outdoors per day in the summer holidays 

between ages 8 and 12 years and in their leisure time between 15 and 26 years. 

When quartiles of recent and childhood sun indices were included in the same 

logistic regression model of myopia risk, there were no significant differences 

between the quartiles. It is possible I did not detect a significant difference 

between quartiles because including both sun indices in the same model led to a 

slight increase in the standard error. There was some suggestion that the 

association between myopia risk and the childhood sun index was stronger or 

more consistent than for the recent sun index but the confidence intervals were all 

overlapping and no definite conclusions can be drawn from these data.   

Those in the lowest quartile of the recent sun index had a more myopic mean 

spherical equivalent than those in the upper 3 quartiles. There was no difference 

in mean spherical equivalent between the quartiles of the childhood sun index 

despite plots of mean spherical equivalent over each of the sun indices showing 

that those with the lowest sun index have the most myopic refraction (Figure 5-4). 

It is possible that these findings arise due to the somewhat arbitrary use of 

quartiles which may use cut-offs that are not best-placed to identify threshold 

effects. 

5.4.6. Importance 

To my knowledge, this is the first study to show that time spent outdoors in the 

sun in early life may reduce the long-term risk of myopia (in adulthood). I also 

showed that spending more time outdoors in adolescence and young adulthood 

can reduce the risk of late-onset myopia, which agrees with previous 

findings.43,59,177(Lingham CEO, under review) Spending more time in the sun in late 

adolescence/young adulthood was also associated with a less myopic refractive 

error in young adulthood, suggesting that time spent outdoors in the sun during 

this period is able to modify final refractive error. This may indicate that time 

spent outdoors in later adolescence/young adulthood can reduce myopia 
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progression during this time, a finding that has previously been shown71,151,161 but 

remains somewhat contentious.72,153,156 

When the childhood and recent sun indices were divided into quartiles, those in 

the highest quartiles of the recent and childhood sun indices spent approximately 

2 hours more outside than those in the lowest quartile and had approximately half 

the prevalence of myopia. Public health interventions in both Taiwan and 

Singapore recommend children spend at least 2 hours a day outside. These 

findings suggest that, if children meet this target, their risk of myopia could be 

reduced by up to 50% compared to a child who spent no or minimal time outside.  

5.4.7. Strengths 

Strengths of this study primarily relate to the quality of the data on time in sun and 

myopia that was collected. Participants of the KYAMS had multiple measures of 

past time spent in the sun, some of which were collected in childhood (parent-

reported time in sun). Collectively these measures assess past time in sun over a 

long period of time. I was able to combine these measures of past and recent time 

spent outdoors in the sun to create sun that represent a more precise assessment 

of past time spent outdoors in the sun. Myopia was assessed using gold-standard 

cycloplegic autorefraction and refraction was measured at an age when further 

myopia development or progression is unlikely. Thus, I can draw more definitive 

conclusions about the ultimate impact of time spent in the sun during childhood, 

adolescence and young adulthood on final myopia status. 

5.4.8. Limitations 

The study also had some limitations. First, the KYAMS participants were not 

representative of the Kidskin Study baseline participants. Thus, this investigation 

of the effect of the intervention group on myopia prevalence is prone to attrition 

bias. Second, myopia was assessed at only a single time-point, thus it is difficult to 

assess the exact temporal relationship between past time outdoors and risk of 

myopia. To investigate this, I relied on self-reported age of onset of myopia, which 

is subject to recall error and not a validated measure. Third, factor scores have a 

known problem of indeterminacy in which there is no correct solution for any 
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factor score calculated from a CFA model for any individual.334 Thus, the factor 

scores are themselves imperfect estimates and this tends to result in a loss of 

statistical power.335 Fourth, participants of the KYAMS were aware that the study 

was investigating the effect of sun exposure on myopia, hence this could have 

introduced recall bias when participants were self-reporting their time spent 

outdoors in the sun. This recall bias may explain why the recent sun index, which 

was highly correlated with self-reported time spent in the sun, was associated with 

spherical equivalent rather than risk of myopia; those with more moderate to high 

myopia may perceive themselves as more of an “indoors person” compared to 

those with mild or no myopia. However, one would think if this bias were present, 

that self-reported time in sun would also be associated with myopia status, which 

was not the case. Fifth, half of the KYAMS participants were missing one or more 

measures of time spent outdoors in the sun, which could introduce bias into the 

analysis. However, I used full information maximum likelihood estimation to 

account for this missing data and the sensitivity analysis showed similar results. 

Last, the study may have lacked power to detect some associations.  

5.4.9. Conclusion 

More time spent outdoors in the sun during childhood was associated with lower 

risk of myopia in young adults. Additionally, lower time spent outdoors in the sun 

during late adolescence and young adulthood was associated with a more myopic 

refraction in young adulthood. These findings provide unique information on the 

long-term effects of time spent outdoors on myopia and will inform public health 

interventions.  
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Chapter 6: Past sun exposure − as assessed by 25(OH)D 

concentration − and risk of myopia in the Raine Study 

I have until now exclusively discussed the Kidskin Young Adult Myopia Study 

(KYAMS); however, I have also worked on the Raine Study. The Raine Study 

participants are of a similar age to the KYAMS participants and have undergone 

similar eye examinations. I was not involved in the collection of data for the 20-

year follow-up eye examination discussed in this chapter but have been examining 

participants for the 28-year follow-up – either conducting part or all of the eye 

examination similar to the KYAMS – as well as contributing to the general 

coordination and running (doesn’t include recruitment) of the 28-year follow-up. 

This study aligns with the aims of this thesis and hence I have included it as a 

chapter. This chapter was adapted from a paper submitted for publication to 

Clinical & Experimental Ophthalmology.  

6.1. Introduction 

To further investigate the relationship between past time spent in the sun and risk 

of myopia, I, with the assistance of my co-authors, utilised prospectively collected 

data from a longitudinal Western Australian birth cohort study, the Raine Study. 

Participants of Generation 2 (born 1989-1992) of the Raine Study had serum 25-

hydroxyvitamin D 25(OH)D concentration assessed at ages 6, 14, 17 and 20 years 

and underwent an eye examination at 20 years of age. 

As discussed in Chapter 1, serum 25(OH)D concentration (referred to as just 

25(OH)D concentration) is a measure of recent time spent outdoors in the sun.102 

Previous studies of children and adolescents have found serum 25(OH)D 

concentration to be lower in those who are myopic.176,178,200 It seems unlikely that 

25(OH)D concentration directly mediates the relationship between time outdoors 

and myopia but rather is a biomarker of sun exposure.181,223 

A cross-sectional analysis of the Raine Study has previously shown that 25(OH)D 

concentration was lower in myopic compared to non-myopic individuals at the 20-

year follow-up,177 but longitudinal data on 25(OH)D were not available at that 
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time. I aimed to investigate how 25(OH)D concentration at ages 6, 14, 17 and 20 

years is related to risk of myopia at 20 years. Additionally, I performed a trajectory 

analysis to assess how changes in 25(OH)D concentration, and consequently time 

spent outdoors, between ages 6 and 20 years differed between those with and 

without myopia at 20 years. 

6.2. Methods 

6.2.1. Participants 

The Raine Study is a multi-generation, longitudinal cohort study. Data were from 

Generation 2 (Gen2) of the Raine Study (hereafter referred to as the 

“participants”), a cohort of individuals who have been longitudinally followed 

since birth. Between 1989 and 1992, pregnant mothers of Gen2 participants were 

recruited into the Raine Study when the participants were between 16 and 20 

weeks of gestation (n=2968). There were 2868 (98.9%) live births (50.7% male). 

Since birth, participants of the Gen2 cohort have been invited to participate in 

regular follow-ups including at ages 6, 14, 17 and 20 years.336,337 The number of 

participants in each successive follow-up has gradually declined over time.336 

There is no difference in infant birth characteristics between those who did and 

did not participate in the Gen2 20-year follow-up, with the exception that parents 

of  those who participated were more likely to self-report being Caucasian (79.5% 

vs 85.5%, p<0.001).336 Height and weight were measured at all follow-ups.  

All follow-up studies of the Raine Study used in this analysis were approved by the 

University of Western Australia Human Research Ethics Committee and 

participants provided written informed consent prior to participating. 

6.2.2. Questionnaire data 

At the 20-year follow-up, participants completed questionnaires on demographics, 

current tertiary study (yes/no), past ocular history, parental myopia status (none, 

one or two). Parents of the participants self-reported their ethnicity; participants 

were classified as Caucasian if both parents self-reported being Caucasian. 

Participants also reported the average proportion of their non-work day spent 



 

121 
 

outdoors in summer (none, less than ¼ of the day, ½ of the day, greater than ¾ of 

the day, cannot judge) and average proportion of leisure time spent outdoors in 

winter (mostly indoors, ½ and ½, mostly outdoors, don’t know). These 

questionnaire data on time spent outdoors were validated in a previous study that 

showed that greater self-reported time spent outdoors in summer and winter is 

associated with larger conjunctival ultraviolet autofluorescence (CUVAF) area, an 

objective measure of time spent outdoors.  

6.2.3. Assessment of 25(OH)D Concentration 

Fasting blood samples were collected from participants at the 6-, 14-, 17- and 20-

year follow-ups. Sera were stored at -80˚C until analysis. Total serum 25(OH)D 

concentrations of samples from the 6- and 14-year follow-ups were measured by 

enzyme immunoassay (EIA; Immunodiagnostic Systems Ltd., USA). At the 17- and 

20-year follow-ups, 25(OH)D2 and 25(OH)D3 concentrations were measured using 

isotope-dilution liquid chromatography-tandem mass spectrometry (LC-MS/MS) 

according to a published methodology.110,338 For consistency with EIA results, 

25(OH)D2 and 25(OH)D3 concentrations were summed to calculate total 25(OH)D 

concentration.  

Interbatch coefficients of variation (CVs) for the enzyme immunoassay were 4.6%, 

6.4% and 8.7% for the low (40.3 nmol/L), medium (72.0 nmol/L) and high (132.0 

nmol/L) standards, respectively. For liquid chromatography tandem mass 

spectrometry (LC-MS/MS) 25(OH)D2 measurements, interbatch CVs were 8.8%, 

6.7% and 6.7% for the low (23.4 nmol/L), medium (66.0 nmol/L) and high (150.1 

nmol/L) standards, respectively. For LC-MS/MS 25(OH)D3 results, interbatch CVs 

were 7.1%, 5.0% and 5.3% for the low (27.1 nmol/L), medium (75.4 nmol/L) and 

high (163.8 nmol/L) standards, respectively.1,2 

Serum 25(OH)D concentration was re-measured using LC-MS/MS in 50 of the 6-

year samples and 12 of the 14-year samples. There was a high correlation between 

LC-MS/MS and EIA in the 12 re-measured samples from the 14-year follow-up 

(r2=0.933).339 Compared to LC-MS/MS, EIA overestimated 25(OH)D concentration 

in the 50 re-measured samples from the 6-year follow-up.339 I therefore used a 

previously developed weighted Deming regression equation to adjust for this 
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overestimation as follows: 𝐴𝑑𝑗𝑢𝑠𝑡𝑒𝑑 25(𝑂𝐻)𝐷 = 22.3 + 0.58 × 𝐸𝐼𝐴.110 Vitamin D 

status was defined as low (25(OH)D concentration < 50nmol/L), medium 

(≥50nmol/L and <75nmol/L) and high (≥75nmol/L).110 

6.2.4. Eye examination 

At the 20-year follow-up (2010-2012), participants underwent a comprehensive 

eye examination. Participants reported to examiners whether they had been 

prescribed glasses or contact lenses and which they normally wore. Refractive 

error was measured by autorefraction (Nidek ARK-510A, Nidek Co. Ltd, Japan) 

after installation of 1 drop of tropicamide 1% and phenylephrine 10% in each 

eye.337 Myopia was defined as a mean spherical equivalent of both eyes ≤-0.50 

dioptres (D)177 and was further classified into low (≤-0.50D and >-3.00D), 

moderate (≤-3.00D and >-6.00D) and high (≤-6.00D) myopia.  

6.2.5. Statistical Analysis 

Participants were excluded from the analysis if they did not have any 25(OH)D 

concentration measurements, had missing post-cycloplegic autorefraction data, or 

had a history of an ocular or genetic condition or previous ocular surgery known 

to affect refractive error.  

I assessed the usefulness of 25(OH)D concentration as a marker of time spent 

outdoors in this study by examining the relationship between raw 25(OH)D 

concentration and self-reported time spent outdoors at 20 years. For participants 

who attended the 20-year follow-up between December and March (Australian 

summer is December to February), I analysed the association between 25(OH)D 

concentration and self-reported time spent outdoors in summer (summer 

analysis). For participants who attended the 20-year follow-up between June and 

September (Australian winter is June to August), I analysed the association 

between 25(OH)D concentration and self-reported time spent outdoors in winter 

(winter analysis). Linear regression models were constructed for both the summer 

and winter analysis adjusting for age, sex, Caucasian/non-Caucasian and body 

mass index (BMI). 
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As blood samples were collected throughout the year, I deseasonalised 25(OH)D 

concentration measurements prior to all analyses by fitting a sinusoidal model as 

previously described. I identified the following potential confounders between 

myopia and 25(OH)D concentration from prior studies: sex,339 number of myopic 

parents,43,166,177 BMI,340,341 tertiary study at 20-year follow-up (yes/no)43,177 and 

ethnicity (Caucasian/non-Caucasian).177 Potential confounders were included as 

covariates in all multivariable models investigating the association between 

myopia and 25(OH)D concentrations or vitamin D status (see below). 

Age-specific 25(OH)D concentration and myopia 

I used logistic regression to analyse the association between myopia status at 20 

years (outcome) and 25(OH)D concentration at ages 6, 14, 17 and 20 years 

separately, before and after adjusting for confounders. I also examined the 

association between myopia and low vitamin D status (<50nmol/L) compared to 

medium and high vitamin D status groups combined (≥50nmol/L) at ages 14, 17 

and 20 years (age 6 years not included because only 5 participants had a low 

vitamin D status) using logistic regression.  

To assess whether incomplete 25(OH)D data at ages 6, 14 or 17 years introduced 

any bias to this analysis, I conducted a sensitivity analysis using logistic regression 

to analyse the association between myopia and 25(OH)D concentration or vitamin 

D status for those with complete 25(OH)D data for all follow-ups (n=390, 31.0%). 

Age-specific 25(OH)D concentration and refractive error 

In Chapter 5, I found that sun exposure in later adolescence and early adulthood 

was more strongly associated with spherical equivalent than risk of myopia in the 

KYAMS. To determine whether this relationship was also present in the Raine 

Study, I used linear regression to assess the association between spherical 

equivalent at 20 years and 25(OH)D concentration or low vitamin D status at 6, 14, 

17 and 20 years.  
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Trajectory analyses 

I investigated whether those who were myopic at 20 years had different 25(OH)D 

concentration trajectories compared to those who were not myopic by 

constructing linear mixed-effects models (LMM) using the ‘lme4’ package, similar 

to previous studies.64,166 LMMs are robust to missing data and can account for the 

correlation between consecutive measures of 25(OH)D concentration within an 

individual. The outcome variable in LMM was 25(OH)D concentration from age 6 

to 20 years. Because the distribution of 25(OH)D concentrations was positively 

skewed, I square root transformed the deseasonalised 25(OH)D concentration as 

this most closely approximated a normal distribution (Figure 6-1). Random 

intercepts for each subject were included in the LMMs to account for within-

subject correlation.
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Figure 6-1 Histograms and quantile-quantile plots of all available 25(OH)D data (i.e. 

at 6, 14, 17 and 20 years combined) after common transformations. 

I then fitted two models, first stratifying 25(OH)D trajectories by myopia status at 

20 years (yes/no) and second stratifying 25(OH)D trajectory by severity of myopia 

at 20 years (none, low, moderate, high). Both models were adjusted for all 

potential confounders (sex, ethnicity, parental myopia, BMI, tertiary study). 

Interactions between myopia and age, sex and ethnicity were tested using Wald 
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Chi Square tests. A quadratic term was used to test for non-linear 25(OH)D 

concentration trajectories.  

The significance level was set at 5%. All analyses were conducted using R version 

3.5.1 (R Foundation for Statistical Computing, Vienna, Austria).  

6.3. Results 

6.3.1. Characteristics 

At the 20-year follow-up, 1344 participants attended an eye examination (46.9% 

of original cohort). Of these, 27 (2.0%) met ocular exclusion criteria or had missing 

autorefraction data, and 57 (4.2%) did not have at least one 25(OH)D 

measurement, leaving 1260 (93.8%) participants with data for this analysis. Table 

6-1 shows the participant characteristics at each follow-up. Participants were 

predominantly Caucasian and there was a slight preponderance of males. In this 

study, 276 (21.9%) participants were myopic at the 20-year follow-up and of 

these, 203 (16.1%), 57 (4.5%) and 16 (1.3%) participants had low, moderate and 

high myopia, respectively. Participants were more likely to be myopic at 20 years 

if they were non-Caucasian (32.1% vs 20.2%, p<0.001), had one or both parents 

with myopia (0 vs 1 vs 2; 18.2% vs 34.1% vs 40.8%, respectively, p<0.001), or if 

they were undertaking tertiary study (15.9% vs 27.4%, p<0.001).  

6.3.2. Refractive correction 

Of those who were myopic, 64 (23%) reported wearing mostly contact lenses, 

while 157 (57%) reported wearing glasses and 54 (20%) reported not wearing 

glasses or contact lenses. No participants reported wearing orthokeratology or 

other defocus-modifying lenses and these lenses were not in common use at the 

time of the follow-up.  Summary statistics of spherical equivalent and astigmatism 

are shown in Table 6-1. Astigmatism greater than 1 DC was present in 93 (7%) 

participants at the 20-year follow-up and astigmatism greater than 3 DC was 

present in 5 (0.4%) participants. 

  



 

127 
 

Table 6-1 Participant characteristics at each of the 6-, 14-, 17- and 20-year Raine 

Study Follow-ups 

Follow-up 
6-year (n=618)* 

14-year 
(n=988)* 

17-year 
(n=873)* 

20-year 
(n=1260)‡ 

Age (years), mean 
(range) 

5.91 (5.41, 6.76) 14.1 (13.0, 15.1) 17.0 (15.7, 18.9) 20.0 (19.1, 22.1) 

Sex, n (%) 
    

Female 280 (45.31%) 477 (48.3%) 425 (48.7%) 604 (47.9%) 

Male 338 (54.69%) 511 (51.7%) 448 (51.3%) 656 (52.1%) 

Parent myopia     

0 parents 364 (72.9%) 593 (71.9%) 523 (71.0%) 762 (72.6%) 

1 parent 98 (19.6%) 169 (20.5%) 154 (20.9%) 211 (20.1%) 

2 parent 37 (7.4%) 63 (7.6%) 60 (8.1%) 76 (7.2%) 

Ethnicity, n (%) 
    

Caucasian 528 (85.4%) 855 (86.5%) 744 (85.2%) 1076 (85.4%) 

Non-Caucasian 90 (14.6%) 133 (13.5%) 129 (14.8%) 184 (14.6%) 

Body Mass Index 
(kg/m2), median (IQR) 

15.5 (14.7, 16.5) 20.4 (18.6, 22.9) 22.1 (20.0, 24.3) 23.4 (21.1, 26.2) 

25(OH)D 
concentration 
(nmol/L), median (IQR) 

79.4 (70.9, 90.4) 82.8 (68.5, 98.5) 72.3 (57.7, 86.9) 69.8 (56.6, 85.0) 

Vitamin D Status 
    

Low 5 (0.8%) 39 (3.9%) 122 (14.0%) 186 (16.5%) 

Medium 231 (37.4%) 319 (32.3%) 360 (41.2%) 490 (43.5%) 

High 382 (61.8%) 630 (63.8%) 391 (44.8%) 451 (40.0%) 

Spherical equivalent 
(D), median (IQR) 

0.25 (-0.38, 0.63) 0.31 (-0.31, 0.63) 0.25 (-0.31, 0.63) 0.25 (-0.31, 0.63) 

Astigmatism (DC), 
median (IQR) 

-0.38  
(-0.63, -0.25) 

-0.38  
(-0.63, -0.25) 

-0.38  
(-0.63, -0.25) 

-0.38  
(-0.63, -0.25) 

*Includes only those with 25(OH)D measurements 

‡1127 (89.4%) participants had a 25(OH)D measurement at this follow-up 

 

6.3.3. Validity of 25(OH)D concentration as a marker of time spent 

outdoors in the Raine Study 

Greater self-reported time spent outdoors was associated with higher raw (i.e. not 

deseasonalised) 25(OH)D concentrations in both summer and winter. In those 

who attended the 20-year follow-up between the months of December and March, 

reporting a greater proportion of the day spent outdoors in summer was 

associated with higher raw 25(OH)D concentration at the 20-year follow-up (per 

one category increase, β=9.2 nmol/L, 95% CI: 4.3, 14.1, p<0.001) and explained an 

additional 5.5% of the variation in 25(OH)D concentration after adjusting for 
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covariates. In those who attended the 20-year follow-up between June and 

September, reporting a higher proportion of leisure time spent outdoors in winter 

was associated with higher raw 25(OH)D concentration at the 20-year follow-up 

(per one category increase, β=7.1 nmol/L, 95% CI: 3.8, 10.4, p<0.001) and 

explained an additional 4.1% of the variation in 25(OH)D concentration after 

adjusting for covariates. 

6.3.4. Age-specific serum 25(OH)D concentration, vitamin D status and 

myopia risk at 20 years  

Table 6-2 shows the univariate and multivariable associations between 25(OH)D 

concentration at ages 6, 14, 17 and 20 years and myopia at the 20-year follow-up. 

Although there was an inverse association between 25(OH)D concentration and 

risk of myopia in univariate analyses for most age groups, only lower 25(OH)D 

concentration at 20 years and low vitamin D status at 17 and 20 years were 

significantly associated with increased risk of myopia in the multivariable adjusted 

analysis. The sensitivity analysis including only those with complete 25(OH)D data 

at all follow-ups demonstrated similar results (Table 6-2). The association 

between 25(OH)D concentration and myopia was not significantly different 

between males and females at any follow-up.
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Table 6-2 Associations between myopia at 20 years and age-specific 25(OH)D concentration at ages 6, 14, 17 and 20 years including a 

sensitivity analysis using data from participants with complete 25(OH)D data at all follow-ups (n=390) 

 Odds Ratio for Myopia (95% Confidence Interval) 

 
Univariate Multivariable* 

 
All data 

Complete 
25(OH)D data 
only (n=390)* 

All data 
Complete 25(OH)D 
data only (n=390) 

25(OH)D Concentration 
(per 10nmol/L)  

 
 

 

Year 6 (n=499‡) 0.88 (0.78, 0.98)* 0.83 (0.72, 0.97)* 0.94 (0.83, 1.07) 0.88 (0.74, 1.05) 
Year 14 (n=823‡) 0.95 (0.89, 1.01) 0.91 (0.83, 0.99)* 0.99 (0.93, 1.06) 0.95 (0.85, 1.05) 
Year 17 (n=733‡) 0.91 (0.85, 0.97)* 0.91 (0.83, 1.01) 0.94 (0.87, 1.02) 0.94 (0.83, 1.06) 
Year 20 (n=933‡) 0.90 (0.85, 0.96)* 0.92 (0.83, 1.02) 0.91 (0.85, 0.98)* 0.92 (0.81, 1.05) 

Low vitamin D status  
(Reference: Medium/high vitamin D status†)  

 
 

 

Year 6 (n=5) NA  NA  
Year 14 (n=35§) 0.97 (0.44, 2.14) 1.22 (0.42, 3.52) 0.62 (0.25, 1.56) 0.60 (0.16, 2.29) 

Year 17 (n=110§) 1.94 (1.28, 2.94)* 2.15 (1.17, 3.97)* 1.71 (1.06, 2.76)* 1.76 (0.83, 3.70) 
Year 20 (n=156§) 1.76 (1.24, 2.19)* 2.02 (1.15, 3.55)* 1.71 (1.14, 2.56)* 1.60 (0.79, 3.26) 

*p<0.05 

Multivariable analysis adjusted for sex, number of myopic parents, body mass index, tertiary study at 20-year follow-up (yes/no) and ethnicity 

(Caucasian/non-Caucasian) 

‡Number of participants with complete data for all variables in multivariable analysis 

†Low vitamin D Status defined as 25(OH)D concentration <50nmol/L; Medium/high vitamin D status defined as 25(OH)D concentration ≥50nmol/L 

§Number of participants in the low vitamin D category with complete data for all variables in multivariable analysis 
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6.3.5. Age-specific serum 25(OH)D concentration, vitamin D status and 

spherical equivalent at 20 years 

The association between spherical equivalent and 25(OH)D concentration is 

shown in Table 6-3 and these data are plotted in Figure 6-2. The results are similar 

to those found in Table 6-2 when myopia status is the outcome. After adjusting for 

potential confounders, only higher 25(OH)D concentration at age 20 years was 

associated with a slightly more positive (i.e. less myopic) spherical equivalent. 

Table 6-3 Associations between serum 25(OH)D concentration and vitamin D status 

at specific ages and spherical equivalent at age 20 years 

 
Beta for Spherical Equivalent 

(95% Confidence Interval) 

 
Univariate Multivariable† 

25(OH)D Concentration (per 10nmol/L) 
  

Year 6 (n=499‡) 0.05 (-0.01, 0.12) 0.01 (-0.07, 0.08) 

Year 14 (n=823‡) 0.05 (0.02, 0.09)* 0.03 (-0.01, 0.07) 

Year 17 (n=733‡) 0.07 (0.03, 0.11)* 0.03 (-0.01, 0.08) 

Year 20 (n=933‡) 0.08 (0.04, 0.12)* 0.07 (0.02, 0.11)* 

Low vitamin D status (Reference: Medium/high vitamin D status†) 

 
Year 6 (n=5) NA NA 

Year 14 (n=35§) -0.30 (-0.80, 0.19) -0.16 (-0.72, 0.40) 

Year 17 (n=110§) -0.49 (-0.77, -0.20)* -0.28 (-0.58, 0.02) 

Year 20 (n=156§) -0.40 (-0.65, -0.16)* -0.29 (-0.60, -0.01)* 

*p<0.05 

Multivariable analysis adjusted for sex, number of myopic parents, body mass index, 

tertiary study at 20-year follow-up (yes/no) and ethnicity (Caucasian/non-Caucasian) 

‡Number of participants with complete data for all variables in multivariable analysis 

†Low vitamin D Status defined as 25(OH)D concentration <50nmol/L; Medium/high 

vitamin D status defined as 25(OH)D concentration ≥50nmol/L 

§Number of participants in the low vitamin D category with complete data for all variables 

in multivariable analysis 
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Figure 6-2 Smoothed plots showing mean spherical equivalent over serum 25(OH)D 

concentration (blue line) at each of the 6-, 14-, 17- and 20-year follow-ups. Shaded 

grey area is the 95% confidence interval. 

6.3.6. Trajectory Analysis 

The estimated 25(OH)D concentration trajectories for those with or without 

myopia at 20 years (model 1) or with none, low, moderate or high myopia at 20 

years (model 2; myopia severity treated as an ordinal variable) are shown in 

Figure 6-3and Figure 6-4 (model estimates provided in Table 6-4 and Table 6-6). 

In both models, there was a significant interaction between age and sex such that, 

compared to females, males had an initially higher 25(OH)D concentration at 6 

years but a lower 25(OH)D concentration at 20 years.  

In model 1, there was a significant interaction between myopia status at 20 years 

and both ethnicity and age. The difference in 25(OH)D concentration trajectory 

between myopic and non-myopic participants was smaller in Caucasians than in 

non-Caucasians. Relative to those who remained non-myopic, those who were 

myopic at age 20 years had a decline in 25(OH)D concentration as they became 

older. Table 6-5 shows estimated 25(OH)D concentrations derived from the LMM 

output.  
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Figure 6-3 Best-fit model estimates of change in 25(OH)D trajectory in those with and 

without myopia at 20 years, stratified by sex and ethnicity 

Table 6-4 Best-fit linear mixed-effects model estimates using square root of 25(OH)D 

at all follow-ups as outcome and myopia status at 20 years as predictor 

 
Estimate 

95% Confidence 
Interval 

Chi Square 
statistic* 

p value* 

Intercept 8.11 7.71, 8.52 1543.50 <0.001 

Myopia 
  

0.89 0.034 

No Reference 
   

Yes -0.21 -0.66, 0.23 
  

Age 0.23 0.18, 0.27 92.02 <0.001 
Age

2 
-0.009 -0.01, -0.007 108.33 <0.001 

Sex 
  

12.62 <0.001 
Female Reference 

   
Male 0.49 0.22, 0.76 

  
Ethnicity 

    
Non-Caucasian Reference 

   
Caucasian 0.84 0.63, 1.05 59.23 <0.001 

Number of Myopic Parents 
  

4.73 0.09 
0 Reference 

   
1 -0.18 -0.34, -0.02 

  
2 -0.09 -0.33, 0.16 

  
Currently Studying 

  
0.31 0.58 

No Reference 
   

Yes 0.04 -0.10, 0.17 
  

Age×Myopia(Yes) -0.02 -0.04, -0.003 5.24 0.02 
Age×Sex(Male) -0.03 -0.05, -0.02 16.39 <0.001 
Myopia(Yes)×Ethnicity(Caucasian) 0.41 0.03, 0.80 4.48 0.03 

*Wald type III test for model change after removal of variable. 
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Table 6-5 Predicted 25(OH)D concentrations in nmol/L derived from a best-fit linear 

mixed-effects model for participants who are myopic or non-myopic at 20 years with a 

body mass index of 21.11kg/m2, are not studying at 20 years and have no myopic 

parents. Prediction intervals are shown in brackets*. 

Predicted mean (95% interval*) 25(OH)D concentration (nmol/L) 

  Non-Caucasian  

 

Myopic Not myopic Difference 

 Females n=31 n=55  

Year 6 57.9 (40.4, 78.8) 63.2 (45.0, 83.4) -5.3 

Year 14 61.5 (43.7, 82.3) 69.7 (50.5, 90.9) -8.2 

Year 17 58.4 (41.0, 79.2) 67.4 (48.3, 88.9) -9.0 

Year 20 53.0 (37.0, 72.4) 62.6 (44.6, 83.8) -9.6 

Males n=28 n=40  

Year 6 62.5 (44.7, 83.6) 68.0 (48.4, 88.8) -5.5 

Year 14 62.3 (43.6, 83.1) 70.5 (51.4, 92.2) -8.2 

Year 17 57.7 (40.7, 79.1) 66.6 (47.6, 87.5) -8.9 

Year 20 50.9 (34.1, 69.3) 60.9 (43.3, 81.6) -10.0 

    

  Caucasian  

 Myopic Not myopic  Difference 

Females n=114 n=404  

Year 6 78.6 (57.7, 102.2) 77.2 (57.0, 100.7) 1.4 

Year 14 82.8 (61.5, 106.3) 84.5 (62.3, 108.6) -1.7 

Year 17 79.2 (58.9, 104.3) 81.9 (61.9, 105.2) -2.7 

Year 20 72.9 (53.3, 94.7) 76.6 (57.0, 101.0) -3.7 

Males n=103 n=455  

Year 6 84.0 (62.8, 108.4) 82.6 (61.9, 106.0) 1.4 

Year 14 83.7 (62.0, 107.6) 85.3 (64.0, 109.5) -1.6 

Year 17 78.3 (58.3, 102.1) 81.0 (60.2, 104.2) -2.7 

Year 20 70.4 (51.3, 91.9) 74.1 (54.9, 98.0) -3.7 

*95% prediction intervals calculated using the predictInterval function from the merTools 

package 

In model 2, there was a significant interaction between age and myopia severity 

only, such that, relative to those without myopia, those with more severe myopia 

had declining 25(OH)D concentrations with increasing age. The myopia groups 

had similar 25(OH)D concentrations at age 6 years, but differences were 

pronounced by age 20 years. 
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Figure 6-4 Best-fit model estimates of 25(OH)D trajectory in those who have no 

myopia, low myopia, moderate myopia and high myopia at 20 years of age, stratified 

by sex and ethnicity 

Table 6-6 Best-fit linear mixed-effects model estimates using square root of 25(OH)D 

at all follow-ups as outcome and myopia status at 20 years as predictor 

 
Estimate 

95% Confidence 
Interval 

Chi Square 
statistic* 

p value* 

Intercept 8.01 7.62, 8.40 1616.8 <0.001 

Myopia Severity‡ 0.10 -0.12, 0.31 0.76 0.38 
Age 0.23 0.18, 0.27 91.70 <0.001 
Age2 -0.009 -0.01, -0.007 108.0 <0.001 
Sex   12.91 <0.001 

Female Reference 
   

Male 0.49 0.22, 0.76   
Ethnicity   110.22 <0.001 

Non-Caucasian Reference 
   

Caucasian 0.96 0.78, 1.14   
Number of Myopic Parents   4.52 0.10 

0 Reference 
   

1 -0.18 -0.34, -0.01   
2 -0.09 -0.34, 0.16   

Currently Studying   0.19 0.66 
No Reference 

   
Yes 0.03 -0.10, 0.16   

Age×Myopia severity -0.01 -0.03, -0.002 5.50 0.02 
Age×Sex(Male) -0.03 -0.05, -0.02 16.72 <0.001 

*Wald type III test for model change after removal of variable. 

‡As an ordinal variable: 0=no myopia, 1=low myopia, 2=moderate myopia, 3=high myopia 
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6.4. Discussion 

6.4.1. Summary of findings 

In summary, I found that low 25(OH)D concentration at 20 years of age and a low 

vitamin D status at 17 and 20 years of age were associated with increased risk of 

myopia at 20 years. Furthermore, low 25(OH)D concentration and a low vitamin D 

status at the 20-year follow-up was associated with a more myopic spherical 

equivalent at 20 years. In the trajectory analysis, those who were myopic at 20 

years, or who had more severe myopia, had 25(OH)D concentration trajectories 

that declined relative to those without myopia as they became older. Consistent 

with this, the difference in total 25(OH)D concentration between those with and 

without myopia was greatest at 20 years and least at younger ages. The results of 

this chapter therefore demonstrate the time spent outdoors in later adolescence 

and young adulthood is associated with reduced risk of myopia. 

These findings agree with a previous cross-sectional analysis of this same cohort 

in which a 25(OH)D3 concentration <50nmol/L was associated with higher odds of 

myopia compared with a 25(OH)D3 concentration ≥50nmol/L.177 These findings 

align with those of Chapter 5, in which time spent outdoors and adolescence was 

associated with reduced risk of onset of myopia during this time. Interestingly the 

plots of mean spherical equivalent over 25(OH)D concentration at each of ages 6, 

14, 17 and 20 years demonstrate a reduction in mean spherical equivalent at 

25(OH)D concentrations below 50nmol/L suggesting a potential threshold effect, 

but I only detected a significant effect of 25(OH)D concentration <50nmol/L on 

myopia at ages 17 and 20 years. 

6.4.2. 25(OH)D concentration as a marker of time spent outdoors 

Serum 25(OH)D concentration appeared to be a reasonable marker of time spent 

outdoors in this study. Reporting more time spent outdoors in summer or winter 

was associated with higher raw 25(OH)D concentration in these seasons at the 20-

year follow-up. Reported time spent outdoors accounted for around 5% of the 

variance in 25(OH)D concentration, similar to a smaller Australian study104 which 

found that 8% of the variance in 25(OH)D concentration was accounted for by 
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reported solar ultraviolet radiation exposure over the preceding 16 weeks. I could 

not internally validate the usefulness of 25(OH)D concentration as a marker of 

time outdoors at ages 6, 14 and 17 years, but other studies have shown that time 

spent outdoors and 25(OH)D concentration are associated at these ages.342,343 

6.4.3. Context of current findings 

In this study, there was no significant association between myopia status at 20 

years and higher 25(OH)D concentration at 6 or 14 years or low vitamin D status 

at 14 years. At 6 years, the association with 25(OH)D concentration was in a 

protective direction. However, at 14 years, there was virtually no association with 

25(OH)D concentration and the estimate for low vitamin D status was 

unexpectedly in a protective direction. Interestingly, the trajectory analysis, which 

takes into account correlations in 25(OH)D concentration within individuals, 

showed that the 25(OH)D concentration at age 6 years was similar between 

myopic and non-myopic Caucasian individuals with differences becoming 

apparent only at older ages. On the other hand, non-Caucasian children who were 

myopic at 20 years had lower 25(OH)D concentration from early childhood 

compared to non-myopic peers. Non-Caucasians had lower 25(OH)D 

concentrations overall; this is likely due to darker skin pigmentation, which is 

known to reduce endogenous synthesis of vitamin D.344 

Findings from other studies 

Contrary to the results of this chapter, findings from the Kidskin Young Adult 

Myopia Study in Chapter 5 as well as previous longitudinal studies and 

randomised controlled trials have demonstrated that spending more time 

outdoors in childhood protects against the subsequent onset of myopia.59,64,70,72,151 

Some studies have investigated the effects of time spent outdoors at particular 

ages and risk of myopia onset. In the Avon Longitudinal Study of Parents and 

Children,166 greater primary carer-reported time spent outdoors at ages 3, 4, 4.5, 

5.5, 6.5 and 8.5 years were all associated with reduced likelihood of becoming 

myopic between ages 10 and 15 years. A limitation of the ALSPAC is that myopia 

status was assessed from non-cycloplegic autorefraction, which overestimates the 

prevalence of myopia, particularly in children.11,13 A longitudinal study of 
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Australian children found that the 5- to 6-year risk of incident myopia was lower 

in children who spent high compared to low amounts of time outdoors as 

measured by parent questionnaires at both ages 6 and 12 years, but the effect was 

slightly greater for the younger cohort.  

Time spent outdoors during childhood and risk of myopia 

Given, previous evidence discussed above, it is not appropriate to conclude that 

there is not a true relationship between time spent outdoors at age 6 or 14 years 

and risk of myopia at 20 years. I may not have detected an association between 

myopia status or refractive error at 20 years and time outdoors at age 6 or 14 

years, as assessed by 25(OH)D concentration, for a number of reasons. First, the 

study may have lacked power due to the lower number of participants with 

25(OH)D measurements at 6 years (n=618) or the low number of participants with 

a low vitamin D status (n=5 and n=39 at 6 and 14 years, respectively). Indeed, the 

confidence intervals for the effect of 25(OH)D concentration at 6 years on myopia 

are much wider than the intervals for the effect of 25(OH)D concentration at 20 

years on myopia. Second, EIA was used to assess 25(OH)D concentration at the 6- 

and 14-year follow-ups, which, despite showing good correlation with LC-MS/MS, 

may have lacked the accuracy and/or precision to detect an association. Third, 

time spent outdoors and 25(OH)D concentration at 6 and 14 years may be 

associated with myopia incidence over the short- or medium-term but be less 

strongly associated with myopia prevalence at 20 years. It is therefore interesting 

that 25(OH)D concentration at 6 years, estimated from the best-fit LMM, was also 

similar between those with no, low, moderate and high myopia (Figure 2). Those 

with more severe myopia typically have onset at an earlier age.6,345 I would 

therefore expect those with moderate or high myopia, who most likely developed 

myopia early in life, to have an associated low 25(OH)D concentration in early 

childhood. I did not find this, but only 16 participants had high myopia in the Raine 

Study Gen2 cohort. 

Trajectory analysis 

The results of the trajectory analysis are consistent with those from the ALSPAC, 

which found that primary carers reported declining amounts of time spent 
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outdoors between ages 2 and 8 years for children who became myopic between 

ages 10 and 15 years relative to those who remained non-myopic.166 On the other 

hand, a study in the USA found that children who became myopic had spent 

consistently less time in outdoor sport and activity in the 4 years prior to and after 

onset of myopia relative to those who were not myopic.64  

6.4.4. Limitations 

A limitation of this study was the change in 25(OH)D assay method between 

follow-ups. The EIA is likely less precise than the LC-MS/MS346 and this could 

potentially induce false associations or mask true associations, particularly in 

trajectory models. However, rank order should be approximately preserved 

between EIA and LC-MS/MS measurements and a previous analysis of the same 

Raine Study data found relatively consistent intraclass correlations between any 

two 25(OH)D measurements from the same individual at ages 6, 14, 17 or 20 years 

(0.40–0.67).110 Retention of participants is a challenge in long-term cohort studies 

such as the Raine Study. Attrition bias could have affected these results due to loss-

to-follow-up of Raine Study Gen2 participants over time. Those who did and did 

not participate in this study had similar characteristics with the exception that 

those who participated were more likely to be Caucasian. As ethnicity was 

associated with myopia in this study, I cannot rule out any impact of attrition bias 

and it is therefore a potential limitation. This study also lacked data on vitamin D 

supplementation, which increases serum 25(OH)D concentration and could reduce 

its value as a marker of time spent outdoors.112 Another limitation is that myopia 

status was not measured at younger ages. I was therefore unable to investigate the 

short-term effects of time outdoors at ages 6 and 14 years on myopia risk.  

6.4.5. Strengths 

The strengths of this study are the use of cycloplegic autorefraction to determine 

myopia status, the assessment of myopia at an age when further myopia is unlikely 

to develop, the objective assessment of time spent outdoors using 25(OH)D 

concentration, the relatively long period over which serum samples to assess 

25(OH)D were collected and the availability of data on ethnicity and parental 

myopia. The ability to conduct a trajectory analysis using repeated measures of 
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25(OH)D concentration is another strength of this study. The results of the 

trajectory analysis provide novel information on the time course of myopia onset, 

suggesting that, in early life, time spent outdoors is similar between those who do 

and do not eventually become myopic. However, sometime in childhood, the 

trajectories of 25(OH)D concentration diverge indicating that those who become 

myopic begin spending less time outdoors than their peers. Therefore, childhood 

may be the ideal time for interventions to increase time spent outside in children 

at risk of myopia and prevent them following the ‘myopia trajectory’. 

6.4.6. Conclusions 

The results of this chapter show that less time spent outdoors at ages 17 and 20 

years — as assessed by an objective biomarker —is associated with increased risk 

of myopia at 20 years of age. Those who were myopic at 20 years had a 25(OH)D 

concentration trajectory that declined relative to those who remained non-myopic 

with increasing age; suggesting these individuals spent less time outdoors as they 

became older. Thus this study suggests that to reduce risk of myopia in young 

adulthood, time spent outdoors needs to be sustained through late adolescence 

and into young adulthood. 
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Chapter 7: Discussion  

7.1. Aims of research 

Myopia is one of the most common ocular conditions and is frequently thought to 

be benign. However, myopia is a significant cause of correctable visual 

impairment20, is associated with an increased risk of potentially blinding eye 

conditions24 and is a significant economic burden on individuals and nations.15,16 

Spending time outdoors can reduce the risk of onset of myopia71,72,74 and public 

health campaigns to encourage children to spend more time outside are underway 

in Singapore, China and Taiwan. However, the relationship between time spent 

outdoors and myopia is not fully understood. For example, it is not understood 

what effect spending time outdoors during different times of life such as 

childhood, adolescence or young adulthood, has on risk of myopia. There are two 

major challenges to investigating this. First, it is difficult to precisely measure time 

spent outdoors over long periods; and, second, it is time-consuming and costly to 

follow-up participants long-term from childhood to young adulthood. I aimed to 

address these issues by conducting a follow-up of an established cohort and using 

multiple measures to evaluate past time spent outdoors and its effect on risk of 

myopia in young adults, in whom the occurrence and progression of myopia is 

generally stable. Specifically, the aims of this research were: 

1) To evaluate past time spent outdoors exposed to sunlight, in a cohort of 

young adults, using multiple subjective and objective measures. 

2) To investigate the relationship between time spent outdoors in the sun 

through childhood, adolescence and young adulthood and prevalence and 

severity of myopia in young adults. 

7.2. Aim 1: Evaluation of past sun exposure 

7.2.1. Recall of childhood sun exposure 

This study used multiple subjective and objective measures of past time spent 

outdoors in the sun. The unique design of the KYAMS –as a follow-up of the 

Kidskin Study – meant that childhood time in sun data were prospectively 
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reported and documented for ages 8, 10 and 12 years. In Chapter 4, I was able to 

use these parent-reported data as gold standard measures of time spent outdoors 

in the sun and compare them to KYAMS participant recall. This analysis showed 

that long-term recall of time spent outdoors had slight agreement with parent-

reported time outdoors but that generally these recall data were of limited value. 

Further analysis in Chapter 5 showed that recall of time spent outdoors in the sun 

between 5 and 14 years was not associated with any subjective or objective 

assessments of time spent in the sun during that period. These findings show that, 

in the KYAMS, recall of childhood time in sun was not a useful measure. This 

conclusion has significant implications for the design and interpretation of studies 

relying on recall to assess childhood sun exposure or time spent outdoors in 

adults. However, this finding extends only to studies using the same or a similar 

method to assess childhood time spent outdoors as the KYAMS (i.e. a sun 

calendar). It is possible that face-to-face interviews or other methods for eliciting 

recall of time spent in the sun during childhood may perform better.309,312-314,325 

7.2.2. Naevus counts 

In Chapter 5, I also found that naevus counts on the right arm were not associated 

with any other measures of sun exposure or time spent in the sun and I therefore 

did not use these data in any other analyses. Naevus counts appear to act as a 

marker of sun exposure in children and teenagers136,347 and in the Kidskin Study 

higher naevus counts on the back were positively correlated with parent-reported 

sun exposure.134 A possible explanation for the lack of association in the KYAMS is 

the age of KYAMS participants, when naevi may have started to regress.348 Indeed, 

a twin study330 found that the heritability of naevi was much higher in adults 45 

years and older compared to those under 45 years, suggesting that the effect of 

sun exposure and the environment on number of naevi reduces with increasing 

age. I did not assess intra- or inter-grader reliability of naevus counts in the 

KYAMS thus I cannot determine if examiners precisely counted naevi in the 

KYAMS and cannot rule out lack of precision as a contributing factor.  
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7.2.3. CUVAF area 

All other measures of time spent outdoors in the sun in the KYAMS appeared to be 

valid (Chapter 5). Total serum 25(OH)D concentration and CUVAF area were 

associated with both parent-reported childhood time in sun and self-time in sun 

since age 15 years. Although CUVAF area was thought to be a marker of cumulative 

sun exposure,102 this is the first study to show that it is indeed associated with 

both recent and childhood time spent outdoors. In an analysis of the KYAMS I 

presented as a conference poster, I showed that the association with either recent 

or childhood time spent outdoors remained after adjusting for the other, indicating 

that they are independently associated with CUVAF area.349 This was further 

supported in the factor analysis in Chapter 5, in which CUVAF area was correlated 

with both the childhood and recent sun indices. This is a particularly interesting 

finding given that CUVAF itself is rarely detected before 10 years of age.123 CUVAF 

area is a marker of ocular sun exposure and therefore may be particularly 

pertinent when investigating risk factors for myopia. However, the utility of 

CUVAF area as a marker of time spent outdoors could be reduced by the use of 

sunglasses, although this association is not consistent in Australian studies.43 

CUVAF area could also be impacted by corneal curvature and shape, which can 

alter the peripheral light focussing effect350 – where light striking the temporal 

cornea is focussed at the nasal limbus.351 In the future, I plan to further investigate 

the impact of variables other than time spent in the sun on CUVAF area using 

KYAMS data. 

7.2.4. Serum 25(OH)D concentration 

Serum 25(OH)D concentration is a known marker of sun exposure.97,102,104,107 

25(OH)D has a half-life of approximately 3 weeks therefore 25(OH)D 

concentration is a marker of recent sun exposure. However, studies have found 

that 25(OH)D concentration is associated with sun exposure over the previous 

months and years.104,107 In the KYAMS, 25(OH)D concentration was associated 

with reported time spent outdoors at all ages (where recall was known to be 

valid), including childhood, and the strength of the association was strongest for 

recall of time outdoors between 15 and 26 years. The association between 
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childhood time spent in the sun and 25(OH)D concentration in the KYAMS 

probably arises because individuals who spend more time outdoors when they are 

young also tend to spend more time outdoors when they are older.159 

Furthermore, 25(OH)D concentrations tend to be similar from year-to-

year.109,110,352 Therefore, while 25(OH)D concentration is best used as a marker of 

recent time spent outdoors, its association with childhood time in sun raises the 

possibility that 25(OH)D concentrations could be used as a marker of sun 

exposure or time spent outdoors in the distant past (10-20 years) if no better 

measure is available. 

7.2.5. Actinic skin damage score 

Actinic skin damage score appeared to be the least sensitive of the objective sun 

exposure markers, perhaps because the 6-point grading scale is not sufficient to 

detect small changes in skin damage. Notably, skin damage scores in the KYAMS 

were all between 3 and 6. Nevertheless, skin damage score was associated with 

mean parent-reported sun exposure and recall of current time spent outdoors at 

the time of the KYAMS. In factor analysis, skin damage score correlated with the 

childhood sun index but not the recent sun index, suggesting that sun exposure 

during childhood is a larger determinant of actinic skin damage score than more 

recent sun exposure. Actinic skin damage score is likely to be most useful in 

populations where there is an even spread scores. Young adult Australians tend to 

cluster at the high end of skin damage scores, therefore, assessment of skin 

damage score among older children or teenagers might provide more useful 

information.  

7.2.6. Reported time outdoors 

The conclusions from Chapter 5 rely somewhat heavily on subjective reporting of 

time spent outdoors as these measures were the strongest contributors to the sun 

indices in the factor analysis. It is difficult to evaluate the precision of these 

measures, but I did show that they were associated with the objective measures of 

past time spent in the sun: skin damage score, 25(OH)D concentration, and CUVAF 

area. It is interesting to note that skin damage score, CUVAF area and 25(OH)D 

concentration were not significantly associated with one another, but mean 
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parent-reported time spent outdoors between age 8 and 12 years, and participant 

recall of time spent outdoors between 15 and 26 years or at the time of the 

KYAMS, were associated with all three objective measures. This may indicate that 

these subjective measures are capturing information on sun exposure that is 

common to skin damage score, CUVAF area and 25(OH)D concentration, and 

therefore are a better overall measure of past sun exposure. 

7.2.7. Factor analysis 

A novel aspect to this research was the use of factor analysis to create sun-

exposure indices based on the observed measures of sun exposure. Factor analysis 

is commonly used in psychology and assumes that the observed variables are 

manifestations of the effects of an unobserved (latent) variable, such as sun 

exposure. This technique has been applied previously to create a “sun sensitivity” 

variable based on measures of skin pigmentation and reactions to sun 

exposure,104,353 but, to my knowledge, never to measure past time outdoors or sun 

exposure. Factor analysis provided important insights into the relationships 

between the indicator and latent variables and allowed me to create a sun-

exposure index that was weighted according to the relevance of each variable. One 

issue with factor analysis is that the latent variables are artificial constructs; it is 

difficult to determine if the latent variable is actually a measure of time spent 

outdoors and not some other closely related variable. Furthermore, I used factor 

scores as an individual’s ranking within the latent variable but because factor 

scores are indeterminate, factor scores can only ever be an imperfect estimate of 

an individual’s true ranking within the latent variable.  

7.2.8. Assessment of time spent outdoors in future research 

In this study, no single measure of time spent outdoors was able to optimally 

measure past time spent outdoors. As discussed in 7.2.6, subjective reporting of 

time spent outdoors in the sun was a valuable measure and was a major 

contributor to the sun indices. Reported time spent outdoors will remain a useful 

assessment of time spent outdoors in future studies. The objective markers of time 

spent outdoors in this study also provided unique information beyond what was 

obtained from subjective report. However, each of the markers has strengths and 
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limitations. As relatively quick, simple and non-invasive assessments, CUVAF area 

and actinic skin damage score are worthwhile measures of time spent outdoors 

but are impacted by factors such as use of sun protection or skin colour. Serum 

25(OH)D concentration is useful as a short-term measure of sun exposure but how 

reflective this is of longer-term sun exposure is somewhat questionable and, given 

the expense in storing and analysis, use of 25(OH)D concentration as a marker of 

sun exposure should be considered carefully in future studies. The gold-standard 

assessment of time spent outdoors is now light dosimeters and these are becoming 

more common in myopia research. These provide excellent data for prospective 

research but provide little information on sun exposure prior to the start of the 

study, wherein measures such as CUVAF area, skin damage score or subjective 

recall of relatively recent time spent outdoors might be useful. Global Position 

System (GPS) technology is also able to provide information on a child’s location 

including whether they are indoors or not. The use of dosimeter and GPS will 

provide higher resolution on behaviours of spending time outdoors and may lead 

to breakthroughs in characterising the relationship between myopia and outdoor 

exposure.  

7.3. Aim 2: Past time outdoors and myopia 

7.3.1. Myopia and Kidskin Study intervention group 

I hypothesised that the Kidskin Study intervention, which reduced sun exposure 

(i.e. ultraviolet radiation exposure) in the intervention groups over approximately 

a 4-year period, would have increased the risk of myopia in these intervention 

groups. However, I found no significant differences in myopia prevalence between 

the intervention groups. Indeed, the intervention groups had a slightly lower risk 

of myopia and a slightly more hypermetropic mean spherical equivalent. This 

finding supports evidence reviewed in Chapter 1 that indicates that risk of myopia 

is not related to exposure to ultraviolet radiation. Thus, reducing exposure to 

ultraviolet radiation to prevent melanoma will not necessarily increase a child’s 

risk of myopia. Despite the Kidskin Study intervention reducing sun exposure, 

there was no significant difference in time spent outdoors between the 

intervention groups at any of the follow-ups and no difference in the time spent in 
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the sun indices between the three intervention groups at the KYAMS. If it is time 

spent outdoors that is important for reducing myopia risk rather than sun 

exposure, which seems likely, then the Kidskin Study intervention would not be 

expected to have had an effect on the frequency of myopia in each of the 

intervention groups. 

One of the main limitations of the finding of no association between the Kidskin 

Study intervention and myopia is that the KYAMS participants were not 

representative of the Kidskin Study baseline cohort (Chapter 3). Thus, there is 

potential for attrition and selection bias in the KYAMS. Interestingly, participants 

of the 2001 Kidskin Study follow-up were also more likely to be in an intervention 

group, be female and have a parent with a tertiary education. This suggests that 

the lack of representativeness of the KYAMS participants may be independent of 

participant’s myopia status. The sample size was also relatively small and it 

possible that I lacked statistical power to detect a true effect.  

7.3.2. Myopia and time outdoors in childhood 

A relevant finding from Chapter 5 is that those who spent more time outdoors 

during childhood, as assessed by the childhood sun index (representing time spent 

outdoors in the sun between approximately age 8-12 years), were less likely to be 

myopic at the KYAMS follow-up (age 25-30 years). However, in Chapter 6, 

25(OH)D concentration at 6 years old in the Raine Study cohort was not 

significantly associated with myopia at 20 years of age. I think it most likely that in 

the latter case, the study failed to detect a significant effect due to a lack of 

statistical power arising from the smaller number of participants with a 25(OH)D 

measurement at 6 years (n=499) and the lack of precision in using the measured 

25(OH)D concentration as a proxy for time spent outdoors. The measures of 

25(OH)D concentration at 6 and 14 years were also measured using an enzyme 

immunoassay, which is less precise than LC-MS/MS,117 and would therefore have 

further reduced the utility of 25(OH)D concentration as a measure of time spent 

outdoors. These issues around precision are illustrated by the effect of 25(OH)D 

concentration at 6 years on risk of myopia (OR=0.94) being similar to the 

significant effect of 25(OH)D concentration at 20 years on risk of myopia 
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(OR=0.91) but having a wider 95% confidence interval (6 years: 0.83, 1.07 vs 20 

years: 0.85, 0.98). The analysis in Chapter 6 on 25(OH)D concentration in the 

Raine Study had 61%, 50%, 60% and 76% power to detect a difference of 4nmol/L 

between the myopia and non-myopia groups at the 6-, 14-, 17- and 20-year follow-

ups, respectively. 

In the KYAMS, the impact of childhood time spent in the sun on risk of myopia was 

quite large; those in the lowest quartile of the childhood sun index had twice the 

prevalence of myopia compared to those in the highest quartile, even after 

adjusting for subsequent time spent outdoors as measured by the recent sun 

index. These findings indicate that spending more time outdoors during childhood 

has long-term benefits in preventing the onset of myopia and can therefore lower 

lifetime risk of developing myopia, as opposed to just delaying onset.  

How does time spent outdoors during childhood affect risk of myopia in adulthood? 

Animal studies suggest that eye growth is dynamic and responds relatively quickly 

to changes in visual input over the short-term (e.g. in animal models, placing a 

translucent filter in front of the eye causes it to start growing in the next 1-2 

weeks). Thus it seems unusual that childhood time spent outdoors should have 

long-term effects. This finding could be explained by individuals tending to 

maintain similar sun-exposure behaviours over time (i.e. those who spend more 

time outdoors in childhood also do so through adolescence and into young 

adulthood). However, the effects of recent and childhood time in sun on myopia 

risk were similar when both indices were adjusted for one another in the same 

model indicating their effects may be independent. Another explanation for the 

long-term effect of childhood sun exposure relates to baseline refraction. Baseline 

refraction is a major risk factor for myopia; those who have a less 

hypermetropic/more myopic refraction (without being myopic) are at much 

greater risk of incident myopia.59,167 Young children (e.g. 4-year-olds) tend to be 

mildly hypermetropic (+1 to +2 D) and slowly become less hypermetropic and 

shift toward myopia as they get older.47,354 Spending more time outdoors during 

childhood may reduce the rate at which children become less hypermetropic in 
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early life leaving them with a larger hypermetropic “buffer” against myopia as they 

get older. 

Importance 

Compared to the lowest quartile, those in the highest quartile of the childhood sun 

index had about half the prevalence of myopia and spent, on average, 2 hours more 

time outside during the summer holidays at ages 8, 10 and 12 years. A similar 

finding was found in the Sydney Adolescent and Vascular Eye Study in which the 

highest tertile of time spent outdoors had about half the odds of myopia compared 

to the lowest tertile, although the mean differences between the groups weren’t 

provided.59 This research therefore suggests that countries, such as Singapore and 

Taiwan, that have implemented public health interventions encouraging children 

to spend at least 2 hours outside each day would expect to see at most a 50% drop 

in the risk of myopia. However, it is possible due to differences in ethnicity that the 

results of this thesis will not be directly translatable to these countries. 

Nevertheless, the finding that spending more time outdoors during childhood can 

reduce long-term risk of myopia is reassuring.  

7.3.3. Myopia and time outdoors in adolescence and young adulthood 

Individuals who develop high myopia typically have onset of myopia in childhood. 

Thus, many studies investigating the relationship between time spent outdoors 

and myopia have only investigated children. However, a substantial proportion of 

the population develop myopia in late adolescence and early adulthood.3 For 

example, approximately 1/3 of myopic KYAMS participants reported being 

prescribed glasses at age 18 years or older. Even if these individuals with later-

onset myopia develop only mild myopia, their risk of myopia-associated 

conditions such as glaucoma is increased.24 Thus, it is important to know if 

spending more time outdoors in later adolescence and young adulthood is an 

effective method for preventing myopia in this age group. 

Effect of time outdoors in adolescence on risk of myopia 

In the Raine Study, a higher 25(OH)D concentration in late adolescence and young 

adulthood was associated with a reduced risk of myopia at 20-years. In the 
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KYAMS, there was no significant association between myopia and the recent sun-

exposure index, but lower recent sun index was associated with increased risk of 

myopia in those who reported onset of myopia after 15 years of age. Thus, both 

studies indicate that time spent outdoors in the sun from late teens onward can 

modify risk of becoming myopic. Those in the highest quartile of the recent sun 

index also had approximately half the risk of myopia compared to those in the 

lowest quartile of the recent sun index and also spent around 2 hours more time 

outdoors.  

Effect of time outdoors in adolescence on severity of myopia 

There was an association between more time outdoors in late adolescence/young 

adulthood and a less myopic spherical equivalent in both the KYAMS and the Raine 

Study (Chapter 5 and Chapter 6). A more myopic refraction is associated with 

increased risk of potentially blinding myopia-associated conditions such as retinal 

detachment and myopic maculopathy.24 These findings suggest more time spent 

outdoors during adolescence and young adulthood could modify final refractive 

error and thus risk of visual impairment. However, it is difficult to determine 

whether sun exposure during this period is having an effect on myopia 

progression because there is no baseline measurement of refraction from which to 

calculate myopia progression in the KYAMS.  

7.4. Limitations 

This research has some limitations. In both the Raine Study and the KYAMS, 

refraction was measured only on one occasion. Because of this, I was not able to 

determine whether low sun exposure preceded the onset of myopia or vice versa. I 

therefore could not thoroughly investigate the relationship between the timing of 

sun exposure and timing of myopia onset. In some instances, I used self-reported 

age when first prescribed glasses as a proxy measure for age of myopia onset but 

these data are not validated as a marker of age of onset of myopia. I was also not 

able to calculate rate of myopia progression. Other limitations relate to attrition 

bias in both the KYAMS and the Raine Study, as previously discussed, or to 

individual analyses discussed within earlier chapters. 
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Most limitations from the research presented in this thesis arise because the 

studies were not initiated as myopia investigation studies, rather I took advantage 

of data that was collected for other purposes. To overcome these limitations, it 

would be ideal to establish a long-term, prospective, longitudinal study in which 

both refractive error and time spent outdoors are measured at baseline and at 

regular intervals up until adulthood. Ideally, measurement of time spent outdoors 

will involve some higher resolution assessment such as a dosimeter. However, 

such a study is likely to be expensive, will take a long time to complete and the 

increasing uptake of myopia interventions in eye care clinics will make the 

investigation of the effect of time spent outdoors on myopia progression more 

difficult to assess. Therefore, opportunistic research such as this still plays an 

important role in characterising the association between time spent outside and 

myopia. 

7.5. Future directions 

More work still needs to be done in order to characterise the relationship between 

time spent outdoors and myopia. Questions that remain include: how much time 

outdoors is enough? How bright does light need to be? Does spending time 

outdoors in the morning have the same effect as time outdoors in the evening or 

the middle of the day? Answering these questions will require precise 

measurement of time spent outdoors over a long period of time, possibly using 

dosimeters. Evaluating the impact of the public health interventions in Taiwan, 

China and Singapore will also provide valuable information on the relationship 

between time outdoors and myopia. Our group plans to continue to follow-up the 

KYAMS and Raine Study cohorts and evaluate ocular changes as the participants 

age. Currently, data collection for a 28-year follow-up of the Raine Study cohort 

has nearly been completed and we will examine the association between time 

outdoors and progression of myopia between 20- and 28-years in these 

individuals. We plan to continue to investigate the effects of past sun exposure on 

the development of sun-related conditions within the Kidskin Study participants. 
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7.6. Conclusions 

This research has provided a “snapshot” of the expected long-term effects of sun 

exposure through childhood, adolescence and young adulthood on myopia in 

young adulthood. I evaluated past time outdoors through childhood, adolescence 

and young adulthood in the KYAMS and found that greater sun exposure during 

childhood was associated with reduced risk of myopia in young adulthood. 

Furthermore, sun exposure in late adolescence and young adulthood still has an 

impact on risk of onset of myopia and may modify final refractive error. Last, those 

in the highest quartile of both the recent and childhood sun indices had 

approximately half the prevalence of myopia and reportedly spent on average 

around 2 hours more time outdoors. These findings provide an outline of the 

expected long-term benefits of modest increases in time spent outdoors during 

childhood, adolescence and young adulthood on risk of myopia. 
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Chapter 9: Appendices 

9.1. Appendix 1: KYAMS questionnaire 
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9.3. Appendix 3: Kidskin Study 1999 questionnaire 
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9.4. Appendix 4: KYAMS invitation letter 

 

 




