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Abstract

Abstract

The global rise in myopiprevalencesets off certain alarm bellgs myopia not only
imposes a substantial economic afidancial burderon affected individuals and the public
but can also entail furthenegative consequencesuch as secondary pathologias well as
reduced quality of life and educationalitcomes The development of the most common
type of myopia is connected to both school age as a critical period and bright light exposure
as a key protective factor. @&ordingly, timely public health interventions need -tip-date
information on myopia prevalence and its associations, as well as the relationship with bright
light exposure, which is often investigated with wearable light meters.

Thisdissertationaddresses in six studi¢gsree main research objectives to fdtucial
gaps in myopia researcfil) providing ugo-date myopia prevalence data for German youth,
(2) evaluating the utility of online questionnaires in epidemiological research, and (3)
advancing methodological understanding of light meter use in myapsearch

In Study 1 refractive measurements of 1,500school students in Germany revealed
a myopia prevalence of 8.4% in primary schsiidents(mean age 9.30 years) and 19.5% in
secondary schooktudents (mean age 14.99 yearsds well asa large proportion of
uncorrected myopia (51.2%nd 43.3% respectively. Study 2 evaluated five recruitment
OOOAOACEAG &£ O AT T1T1ETA PAOAT O NOAOGOEI T 1 AEC
varying (dis)advantages per strategy related to aspects such as represemass, efficiency
and costs. Study 3 analyzed the questionnaire data froin7980 children, demonstrating
discrepancies in prevalence rates of corrected myopia compared to direct measurements

therebyindicating biases in the questionnaire data.

A comprehensive literature review Btudy 4 examined the use of various wearable
light meters in myopia research, revealing significant variability in device specifications and
research methodologies, which likely contributes to inconsistent findings in the fatlddy 5
directly compared the performance of multiple light meters worn simultaneously, showing
similar light exposure patterns bigubstantialdifferences in absolute lux values amdthe
frequently investigated distinction of indoor and outdoenvironmentsStudy 6explored the
development of a custommade light meter, concluding that while feasible, commercial
devices may be more practical for most research needs.

ThE O A E O Offh@nQ4A tighlight &h® necessity for continuous monitoring of
myopia prevalence, especially uncorrected myopia, and emphasize the importance of
methodological rigor in research on light exposure and myopia. Recommendations include
routine refractive screeings in schools and careful consideration of light meter selection and
methodology in future studies on lighihyopia associations. These insighasidressboth
future research efforts as well as public health strategimsing atmyopia.
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General Introduction

1. General Introduction

With rates of myopia(short-sightedness, nearsightednessising globally, urgent
attention is required to investigate its prevalence, causes, and avenues for prevention and
intervention. Myopia can lead to severe secondary pathologiedich can even result in
blindness (Morgan et al., 2012; Rose et al.,, 2Q0Eurthermore, itis associated with
considerable financial costs both for those affected and the healthcare sygtditcroft,
2012; Holden et al., 2014; Rose et al., 2004¢ World Health OrganizatiofywWHO)considers
myopia to beamong the five most imprtant visual disorders whose control is a high priority
(Lagréze & Schaeffel, 2017and unless countemeasures are takdn Y om 1T £ OEA x
population is expected to be myopy 2050(Holden et al., 2016)

Prevalerce rates varypetween regiongBaird et al., 2020; Xiang & Zou, 2028nd for
many parts of the worldz including Europeg there are only few studies reportingurrent
prevalence datdfor reviews, seeGrzybowski et al., 2020; Xiang & Zou, 202The onset of
myopia often occurs during school agéMorgan & Rose, 2005; Spillmann, 2020)
Furthermore, diagnosing anfllly correcting myopia are not only importanttallow for the
best possible vision, but also to slow down myopia progresfimgan & Wolffsohn, 2020)
which in turn might prevent secondary pathologiellence, especially in children and
adolescents, current prevalence ratef myopia and uncorrected myopias well as
knowledge aboutassociatedfactors are highly relevantand can inform pevention and
intervention strategies Using autorefraction measurementdinvestigateprevalence rates
of myopia and uncorrected myopis well as associated factarsGerman school students
| also investigate online questionnaires asl@ss resourcentensive maans compared to
direct autorefraction measurements for estimating aspects of myopia prevalence
(development).

To effectively prevenbor slow downmyopia progression,it is crucial to investigate
modifiable factors influencing its developmen©ne such factor isght exposure which has
z especially in recent yeagsoften been investigatedy measuringp A O O E A E fifdligtd O8 OA /
exposurevia wearable light metersThereby, myopia has repeatedly been associated to
reducedbright/outdoor light exposure(Mirhajianmoghadam et al., 2021; Read et al., 2014,
2015; Wu et al., 2018 owever,the results are not unampguous, assome studies do not
detect such association®harani et al., 2012; M. Li et al., 202Mhe variation in results may
be influenced by differences between the light meteaad other study parameters To
advance the understanding of liglthyopia associationsmethodological consideratios
regardinglight meters andother study parametersare crucial Thus Ireview and compare
light meters employed irstudies onlight-myopia associationas well as the methodology of
said studies| alsodescribe the development and testing ofastom device specifically
designedfor measurindight in the investigation of lighimyopia associations.



General Introduction

1.1.Myopia Epidemiology

Myopiais a refractive erroprimarily characterized byblurred vision when observing
objects at a distancewnhile close objects can be seen cleaflye reason for ths lies inhow
incident light is focused in theye. While there are also other refractive erroseéTable 11),
| will focus on myopia and hyperopia (farsightednesshiiefly explain how light is focused
in emmetropic (normallysighted) versus both hyperopic and myopic eyBsemmetropic
eyes, the essentially parallehys of light from distant objectarerefracted by the corneand
lens so that they ardocused on theretinal photoreceptors, which is necessary for the
formation of a clear image. Objects at a closer distance have their focal point behind the
retina in normal vision; howevethrough accommodationthey can be brought into focus
Accommodation igshe eU A 6 O Adiljadt helopticabpower of the lengo bring closer
objects into focus, it®ptical powercan be increase(Morgan et al., 2012)n hyperopiathe
focal point ofobjectsliesbehind the retinaprimarily because the eyeball is too sh@korgan
et al., 2012; Strang et al., 1998hrough accommodation, hyperopic eyes can br{dgtant)
objectsinto focusto someextent (Morgan et al., 2012pand thus do not necessarily always
need (full) refractive correctian

Table 11

Overview of Refractive Errors

refractive error primary symptom

myopia blurred vision when observing distanbjects

hyperopia blurred vision when observing nearby objects

astigmatism blurred vision at any distance

presbyopia blurred vision when observing close objealsveloping with age

Conversely,n myopic eyesthe focal point @ light falls infront of the retina for distant
objects,because the eyeball is tdong or due to an abnormally higbptical power of cornea
and/or lens(Flitcroft et al., 2019; Morgan et al., 2012his cannot be adjustedor via
accommodation. For closer objects, the focal point of light falls on the retin@nkcloser
objects have their focal point behind the retinand can be brought into focus by
accommodation.Myopia is thus optically corrected with concave lenses, moving the focal
point of distant objects onto th retina(Morgan et al., 2012Figure 11 presents schematic
depictions othowlight from distant and neaobjectsisfocused inthe emmetropic, hyperopic
and myopic eg.
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emmetropic eye hyperopic eye myopic eye

p W

=0 (= W(@

Figure 11. Schematic depictions dfght from distant and near objects being focused in the
emmetropic, hyperopic and myopic eyeHyperopia (myopia) is depicted via ashortened
(elongated eyeball Instead, the refractive errors can also be caused by altered optical power
of cornea and/or lengA) Rays of light from distant objects are focused the retina in
emmetropic eyeswhile(B)rays of light from near objects are focusbehind the retina, but
(C)arebrought into focus via accommodation (thickening of the ler{B)) In hyperopic eyes
rays of light from distant bjects are focused behind the retina, and (E) rays of light from near
objects arealsofocused behind the retina. (F) &@mmodation can bring the focal point of
distant objects onto the retina in hyperopic eyes, and tharsable clear distance vision
Convex lenses angsed to shift the focal @int of nearer objects onto the retina (not depicted).
(G) In myopic eyes, rays of light from distant objects are focused in front of the retina, while
(H) rays of light from near objects are focused on the retina, enabling clear near vision. (I)
Concavednses are used to shift the focal point of distant objects back onto the retima, a
starting from the unaccommodated state, the lens can only thicken to shift the focal point
forward and not flatten to shift it backThus, accommodation cannot compensate for
myopia.

1.1.1.Types of Myopia

Myopia iscommonly classified based on theausesfor the shifted focal poirt
Refractive myopies caused by an abnormally high optical power of cornea and/or [Bres
far more commonaxial myopias caused by increased axial lengthe., the eyeball is too
long in relation to the refractive power of cornea and IéRktcroft et al., 2019)Axial myopia
usually develops during childhood or adolescenbtast childrenare born hyperopiand
during the first years of life, process called emmetropizationccurs. TherebyDEA AUABS O AQ
length is matched to the optical power of cornea and lens to induce emmetropia

3
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Emmetropia denotes the normal refractive state in which, when accommodation is relaxed,
rays of light from distant objects are accurately focused on the retina and can thus be seen
clearly. Emmetropization is an active process, which,arg othersjnvolves axial elongation
Zi.e., eye growth(Baird et al., 2020; Morgan & Rose, 2Q@gsically, aial myopia develops

if axial elongation continues despite emmetropleving already been reached through
emmetropization(Baird et al., 2020; Morgan et al., 2012)

Due to its onset during school age, axial myopia is also known as school myopia (or
juvenile myopia). There are varying definitions regarding the age range for school myopia
onset and progression. It has, for example, been described to appear betweeagéseof 9
and 11 years and to progress up until late adolescence or early twéGiiesartin, 2004) A
somewhat broader definition describes school myopia to appear between 8 and 14 years of
age, and to potentially progress up until circa 30 years of @dergan & Rose, 2005)
Regardless ahe exact age of school myopia onset, the relevance of monitoring sehget
children with regard to myopia is evident.

1.1.2.Quantification and Degrees of Myopia

To quantify the severity of myopia, the spherical equivalent refrac{8BR; sphere +
% cylinder)is often used.Generally, the spherical value specifies tegree ofmyopia or
hyperopia, which is equal across all meridians of the. @ye cylindrical value specifiéise
degree of astigmatisnz i.e., uneven curvature of the cornea or leBy nerging the spherical
AT A AUl ET AOCGEAAT AT I BITAT OO0 1T &£ AT AUAGO OAEOA
guantify refractive errors via a singular value, e.g. for research purpdseSER okzero
indicates perfect emmetropia, a negative SER indicates mgagid a positive SER hyperapi
refractive status

Myopia is most commonly defined as SER ©<-0.5D (diopters) of -0.5D, although
there is no standardized definition. Furthermore, researchers do not always choose this
thresholdin their investigations, and depending on the nature of the study, osireay be
more appropriate(Flitcroft et al., 2019)In addition, a distinction is usually made between
different degrees of myopiaLow myopiaand high myopiaare often differentiated z but
again, there is no standardized definition for either offiditcroft et al., 2019)Flitcroft et al.
(2019)proposeto classifylow myopiaA O-0.6D SER and-+6.00D SER antiigh myopiaas
| -6.00D SER, both while the accommodation is relax&éde WHO, on the other hand,
recommends distinguisingi UT PEA8 ¥Yd 3%2 ET AEOEAO-5AADAQ AT A
SER in either ey&Vorld Health Organization, 20)6HoweverFlitcroft et al.(2019)point out
OEAO OEA OOEI EUAOGEITT 1T &£ OARAEOEAO AUAo6 EI
individual eyes are analyzed.

O
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1.1.3.Potential Consequencesf Myopia

Optical correctionserves as a generalgtraightforward remedy for the poor vision
associated withrefractive errorsz yet, uncorrected refractive errorare still common and
have been identified as the principal global cause of visual impairment, including blindness
(Pascolini & Mariotti, 2012)n their review,Rudnicka et al(2016)describe myopia as the
predominant cause of correctable visual impairment in the developed wéildthermore
evenwhencorrected,myopia canlead tosevere secondary pathogies Especially though
not exclusively high myopia is associated with increased risk of conditions such as cataract,
glaucoma and retinal detachment, and can even result in blind(leese et al., 2001; Saw et
al., 2005) Logan andWolffsohn (2020)reviewedthe association between unhunder and
overcorrection of myopia and myopia progression in children and adoles@rg among
other things z conclude thatundercorrection causefaster myopic progressionhan full
correction and that current clinical recommendation advocates for full correction of myopia
As secondary pathologies are mostly associated with high mydpase et al., 200])
diagnosing and(fully) correcting myopiais thus not only helpful in preventing visual
impairment from uncorrected myopia, bunay alsobe an important step in minimizing the
occurrenceof secondary pathologies

Myopia also consitutes a substantial longterm economic burden for both the
affected individuals and the publid@his includes direct costaich aghose for treatment as
well as more indirect ones, for example due to the management of secondary pathologies or
lost productivity(Flitcroft, 2012; Holden et al., 2014; Sankaridurg et al., 20B1§ economic
impact of myopia is particularly pronounced when left uncorrected: Accordinyd@oo et
al. (2019) the global potential productivity loss resultinffom vision impairment and
blindness attributable to uncorrected myopia is estimated at US$244 billion. This figure
substantially exceeds the costs associated with correcting mydpiaidoo et al., 2019)
emphasizing the importance of diagnosing and correcting myopia from an econgoutalic
health standpoint.

Furthermore both visual acuity andefractive errorcannegativelyaffecteducational
outcomes(for a review, seddopkins et al., 202 and corrective measures have the potential
to mitigate this impact. For example, in an underserved area in rural Céamly provision of
free glasses to eligible children improved their academic performance in a mathematics test
(Y. Ma et al., 2018)nlow-income minority communities in the USAarents, teachers, and
studentsreported both the negative impact of uncorrected poor vision and h@geiving
AOAA AT OOAAOEOA 1 AT OAO EI POT OAAh Afuddvig T OEAC
et al., 2016)With regard to myopiaspecifically Sankaridurg et al(2021)state that despite
the increasing popularity of digitalechnologies in the classroom, boardork is still very
common, imposing a barrier to learning for children with uncorrected myapraaccordance
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upon providing free glasseso Chinese school children who had failed visual acuity
screenings X. Ma et al(2014)found improvements in their mathematics test scores. The
effect size of this analysis increased with increasing blackboard use, suggesting that children
with myopiaz compared to those with other refractive erroxdad especially benefited from
the glassegX. Ma et al., 2014)n the USA, poviding spectacles taisadvantaged children
improved their reading performanceinterestingly, the éfects were greater for myopic than
hyperopic childrer(Slavin et al., 2018)

Myopia can also affeca®D A OOT 1T 8 O Nf€r AtafpbeWithl reard t& a&lvity
limitation as well as economic, emotional, and social vieling. The impact on quality of life
is especiallgeverein highmyopiaas well as uncorrected myopilyopia correctiormay not
necessarily improve the quality of life the point that it reachesemmetropic levels as
individuals with corrected myopianight e.g. be concerned about their appearance or
potential correctionrelated complications Yet, appropriate myopia correction haseen
shown to improve quality of liféSankaridurg et al., 2021)

As has been demonstrated myopia can potentially entaila range of negative
consequences, bét immediate and longerm. Meanwhile, nyopia correctionhas the
capacity to mitigatethe impact of manyof thesepotential consequencesthus underlining
the importance of ensuring adequate diagnostics and correction of myopia

1.1.4.Myopia Correction and Control

As described before, myopic individuals experience blurry distance vision because
rays of light from distant objects are focused in front of the retina, which cannot be adjusted
for via accommodation(Morgan et al., 2012)Generally, full correction ofhis myopic
refractive error is clinically recommendef(Logan & Wolffsohn, 2020; World Health
Organization, 2016)For optical correctionconcave lenses are used to move the focal point
of distant objects back and onto the retindhis is most commonly doneia spectacles
Contact lenses are also usdtipugh they are not recommendedor children Furthermore,
it is also possible to correct myopia via refractive surgery, whereby the corneal surface is
flattened to reduce its optical power. However, this is generally recommended only after the
stabilization of the refractive developmergi.e., in the twentiegMorgan et al., 2012)To
reiterate, the costs for correcting have be@stimatedto be substantially lower than the
potential lost productivity associated with uncorrected myofidaidoo et al., 2019)

Apart from simply correctindor the myopic refractive error, there are also treatment
options available that attempt to slow myopia progressjaeferred to as myopia control
(interventions;Morgan et al., 2018 While undercorrection of myopia is not recommended
for myopia control(Logan & Wolffsohn, 2020; World Health Organization, 20Q1diher
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options are better supportedsuch as the application of atropine, orthokeratology (i.e., the
wear of rigid, gagpermeable contact lenses during sleep to reshape the cornea), multifocal
spectacles or soft contact lenses, and executive bifocal le(Be=nan et al., 2021; Morgan
et al., 2018; Spillmann, 2020; World Health Organization, 20H@wever evidencefor the
effectivenessof myopia control strategiesvaries (Morgan et al., 2018; World Health
Organization, 2016pnd aspects like reboundi.e., accderated myopiaprogression after
treatment removal and longterm safetystill need to be studied mor@Brennan et al., 2021,
Spillmann, 2020)Behavioral and lifestylehangesthat might also be regarded as myopia
control interventions will be discussed @hapter1.2 A reviewof myopia control strategies
to slow myopia progression regarding their risks and benefits concluded thait plogential
benefits outweigh their risk¢Bullimore et al., 2021verall, myopia controlis a promising
avenuefor limiting the severity of myopia, thus reducing the impactroyopia andespecially
high myopia m affected individuals and the public.

To better understandhe impact of myopia and high myopia on society, it is important
to considerthe prevalence of myopia and its development over time

1.1.5.Myopia Prevalence

Myopia is one of the most common diseases of the eye worldJittester & Jiang,
2014) Together with its diverse(potential) negative impactsz medical, financial, and
otherwisez, this makes myopia a major public health issue. Furthermore, epidemiological
studies show a prevalence increase over the last degaplagicularly inyounger cohorts
(Holden et al., 2016; K. M. Williams, Bertelsen, et al., 20d4%)in developed countries of
(South)East AsigFoster & Jiang, 2014; Morgan et al., 2018)fact,this scA A1 1 AA Of UT b
AT T (Dblgin, 2015, pl)occurring over the last 60 yeais (South)East Asia is generally
considered an epidemi@lorgan et al., 2021; Spillmann, 202@)ith up to 90% of adolescents
and young adultdeingmyopic (and10-20%even highly myopigtoday, particularly in urban
areas(Dolgin, 2015; Morgan et aR012) This drastic development has taken place witkain
very short time spanWhiletwo or three generations ago, 280% of young adults who had
completed 1213 years of schooling were myopic, this number is now up 480P0(Morgan
et al., 2021)In comparison, for many developatfestern countries, 2810% of adolescents
and young adults finishing secondary schooling are estimated to be my@facgan et al.,
2018) High prevalence rates ofnyopia are not only reported for those finishing secondary
schoolng in (South)East Asia, but also for children. For examglsystematic review and
meta-analysis reporta myopia prevalence af6.2%for children and adolescents in Chima
studies published after 20I5compared to 25.7% in studies published prior 2(Ddng et al.,
2020) Considerations regarding the factordriving this developmen will be thoroughly
discussed irchapter1.1.6



General Introduction

While the situation is not nearly @gavein other parts of the world, generalincrease
of myopia prevalence has still been noted over the past decaSasimarizing data from
2000 to 201&nd from various regions all over the warankaridurg et al(2021)observed
that while there is variation in prevalence across countries and regions, myopia is in fact rising
in both children and adultsln estimating temporal trends in myopia and high myopia
prevalenceHolden et al(2016)alsoreport a global increase of myopia from 22.9% in 2000
to 28.3% in 20141 A DPOAAEAO Yom 1T £ OEA x1 01 A6O bl BOI £
myopia control interventions
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Figure 12. Global and European prevalence of myopia estimatedHnyden et al.(2016)
Regions are defined as Global Burden of Disease Regions. The estimations for the years 2000
and 2010 are based on past data, those of the year 2050 are projected prevalence rates. Data
taken fromHolden et al(2016)

For Europe and across all age groupslden et al.(2016)report a rise in myopia
prevalence between 2000 and 2010 as well, and predict a further increasg0g n 2050
(seeFigure 12). Other investigations have also shown increases in myopia prevalence in
Europe. For example, a metnalysis on European data found higher myopia prevalence
rates in younger than older birth cohorts in adult participants (born 18a1D9) across all age
groups(K. M. Williams, Bertelsen, et al., 20H5)d myopia prevalence slightly increased from
2.8% (67-year-olds) and 17.7% (4B year-olds) between 2006 and 20@®'Donoghue et al.,
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2010) to 3.3% (6/-yearolds) and 19.9% (123yearolds) between 2016 and 2018
(Harrington, Stack, Saunders, & O'Dwyer, 2019)Northern Ireland.Figure 13 presents
recent European myopia prevalence estimations for children and adolescents. As can easily
be seen, the European prevalence rates are both much lower than those in (South)East Asia
and subject to rather high variation. As myopia prevalence candsessed in various ways
(seechapter 1.1.5.}, the latter may partly originate from methodological differences in

prevalence estimation.
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Figure 13. Europeanmyopia prevalencerates forchildren andadolescents The annotated

year represents the respective year of publicatibatataken from0 | D I-"OEGAT T OE ¢
(2018 Bosnia and Herzegovinallundberg et al. (2018 Denmark),Tideman et al.(2018
Netherlands)Harrington, Stack, Saunders, and O'Dwy019 Northern Ireland)Hagen et

al. (2018 Norway) andAlvarezPeregrina et al(2020 Spain). The mean age forT Di- OE ¢
" ACAT T O@ai8)dtakenArdbniXiang and Zo§2020) The mean age foFideman et al.
(2018)was calculated from separate data for myopic and fmoyopic children in the sample.
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A recent investigation presesimyopia prevalence rates for children and adolescents
in Germany, ranging from 2.1% iny2ar-olds to 25.9% in lyearolds(Truckenbrod et al.,
2021) With regard to prevalence development in Germany, evidence from analyzing
(Schuster et al., 20203uggests thatmyopia prevalence did not increase but rather
remained relatively stablg for 530year-olds between 2000 and 20 8Vesemam, 2017)
and for Gl7%yearolds between 2002006 and 20142017 (Schuster et al., 2020)
respectively. Howeverfor both investigations there has beensome discussion about the
validity of inferring the respectiveonclusions regarding myopia prevalence development
(Barry, 2021; Finger & Schuster, 2019; Schuster, 2021; Wesemann, 2018, 2019; Ziemssen,
2018) What complicates the analystd time trends in myopia prevalence is the frequent lack
of current prevalence dataespecially data from direct measurements of refractive status.
Yet, upto-date information on myopigrevalence and associations are important to reliably
monitor prevalence development and to develop and adapt public health strategies for
prevention and interventionThis frequent lack of current data includes prevalence rates of
uncorrected myopia, which, as has been outlinedhapter1.1.3is also very relevant from a
public health standpoint.

1.1.5.1.Assessment of Myopi&revalence

Myopia prevalence can be assessed in various ways, and the respective methodology
should be considerenh data interpretation In principle, myopia prevalence can be estimated
either via direct measurements of refractive status or by more indirect means, for both of
which there are again various methods.

There are a number of ways to indirectly estimate/opia prevalence ratesOne
recently usedmethod, for example, is estimating prevalence ratea databases registering
spectacle purchase@Vesemann, 2017%)a strategy which has subsequently been discussed
with regard to aspects like sample representativen@simger & Schuster, 2019; Wesemann,
2018, 2019; Ziemssen, 201&nother possibility toindirectly estimate myopia prevalence
ratesis using participant reports, for example fromterviews orquestionnaires which may
also be conducted online

Direct measurements of refractive status can be divided into subjective and objective
refraction. During sibjective refractionthe participant is instructed to assess various lenses
while focusing on a specific target, indicating which lens provides the clearest view of the
target. Therefore, subjective refractionrequires good communication andparticipant
cooperation (Rosenfield, 2009)Subjective refraction encompasses different steps and
techniquesto identify the correction enabling the best visual acuiaur & Gurnani, 2024)
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but asit is not a topic of this dissertation, they will not be reflected upon further at this point.

In practice, subjective refraction is routinely used to determine the best lens prescription for

patients with refractive error¢Rosenfield, 2009While dentifying the refractive correction

that enablesa B A O E BdstQguljective) vision is key objective in clinical practice

researchers conducting epidemiological studies are usually primarily concerned with

determining the actual status of participaO O & z thlid) tRe® often use objective rather than

subjective refractionObjective refractiorrequires less participant involvement and does not

rely on their feedbackAtchison, 2009) There are different objective refraction methods,

including retinoscopy and autorefraction In reinoscopy, the examineruses an optical

instrument 7 a retinoscopez OT OEET A T ECEO ET Ol OEAth® AOOEATL

i T OAT AT O 1T &£ OEA 1 ECEO O Aetitl thde@@dnine thekt @fitatiile OE A E

error (Atchison, 2009; Enaholo et al., 2024; Hollis et al., 2022; Rosenfield, .200%)e

retinoscopy often remains the method of choice for objective refraction, especially with

young children the procedure is time&onsuming and potentially prone to examinkeias(Z.

Liu et al., 2021 Autorefraction, on the other handsless dependent on examiner judgement

AO AOOT OAEOCAAOQT I AGAOOG j1 0 AOOT OAEOAADT.O0Q 1 A

Theprinciple of autorefractiorwill be described in more detail chapter1.1.5.1.1
Objectiverefractive measurements can be conducted with or without cycloplegia

i.e., the elimination of accommodationthrough administeringcycloplegic agerg. Most

commonly, the muscarinic antagonistatropine, cyclopentolate and tropicamide are used

(Baird et al., 2020; Duran & Cevher, 2023)ese agentparalyze the ciliary muscle of the

eye, which is essential in controlling accommodati{®aird et al., 2020)Accommodation

can distortrefractive measurements, overestimatinghe degree of myopiaBard et al.,

2020) Thisis prevented by the use of cycloplegia has repeatedly been shown that nen

cycloplegic refractive measurements lead to more myaftraction results than cycloplegic

measurementgFlitcroft et al., 2019)especially in younger participantnd hyperopic eyes

(Fotedar et al., 2007; Grzybowski et al., 2020; Krantz et al., 2010; Rudnicka et al., 2016;

Sanfilippo et al., 2014Thus, te use of cycloplegia allows for more precise measurements of

refractive status especially in young childrekowever,the procedure is also more invasive

and resourceantensive than norcycloplegic measurementsand thus not necessarily always

appropriate

As described irchapter1.1.2 -0.5D SER is usually used atheeshold for myopia
classification. When conducting neeycloplegic refractive measurements, one may
counteractmyopia overestimatian by choosing a more conservatitbreshold (Flitcroft et
al., 2019)and respective investigations have ergpeatedlyused-0.75DSER insteade.g.,
Alsaif et al., 2019; Truckenbrod et al., 2021; Yotsukura et al.,)2020
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Overall, while the assessment of myopia prevalence rates itself is of course very
important, it is also of relevance to investigate the methods with whigis is done There
already is a certain amount of data on some methgder example, performing objective
refractive measurements with or without cycloplegiBotedar et al., 2007; Sanfilippo et al.,
2014) Others, such as the usage of online questionnaires in the study of myopia
epidemiology, are less investigated. Therefore, apart from generating jprygrevalence
rates for school students via autorefractidhjs dissertation also focuses @ssessing online
guestionnaires as a means to investigatgopia prevalencédevelopment)In the following
| will expand the description ofhe methodologiesutilized for the assessment of myopia
prevalence (development) in this dissertatiaautorefraction andnline questionnaires

1.1.5.1.1 Autorefraction

Autorefraction is a method of objective refraction, in which the refractive status of the
examined person is automatically measurelbypically, autorefraction involvesthe use of
infrared (IR) radiation. The autorefractometer projectsiR radiation into the eye and
determines the refractive status by assessing tReadiation that is reflected back from the
eye (Campbell et al., 2006)IR radiation is electromagnetic radiation with wavelengths
between 780m and Imm (International Commission on llluminatn, n.dzc). These
wavelengths ardonger than those of visible ligh&nd IR radiation cantherefore not be
perceived by the human eye.

As previously mentioned, autorefraction can be performed with or without
cycloplegia.lt is also typically aneAT T OAAO | AOET A E1T xEEAE OEA
measured from some distancesde Figure 14). Thus, in case of norcycloplegic
measurements, autorefraction is a nenvasive, fast and convenient procedure to objectively
measure refractive status.
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Figure 14. Autorefraction measurement with one of the
autorefractometers used in this dissertatioifPlusoptix
A12R; Plusoptix GmbH, Nurnberg, Germany).

1.1.5.1.20nline Questbnnaires

Online questionnaires Bow for quick and easy acggition ofa lot of data,which isz
in principlez useful for epidemiological studie.heymay present a promising opportunity
not only in terms of participant numbers, but also accessibility: Online recruitment has been
shown to enable reaching a more diverse and representative sample than traditional
recruitment (Gosling et al., 2004; Gosling et al.,, 2010; Upadhyay & Lipkovich, 2020)
However,as the population to which an online questionnaisedistributed can often not be
identified and may contain biasg&ndrade, 2020Q)itis unclearto what extent obtained dea
are representative of the targeted populatiog which is problematic, especially for
epidemiological investigations

Aspects such asrecommendations for frequency and content of ophthalmic
examinations as well as refractive corrections differ betwdsealthcare systems and
countries It is therefore important to make methodological considerations against the
respective backgroungd in case of this dissertation, this refers to myopia prevalence data
from Germany. Therehasalready been some research estimating myopia prevalence rates
Germanyfrom questionnaire data with varying approachdebke et al(2008) for exanple,
not only asked participants about specifications regarding refractive correction, but even
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rechecked them with the respective opticianSchuster et al(2020)report data from the
German Health Interview and Examination Survey for Children and Adolescents (KiGGS)
thus, the respective questionnaire did not only focus on refractive error or even eye health,
but was more extensive. Yethe precision of myopiaelated estimates gainedrom
guestionnaire dataemains unclearThis can be clarified byomparing myopia prevalence
estimatesfrom questionnairesandrefractive measurementswhich willbe one focus of this
dissertation

1.1.6.Myopia Etiology

Beyond monitoring myopia prevalence rates and their developménsg also crucial
to investigate the underlyingausedor the respective development, and to use the results
for the designof preventive and interventive measures. For example, consideration of
myopia etiology is useful in explaining the prevalence development in the last decades.
Furthermore, it underlines the necessity of monitoring myopia prevalence development
especially in children anaidolescents

In general, myopia has a multicausal etiologyeneticinvolvement in myopia has
repeatedly been showr(Tedja et al., 2019)For example,in populations of European
ancestry,genetic variationhas been show to account foat least 12%, but probablgven
J 30% ofthe variance irmean SERMorgan et al., 2021 However,genetic factors cannot
account for the rapid rise in myopia prevalence within the last decades, and it is assumed that
the major risk factors of school myopmthe type of myopia that is rgmnsible for said
prevalence increase are environmental in naturéMorgan et al., 2021; Tedja et al., 2019)
Overall, myopia is assumed to be determined by a combination of genetic and environmental
factors. The following sections will provide naoverview of both genetic as well as
environmental and lifestyle factors of myopia development.

1.1.6.1.Genetic Factors of Myopia

While genetic factorsare most likelynot the driving force behind the recent global
increase in myopia (prevalencéfey are undoubtedly involved in myopia development and
may, for example, control myopia degre&enerally, estimates of myopia heritability vary
greatly, ranging from 10% to 98%Tedja et al., 2019)The degree of genetic disposition
involved in the development of myopia seems to depend on the type of mydpiale school
myopia is primarily environmentally determinederticular myopia (a type of refractive
myopiawith increasedoptical power of the lensyr specific rare forms of axial myopaae
mostly caused by genetic dispositiofMorgan et al., 2021; Spillmann, 2020)
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The genetic component of myopia has been investigated in various ways, including
linkage studies (aiming at identifying genetic markers cosegregating with myopia in families
and highrisk groups), candidate gene studies (investigating specific genes basetieir
known potential relevance for myopia), and whed&ome sequencing studies
(predominantly conducted in caseontrol studies of earhpnset high myopia or families
exhibiting a specific phenotype)n recent years many genomewide association stuiés
(GWAS haveinvestigated both myopia and refractive errorthereby either using (high)
myopia as a dichotomous outcoma refractive error as a quantitative traior considering
endophenotypessuch asaxial length(Muralidharan et al., 2021; Tedja et al., 2QX9yerall,
over 200 genetic loci have been identified for refractive error and myd@plaralidharan et
al., 2021) with risk variants being highly prevalent in the population, but predominantly
having small effects eacfTedja et al., 2019)urthermore, only a fraction of the phenotypic
variance in refractive error can be explained via genetics to date. For example, a large GWAS
meta-analysis identified 161 common variants for refractive error, but they only accounted
for 7.8% of said phengpic variancgTedja et al., 2019)

Of note, the large differences in myopia prevalence rates between ethnicitiage
often been cited as evidence for a genetic predisposition of myopiawever, the term
ethnicity not only includegenetic factorsg with differences between ethnicities being small
in comparison to what human populations have in common geneticgllyut also cultural
factors. In fact,it seems that environmentaflactors, rather than genetic onesinderlie the
myopia prevalence differences between ethniciti@®organ et al. 2021) For exampleRose,
Morgan, Smith, et al(2008)found that 6-7-year-old students of Chinese ethnicity in Sydney
had a much lower myopia prevalence (3.3%) than-agel ethnicitymatched students in
Singapore (29.1%), with the difference inversely correlating with average time spent
outdoors (see chapter 1.1.6.3, suggesting a predominantly environmental influence.
Furthermore, the aforementionedGWAS metaanalyss suggestsa rather similar genetic
architecture of refractive error for European and Asian individugland overall, there
currently is no robust evidence supporting fundamental differences in the genetic
background of myopia risk betweesaid groupgTedja et al., 2019)

Thus while genetic factors are clearly involved in myogpkeeir level of involvement
varies with the type bmyopia, andthey do not underly the rapigrevalenceincrease over
the last decades. Instead, this is most likely the cause of environmental and lifestyle
influences.

15



General Introduction

1.1.6.2.Environmental and Lifestyle Factors of Myopia

Multiple environmental and lifestyléactors have been associated with myopia in the
past, among which aréamily socioeconomic statusfamily income, pollution and health
conditions during childhoodFoster & Jiang, 2014; Morgan et al., 2018; Rose et al., 2016;
Spillmann, 2020)It has, however, been concluded that therents clear evidencéhat any of
these factors alone substantially increashe risk of myopigMorgan et al., 2018; Rose et al.,
2016) On the other hand, ltere is strong evidence for an association between myopia and
multiple aspects of educationsuch asyears of education, academic performance and
attending selective school@Rose et al., 2016 hese findings entailhe necessity taassess
other reported risk factors, including the aforementioned onesith regard to being
potentially confounded with educatio(Morgan et al., 2018)

Education hasften been @&sociated with the rapidnyopia prevalence increase in
certain world regions in the last decadedt has also been hypothesized that differing
educational pressures and delopmentsbetween education systers (partly) explain the
difference inmyopia prevalence development between world regioHsstorically, high rates
of myopia prevalence haveeen reported iracademic environments and people with higher
education as early as the9® century (for a review, seeSpillmann, 202% For examplejn
1813Wareb OA1 EOEAA EEO ET NOEOEAO AAT 6O iUl PEA EI
(Ware, 1813, 82) reporting thatwithin three regimentsof foot guards (almost 10,000 men),
less than six had been discharged and less than six recruits rejected due to myopia over
almost 20 years. Furthermore, among 13,000 children at the military school in Chelsea, only
three had experienced ampyopiarelatedinconvenience. At the same time, there was a high
prevalence of myopia in colleges at Oxford and Cambriggéth 32 out of 127 students at
one college at Oxford using either hand glasses or spectaWare, 1813)Other
investigations from the samand the followingcentury alsofound increasedprevalence of
myopiawith increasing school grades and length of educat{Spillmann, 202Q)

The impact of educatioon the development of myopidas repeatedly been shown
more recently as wellMyopiaprevalence rates are generally low in societies with little formal
education(Morgan et al., 2018; Rose et al., 20F)r example, low myopia prevalence rates
have been found for school students aged 12 (5.5%), 13 (6.0%) and 14 (6.0%inyears
Cambodia(Gao et al., 2012)a Southeast Asiancountry with comparably little formal
educatian, indicating that myopia prevalence rates remain low in children and adolescents
with little exposure to educatioffMorgan et al., 2018 Another interesting examplare the
Inuit, who had exhibited very low myopia prevalence rates, which then rapidly increased
around the 1970g coinciding with the introduction of formal educatiom the respective
settlements(Morgan et al., 2018; Spillmann, 2020)
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Increases in myopia prevalence rates also coincided with educational changes on a
larger scale. In Europe and North America, myopia prevalence increases can be traced back
to the early 2@ century, when modern education systems were introdudsdtbrgan et al.,

2018) European data for example shows considerably increased myopia prevalence rates
across age groupfor adults born 1940 and after compared to earlier birth cohg¢ks M.
Williams, Bertelsen, et al., 2013jurthermore, br Germany Wesemann(2018)reanalyzed
AAOA £OT i OEA O! 1 OMensbakihshdetacle Gtidyandiép@t@r@ikie A 6
number of spectaclevearing young adults almost tripled between 1952 and 1983. He points
out that this developmentoincided withthe educational campaign of the 1960s and 1970s,
which aimed at providing more children from n@atademic backgrounds with university
education(Wesemann, 2018)

4EA AOOOAT O Oi UITPEA AiiTio6 ET Al O1 OOEAO 1 A
educational changes, as the rapid increase in myopia prevalence emerged with the
introduction of highly competitive mass educational systemsvhich happened after the
introduction of modern educational systems Western societiegMorgan et al., 2018; Rose
et al., 2016; Spillmann, 2020Ylyopia prevalence rates suddenly increased in Hong Kong,
Taiwan, Singapore, and South Korea between 1962 and 1@j8limann, 2020)and
continued to riseafter that. For examplefrom 1983 to 2000n Taiwan, the prevalence of
myopiaincreasedrom 5.8% to 21% for-Year-olds, and from 74% to 84% for-ls-year-olds
(L. L. K. Lin et al., 2004)n China, a rapid increase of myopia prevalence rakesurred
following the Cultural Revolutiorn the 1970sand the reintroduction of the gaokao, the
competitive universiy entrance examinatiofMorgan et al., 2021; Spillmann, 202Up date,

46.2% of 319-yearolds in China are myopi®bng et al., 202D Overall,70-90% of young
adults who completed 12 to 13 years of schooling are myopic in (South)EagiVesigan et

al., 2021y with myopia prevalence rates even sometimes surpassing 90%, e.g. in university
students in China and Taiwa(Spillmann, 202Q) Interestingly, similarly high myopia
prevalence rate$82.2%)have been reported in Israel for Jewislale adolescentsttending
ultra-Orthodox schools(Bez et al., 2019)again strongly suggesting the influence of
educational pressureginstead of factors such as ethnicizyon myopia development.

In fact,genetic research also supports a caugak betweeneducationand myopia,
namely viaMendelian randomization(MR). In MR, the association between-called
instrumental variableg genetic variants that are associated with the exposure of integest
and an outcome of interest is testddedja et al., 20195imply put,MRstudiesshowed that
individuals with a geneti© ® O A A E O b IhighEr@dutatiody ogefationalizedby using
results of a larggGWAS on educational attainmert were more proe to being myopic
(CuellarPartida et al., 2016; Mountjoy et al., 2018onversely, MR analgsprovided little
evidence to suggest that genetic predisposition to myopia had a causal effect on the amount
of time spent in educatio(Mountjoy et al., 2018furthermore Mirshahi et al(2014)showed
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that education had a considerable effect &R while genetic effectg operationalized as
myopiaassociated SN&(single nucleotide polymorphismg were also present, but weak.

Rose et al(2016)state that whilegenerallyonly countries with high educational
performance are known to have a highyopia prevalence, some countries with high
educational performance e.g, New Zealand and Australia do not exhibit amyopia
epidemic.Thus considering factors that (may) underlie the undeniable association between
myopia and educations important to identify preventive measures thatould enablelow
myopia prevalence rates despite high educational performamdesady in the 19 century,
Cohn (1886)suggested measures such as increasing reading distance and ensuring good
lighting conditions in classrooms to counteract myopia.fact the amount ofnear workzy
activities with a short working distance, such as reading, writing, drawing and using handheld
electronic deviceg and(bright) light exposurare wo important lifestyle factors implicated
in myopia They are alstypothesized to nediate the impact of educationwith near work
believed to be a risk factor and (bright) lighkgosure considered protectivéRose et al.,
2016) These factorsare still heavily researched todaand their involvement in myopia
developmentalso explains thdinding of increased myopic progression among children and
adolescents during th€ovid19 pandemic: Related measures such as online schooling most
likely increasedheir time spent on near worind decreased thewutdoor activities in bright
light (for ameta-analysis see:Watcharapalakorn et al., 2022Although a connectioncould
be assumedetweenthe influenceof near work and (bright) light exposumn myopiaz e.g.,
outdoor activitiessimply replacingnear worktime (Rose et al., 2016), they have been
identified asindependently associatedactors (Rose et al., 2016; Rose, Morgan, Ip, et al.,
2008; Wen et al., 2020)

There is no universally accepted definition for near w@¥en et al., 2021)and
variousquantifications and surrogate measurase usedo assess ifR. Williams et al., 2019)
In terms of viewing distance, near work has often been defined as activitieS0Otr, but
lower thresholds such as40cm and 830cm have also been uséd. Lin et al., 2017; Rose,
Morgan, Ip, et al., 2008; Wen et al., 202A¥sociations between near work activities and
myopia have been found repeatedly, but not consistently. Overall though, a systematic
review and metaanalysis showed that despitsubstantial methodological differences
between investigationsmoretime spent withnear workactivitieswas associated with higher
odds of myopia (odds ratio = 1.14)hus making near work a risk factor for myopteveral
hypotheses havebeen and are being discussed as potentially underlying the detrimental
effect of near work omimyopia. According toRose et al(2016) effects of hyperopic defocus
resulting from accommodative lag during prolonged near work constitute the most plausible
explanation forsaidassociation.
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Exposure to brighbutdoor light, on the other handhas repeatedly been found to
protect against myopiaf¢r reviews, seeEppenberger & Sturm, 2020; Ho et al., 2p1&nd
associations between timepent outdoors and myopia are generally stronger and more
consistent than those between near work and myogMorgan et al., 2021)lt is even
suggested that timespentoutdoors can minimize or eliminate the influence of other factors
associated with myopia, including near wofkrench et al., 2013Jhe assod@tion between
(bright) light exposure and myopia will lsescussed irdepth in thefollowing.

1.2.Light and Myopia

Prior to uncovering the association between light exposure and myopia, it became
apparent that time spent outdoors &s protective againsimyopia. Though a respective
relationship had long been suspected, serious scientific evidence of time outdoors being a
protective factor against myopia was not presented uii93(Rose et al., 201&when a
longitudinal study showed thain boys (but not girls) more time spent outdoors was
associated withessmyopia progression and a lower degree of myoffarssinen & Lyyra,
1993) Since then, time spemutdoors has repeatedlgmergedas a protective factor with
predictive value for myopia in childreffor areview, seefrench et al., 2033Fndings such
as more outdoor/sports activities being associated with reduced adasyopia(Jones et al.,
2007)and myopic children spating less time with sports activities than nemyopic children
(Mutti et al., 2002then raised the question whether the actual protective factor was being
outdoors or beingohysicallyactive (Rose et al., 2016lrurther research hasinceshownthat
outdoor activities both leisure and sports) protect against myopia, ekasindoor spots
activitiesdo not (Dirani et al., 2009; Rose, Morgan, Ip, et al., 2008 a review, sedRose et
al., 2016. This has also been confirmed IBuggenheim et al(2012) who discovered an
association between accelerometeneasured physical activity and myopia, but an even
greater association between time outdoors and myopia, with time outdoors being predictive
of myopia independent of physical activitiylore recently, the association between outdoor
time and myopia has been investigatéy categorizing aarticipart®location as indoors or
outdoors via light intensity measurements from wearable light met&khile investigations
using this methodology will be expanded uplater (seechapterl.2.3, it is worth notinghere
that several of them reporassociations between myopia and reduced outdoor time (e.g.,
Bhandari et al., 2022; Wu et al., 2Q1Burthermore, myopia progression rates differ between
seasons, with faster progression in winter than summer, which is consistent with a protective
effect of time outdoors, but also with near work as a risk factor due to reduced study time
during summer (blidays; French et al., 2013; Morgan et al., 2018; Rose et al.,)2016
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In the last decadgintervention studies have shown that promoting and increasing
AEEI AOAT 6 Oardefte@ivelinireducifgiriyobiéM. He et al., 2015; X. He et al., 2022;
Wu et al., 2013; Wu et al., 2018pain producing strong evidence for outdoor exposure as a
protective factor against myopieSpecifically Wu et al.(2013yeport that after participating
in a program promoting outdoor activities during recess it I#/ear-old school children in
Taiwan, there was lower myopia onsetcamyopic $ift in the intervention than control
group afterlyear. However, the intervention was only a protective factor regarding myopic
shift in nonmyopic, but not myopi¢children(Wu et al., 2013)Some years lateMVu et al.
(2018) investigated a program in which -Byear-old school children in Taiwan were
encouraged to go outside for Tburs per week. Upon completion of theygartrial, the
intervention group showed less myopic shift and axial elongation as well as lower incidence
of myopia onset and rapid myopia progression than the control group. Hereteptive
effects were present both in myopic and nomyopic children(Wu et al., 2018)in China, an
additional 40 minutes of outdoor activities per school day as well asobgthool outdoor
activities were encouraged for-gear-old primary school children over aygartrial (M. He
et al., 2015) Results showed a reduced myopia incidence rate and SER change in the
intervention compared to the control group, but no significant differeniceaxial length
change oveByears(M. He et al., 2015)n anothe program byX. He et al(2022) additional
40 or 80minutes of outdoor time per school daywer2 yearswere allocated for &-year-olds
in two different intervention groups in China. Aft& years, the authors found a reduced
myopia incidence rate as well as less myopic shift and axial elongation in both intervention
groups compared to the control group. Protective effects of outdoor time (measured with a
wearable device) on myopic shift ioth SER and axial length were also observed, but only in
non-myopic participants. Furthermore, there was no significant difference in myopia
incidence or shift between the intervention groups, but they also exhibited similar outdoor
time and light intensity(X. He et al., 2022)mpressively, recenTaiwanesedata show that
following the implementation of a program aiming & hours of daily outdoor time for
primary school children as a governmental policy201Q prevalence rates of reduced visual
acuity in primary school children have started to decline. This mameversal in the previous
trend of rising prevalence of reduced visual acuity associated with the myopia boom in school
children in TaiwarfWu et al., 2020)

These data demonstrate the potential of promoting outdoor activities as a strategy
for myopia prevention and possibly also as a myopia control intervenfitre effect of
outdoor exposure on myopia progressiongenerallyless clear than on myopia oeis For
example, a metaanalysis on outdoor exposure and myoavith most included studies
assessing the former via questionnairzsoncluded that while increase time outdoors can
effectively prevent myopia onset and slow myopic shift in refractive eiitas, not effective
in slowing progression in already myopic ey¥#ng et al., 2017Putdoor activities mayhus
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be more suited as myopia prevention than control interventioHewever, protective effects

of outdoor exposure on myopia progressionMegasometimesbeen reported befor§Wu et

al., 2018) and the seasonal differences in myogieogression that have repeatedly been
observal suggest that myopia progression can indeed be regulated by environmental factors
(Morgan et al.,, 2021)Rose et al(2016)proposethat the absence of an effect of time
outdoors on myopia progression may be a statistical problem due to the narrower range of
(near work and) time outdoors in myopic persons compared to the general populétiore
research will hopefully clarify if, or under which circumstances, outdoor exposure is also
effective with regard to rducing myopia progressian

Varioushypotheses have been proposed to explain #esociation between outdoor
time and myopia and it is of course possible thaveralof them are (partly) correctt has
for example,been suggested that reduced peripheral defocusoutdoor versus indoor
environments or the spatial frequency characteristics of outdoor environmeri® of
relevance, though more research is needed to (further) substantiate either(ldegham et
al., 2020) Several hypotheses involve properties of light as cruaeldrs and will thus be
expanded upon ichapterl.2.2 Of thesetheidea ofthe higher illuminance in outdoor versus
indoor environmentsbeing crucial with regard to myopia protectionvsry well supported
and has been described as the most established theory regarding the association between
myopia and time outdoorgLingham et al., 2020)Therefore it is important to specify the
definition of (bright) light and associated parameters. Prior to discugsire association
between light and myopia in more detail, | will thus present a brief overview of the relevant
physical properties of light.

1.2.1.Physical Properties of Light

Light, or visible light, idefined as the range of electromagnetic radiation that
visible to humangInternational Commission on lllumination, nz; Sliney, 2016) While
there are no precise limits fothe visible spectrum, lectromagnetic radiation with
wavelengthsof 360400nm and 766830nm usually constitute its lower and upper limg
respectively (International Commission on lllumination, nzhb). Different wavelengths
within the visible spectrum are perceived as different colossth, for example short
wavelengths being perceived blue, medium wavelengths green, and longer wavelengths red.
Shorter wavelengths adjacent to the visible spectrum (@®nm) constitute ultraviolet
(UV)radiation (International Commission on lllumination, ngtl). They arealso referred to

'4EA AAEET EOEIT CEOAT AU OEA )1 OAOT AOETT Al #1111 EOOETI]
two meanings which should be clearly distinguished. The other one, which the International Commission on
llumination (n.dzAq OAAT i i ATAO 61 OAEAO O AO ODPAOAAREOAA | ECE

characteristic of all visioispecific sensationand perceptions.
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as UV light, even though they cannot be perceived by the humargalieugh as stated by
the CIEyisible sensation at wavelengths that are shorter than #4@®has been detectetbr
very bright light sources so a precise boundary to visible light cannot be defined
(International Commission on lllumination, nzdl). On the other hand, longer wavelengths
adjacent to the visible spectrum (78 z 1mm) constitute infrared (R) radiation
(International Commission on lllumination, nzg). IR radiation is alseeferred toasIR light
and, as mentioned earlier, is for example utilized in autorefraction (despter1.1.5.1.1
Again, a precise boundary to visible radiation cannot be set since visible sensation can occur
even at wavelengths longer than 78én (International Commission on lllumination, nz).
While the radiation spec#of artificial light sourcedie circa within the visiblg and in case of
incandescent lamps aldargelywithin the IRz spectrum,that of the sun include®oth UV
and IR light in addition to visible ligh€osic et al., 2016; L. Wang & Yu, 2023)

The human eye is not equally sensitive to all wavelengths on the visible spedtham.
PDET Ol PEA 1 OI ETT1 00 AZEEEAEAT AU £O01 ACEIT 6j1Qq A
vision for photopic visiorg i.e., when it is bright ad cones arethe primarily active
photoreceptors(International Commission on lllumination, nzg, n.dzi, n.dzk). There are
also other luminous efficiency functions. For example, the scotopic luminous efficiency
£O0T ACETT 66j1q OPAA BngE BighOdanilitioGsBvhchrG® dvé theOAT OE C
primarily active photoreceptorginternational Commission on lllumination, nzg, n.dgzj,
n.d.zl). Figure 15depicts the photopic and scotopic luminous efficiency functions.
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Figure 15. Photopic and scotopic luminoudfeciency functions
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In this disertationas well acommonly in the literature on thassociation between
light and myopiaO E A @ghtdniensiy measurementérefers tomeasuringux. Lux is the
measurement unit of illuminance, which is definedsiectralE OOAAEAT AA xAECEA/
unless it is specified to be based on another luminous efficiency fun(figaeiro et al., 2013;
Ohno et al., 2020)Spectral irradiance is defined as the density of irradiance per wavelength
(International Commission on lllumination, ngh), and irradiance is the density of radiant
flux that is receivedy a surface per unit are@nternational Commission on Illlumination,
n.d.zg). Radiantflux, or radiant powerdescribeshe change of radiant energy per unit time
(International Commission on lllumination, nzf). Importantly, despite this precise
definition of lux light meters may not always measure illuminance as accurately, because the
OPAAOOAI OAT OEOEOEOU 1 £ QQrgdeiraetad R01D o @ 4., | AU
2020) This aspect should be kept in mind with regard to lux measurements via light meters
as discussed throughout this dissertation.

1.2.2.Light-Myopia Associationsand PotentialMechanisms of Action

In the following, reasons for the assumption that light exposure plays a causative role
in myopia will be discussed in more det#ik outlined abovethere are the findings of time
spent outdoors being protective against myopia in humans, with (among others) light
exposure being hypothesized as underlying this associatiurthermore, several studies
with wearable light meters also repoain association betweeaxposure to bright light above
various lux thresholdand reduced myopia (metri¢g.g.,Readet al., 2015; Wen et al., 20R0
As mentioned earlier, investigations using this methodology wilepanded upon at a later
point (seechapter1.2.3. Additionally, genetic research suggests that many of the genetic
loci associated with myopia are functionally related to light processing and gernwide
pathway analyses have demonstrated that light processing is an important mechanism in
refractive errordevelopment(Tedja et al., 2019)Research withexperimentally induced
myopiain animals alssupportsa protective effect of high light intensities regarding myopia
development €.g.,Ashby et al., 2009; Karouta & Ashby, 2015; Smith et al., RBi@Rvever,
some studies do not findaid association (e.gSmith et al., 2018 and the type of induced
myopia has been discussed to potentially play a role in thifsorm-deprivation myopia, the
eye is typically covered with a translucent diffuser to prevdeacvision, leading to abnormal
elongation of the eyeball, whiléensinduced myopia involves the placement of concave
lenses in front of the eye to stimulate axial elongatidius, both types of experimentally
induced myopia produce axial myop(&iorgan et al., 2013Protective effects of bright light
on myopia development have been more consistently foundorm-deprivationthan lens
induced myopia and there has beesome discussion with regard to the transferability of
either model to human myopiéRose et al., 2016However, there also have been reports of
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bright light being protectiveagainstlensinduced myopia (e.g.Biswas et al., 2033 and
despite some inconsistencies and open questions, animal studies thoroughly demonstrate
the presence of a lightnyopia association.

This association is alamderlined by evidence for possible mechanisms of action.
this regard, thdight-dopaminehypothesisisvery weltsupported Initially proposed byRose,
Morgan, Ip, et al(2008) it states thatbright light protects from myopia via lighstimulated
release of retinal dopamine, which, in turn, inhibits eye growth. Dopamine is, in fact, an
important regulator of eye growtlffor a review, seeStone et al., 2003and retinal dopamine
has been known to be regulated by light for some time r{@nainard & Mogan, 1987; luvone
et al., 1978)Furthermore,in support of this hypothesis, animal studies have shown that
dopamine agonists inhibit axial elongatiaand block myopia developmenh experimental
myopia (McCarthy et al., 2007; Rohrer et al., 1998)d that the protective effect of light
againstmyopia development can be blocked by a dopamine antagofAshby & Schaeffel,
2010; McCarthy et al., 20QAjet, ss mentioned earlier, more than one hypothesis has been
proposed regarding the protective effect pfoperties of light against myopiagFor example,
it has been postulatedhat exposureto UV light might be of relevancgPrepas, 2008)
Vitamin D expression due to UV light exposure tdso been proposed as a potential
mechanism, as has théifferent chromatic spectrum of light outdoors versus indoors (with
artificial indoor lighting being more monochromadicand specifically violet ligh{360
400nm) being of importance for a review, seeLingham et al., 202D While there is some
evidence for these hypotheses, they are generally not as-stgdported as the light
dopamine hypothesis. For exampleesearch has shown that the protective effect of bright
light against myopia development in experimental myopia is present in the absence of UV
light (Rose et al., 2016)Evidence for the involvement of vitamin D is inconsistent, and a
causal relation with myopia seesnunlikely (Lingham et al., 2020; Rose et al., 2016)
Regarding the involvement of different chromatic spectra of light in myopia development,
current evidence is still deemed relatively weak, with more investigations neédedham
et al., 2020)Overall, despite there still being some inconsistencies with the lgyppamine
hypothesis, it currently is a very strongly supported theerplaining the protective effect of
outdoor/bright light exposure against myopia. This does, however, not imply that other
mechanisms do not also play a role in this associafiRwse et al., 2016)

Overall, many of the proposed hypotheses regarding the protective effect of
outdoor/bright light exposure against myopia are either deemed unlikely or in need of more
research to substantiate them, whil&é¢ lightdopamine hypothesis ia wellestablished and
strongly supportedheory. However, this does natecessarilymeanthat other mechanisms
do not also play a role in this associatidm.any event, strong evidence suggests that (the
amount of) light exposure plays a causative role in myopia developnmkhis knowledge, in
turn, may be used with regard to preventive and interventive measures to rednset and
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progression ofhuman myopia.In the following, | will extend the discussion on the
investigation of lightmyopia associations in humans to describe the methodologies used to
generate and expand said knowledge.

1.2.3.Light-Myopia Association in Humans:Investigations Using Light Meters

As has been described before, questionnaires can be tses$sess the amount of
outdoor time. However, due to factors like tlieretrospective and subjective nature, these
methodologiesdo not provide precise estimates. Furthermore, they are generally used to
assess time spent indoors versus outdoors, but not in specific light intensities.

Thankfully, technological advancements have created new possibilities to abe#ss
time outdoors andight exposure more objectivelffor a review on measuring outdoor time
in childmyopia research, seding Wang et al., 20)8~or example, global positioning system
(GPS) devices oronjunctival ultraviolet autofluorescence photograplgya noninvasive
procedure to detect UV lightelated changes/damage of the ocular surfagean be used
Yet again these methods only allow for an estimation of inde@rsus outdoor time, and not
time in specific light intensitiesln recent yearsan increasing amount of research on the
association between light and myopleas been conductedith wearable light meters that
AAT 1 AAOBOA A PAOOIT 60 | ECEManyh@BbleddiGdareh OOET C
available forthe measurement of light exposure (for a review, seartmeyer et al., 202R
andvarious light meteriave already been usdd investigat light-myopia associationslhe
devicesin questionmeasure lux, with some being able ttsameasure other lightrelated
properties, such as UV ligfe.g., Vivior MonitoyVivior AG, Zurich, Switzerlandrred, green
and blue light(e.g.,Actiwatch SpectrumPhilips Respironics, Murrysville, PA, U884 well as
further aspects for exampleactivity (e.g., Actiwatch 2,Philips Respironics, Murrysville, PA,
USA) or viewing distance(e.g., Clouclip Hangzhou JigZhiJing Technology Co. Ltd.As
mentioned above, sidies using wearable light meters ofteanalyze the relation between
myopia and time outdoors. Thereby, the lattis usually inferred from the time spent in light
levels above a certain lux coff, typically 1,000ux (e.g.,Mirhajianmoghadam et al., 2021;
Read et al., 2014; Wen et al., 2020

While early studies utilizing light meters do not report associationsbetween
light/outdoor exposure and myopidAlvarez & Wildsoet, 2013; Backhouse et al., 2011;
Dharani et al., 2012; Schmid et al., 2Q13)bsequent research has repeatedly found such
associations For example,emmetropic children have been found teceive greater daily
light and/or outdoor exposure than myopic children (Bhandari et al., 2022;
Mirhajianmoghadam et al., 2021; Read et al., 20d4<glvell as more exposure to higher light
intensities (Wen et al., 2020)Longitudinally, among othersgreater light exposure was
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associated with less axial elongation in childi@ead et al., 201%nd reduction in myopia
incidence was observed with increasing level of both outdoor time and outdoor light intensity
(X. He et al., 2022Even in the last few years, however, lighiyopia associationsavenot
beenfound in all investigationssing light meterqe.g.,M. Li et al., 2021; Ostrin et al., 2018
and multiple aspects are still unknowregarding light/outdoor exposure and myopi&or
example,ashas been discussdukfore (s@ chapterl.?), it is notyet clear whether increased
outdoor exposure can reduce only onset, or also progression of mydpeagan et al., 2021)
Light meter studies may help ensweringopen questions such as thig objective measures

of light (and outdoor) exposure.

These results demonstrate that various factors (may) play a role in the link between
light exposure and myopia. Furthermore, the respective investigations differ a lot with regard
to methodology, such as the specifications of the participant sample, tand location of
data acquisition, andlata analysis procedures as well as in the utilized light meters. This may
also contribute to betweerstudy differences in the results, and should therefore be
considered in the research field.

1.2.4.Comparability of Different Light Meters

While light meters are increasingly used to assess {ighbpia associations,
methodological assessments and comparisons between different light meters are still rather
sparse.This is problematic insofar as the utilized devices diffemany ways, for example
how and where they are (supposed to be) worn or the included sensors and their technical
specifications Furthermore,several studieslemonstratd differencesin the measurements
of different types of light metersand their deviations from photomete measurements
(Figueiro et al., 2013; Howell et al., 2021; Joyce et al., 202@) differences in between
device lux measurements and tine(potential) relevance for studies on lightyopia
associations is illustrated, for example, by the fact tB&8.13ux and850lux were identified
as corresponding tghotometer-measured1,000 lux forActiwatch 2 and Clouclip M2
respectively(Howell et al., 20213 with 1,000lux commonly being used as indeoutdoor
cut-off for various light meters, including thesevo devices(Read et al., 2014; Wen et al.,
2020) Lux measurement differences have also been reported for similar devices worn at
different locations on the bodyAarts et al., 2017; Figueiro et al., 2013; Wen et al., 2021)
and, unsurprisingly, also for different devices worn at differlngationsof the body(Read,
Vincent, et al., 2018; van Duijnhoven et al., 20X¥#&t,especially the latter is usually more of
a side result of the respective investigations, with few studies systematically investigating
such betweerdevice differencesr considering datdrom more than just one or a few hours
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Thus little is known about how different types of light meters differ in their
measurementsin settingsthat closely resemble those in ligimyopia field research. This
would, however, be important knowledge with regard to the comparability of investigations
that used different deviceswvhich are often worn at differerbcationsof the body. A recent
dissertation reports data frond9 participants who had simultaneously worn three different
light meters (Clouclip M2, Actiwatch 2, and HOBO PendantQ02-64, Onset Computer
Corp., Bourne, MA, USAhan, 2022, showing poor correlations and significant differences
between the A A O Eli§hh idténsity measurementsThese results as well as the limited
number of studies (systematically) investigating betwedavice differences underline the
necessity of more methodological research to assess the comparability between light meters
used in the study of lighmyopia assaciations.

1.3.ResearclObjectives

The main body of this dissertation is structured around two primary aims. The first
aim is to investigate myopia prevalence rates and associated factors in children and
adolescents in Germany. The second aim is to examine methodological aspects of light
myopia research, with a primary focus on the utilization of light meters.rébhg, the above
considerationsaccumulate in theéhree main research objectives of this dissertatitime first
two of whichwill be investigated under the first airfPart ), and the third me under the
second ainm(Partll):

Objective 1
Obtaining Current Myopia Prevalence Rates for Children and Adolescents in Germany

To address the existing gaps in myopia prevalence data, the first research objective
centers on the acquisition of ufw-date myopia prevalence rates among children and
adolescents in Germany. This includbe investigation of associations between both myopia
and refractive status and sociodemographic factors like grade or gender as well as estimating
the prevalence of uncorrected myopia

In doing so, | utilized two different methodologies to assess myopia prevalence as
described inchaper 1.1.5.1 Conducting norcycloplegic autorefraction measurements in
two student samples that constitute the lower and upper end of the age span in which school
myopia usually appearsfudy 1), and distributing an anonymous online parent questionnaire
on spectacle ownership in children and adolescents in Germ@iudy 2and Study 3.
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Objective 2
Assessingthe Application of Online Questionnairesin Myopia Prevalence Research

The second research objective focuses on methodological considerations regarding
the usage of online questionnaires in this type of epidemiological research. Specifically,
assessdthe success of various recruitment strategies for online questionnaires as well as the
feasibility of online questionnaires to investigate epidemiological matters such as myopia
prevalence rates and associations.

The former was investigated by evaluating various aspegtse.g., sample
representativeness and recruitment succegsof the different recruitment strategies
employed to distribute the aforementioned online questionnaire on spectacle ownership
(Study 2. For the latter, | compared the online questionnaire data to the myopia prevalence
rates acquired from the refractive measurementsStudy las well as other investigations
(Study 3.

Objective 3
Extending Methodological Insights into the Usageof Light Meters in Myopia Research

With light meters being usednore and more ininvestigationson light-myopia
associationsand as methodological aspects may influence their resultie third research
objective aims to reduce the data gap with regard to light meter comparability as well as
methodological aspects of the investigations in which they are being usedhermore, this
objective also focuses the fact that commercially avaléalight meters do not necessarily
AT i AETA Aill ZEAAOOOCAO 1T1T.A T ECEO TAAA A1 O 11AGS
To this end, | conducted a literature review on different light meters used in
ET OAOOECAOGEITO 11 ITECEO Agbi OOOA AT A 1 UIDE,
methodological parametersStudy 4). Furthermore, | employed various light meters that
have been used in myopia research before in a -liéal setting by wearing them
simultaneously to directly compare their measuremeng&uydy 5). Finally,wearable device
prototypesweredeveloped and assessed to explore the feasibilitgefeloping a light meter
OAEI T OAA O1 OEA OANOEOAI AT OO0 1 AsudygsR ODPAAE EEA
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i
Investigation of Myopia Prevalence and Associated Factors in
Children and Adolescents in Germany
Epidemiological and Methodological Aspects
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2.1.Study 1:

Myopia Prevalence, Refractive Status and Uncorrected Myopia
Among Primary and Secondary School Students in Germany

Abstract: The increasing prevalence of myompi@ridwide is problematic because myopian

result in severe secondary pathologjesd is associated with considerable financial burden
With plenty of prevalence data available for somegions current data for Europeaemain
sparse.Yet, information on myopia prevalence and associations is essential for monitoring,
preventive and interventive purposes. Likewise, uncorrected refractive errors are also critical,
as they can e.g. affect educational outcomes, making information on uected myopia
valuablefor diagnostics and health educatioWe performed norcycloplegic autorefraction

on two samples in Germany. The younger sample included 489 primary school students
(grades 34, mean age: 9.30+0.78 years), the older sample 1032 secondary school students
(grades 810, mean age 14.99+1.12 yearBese samplesark the limits of the ageange
during which school myopia usuallgmerges Myopia (spherical equivalent -0.75D
prevalence was 8.4% in the younger sample and 19.5% in the older sample. The prevalen
was generally higher in higher grade levels, with the most notable difference between grades
8 and 9. Females were more myopic than males in all grades except grade 3, with the largest
gender difference in grade 10. The older sample also exhibited a myopic spherical
equivalent than the younger sample. In the older sample, spherical equivalent was more
myopic in females than in males, and in grade 9 and 10 participants more than in grade 8
participants. Rates of uncorrected myopia were extremely high.2% in the younger sample

and 43.3% in the older sample. The obtained myopia prevalence rates are generally
consistent with other European studies, as is the higher prevalence in female than male
adolescents, accelerating with age. The high rates ofarrected myopia warrant further
investigation and should inform public health policies, including the implementation of
regular refractive screenings.

This study is joint work with Lisilarie Tommes, Philipp Doebler and Sarah Weigattdisz
in a revised versiog publishedas an articlan Frontiers in Medicing2024:11, p. 14830®,
https://doi.org/10.3389/fmed.2024.148305%91t has been reformatted to conform to the
overall style of this dissertatian
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2.1.1.Introduction

The global prevalence of myopia is increasing and has been estimated to become as
high as 49.8% in 2050, if not for control interventigiolden et al., 2016)n parts of East
Asia, myopia prevalence has even reached alarmingly high rates of up to 90% in adolescents
and young adultgDolgin, 2015; Morgan et al., 2018)ith high myopia being as high as-10
20% (Morgan et al., 2018)In Europe, both myopia and high myopia prevalence are
considerably lower than in (East) A¢Baird et al., 2020; Xiang & dp2020) Yet, increases
in myopia prevalence have been observed in Europe agMeltien et al., 2016)As myopia
can cause substantial individual and public financial bur(dncroft, 2012; Holden et al.,
2014) and high myopia is associated with an increased risk of sesarendary pathologies
(Saw et al., 2005}his global increase in myopia prevalence requires immediate attention.

Unfortunately, current European data on myopia prevalenceratber sparse In two
recent reviews on myopia epidemiology in school child(&mzybowski et al., 202@nd on
epidemiological data on myopia from populatidmased studiegXiang & Zou, 2020Q)only
nine publications reporting myopia prevalence in Europe (geographical definition) were
identified (Grzybowski et al., 2020; Xiang & Zou, 20ZD)erein, myopia prevalence rates of
schoolaged children and adolescents vary between 2.4%éd6r-olds; Tideman etal., 201§
and 42.7% (1Q9year-olds; Matamoros et al., 2015 High myopia prevalence rates were
consistently low (0%<2%) in the three publications reporting thefiHagen et al., 2018;
Harrington, Stack, & O'Dwyer, 2019; Matamoros et al., 20EBy Germany, a steady increase
in myopia prevalence from 2.08% at age 3 to 25.87% at age 17 has been reported
(Truckenbrod et al.2021)z though again, data are sparse. To reduce this data gap, we
investigated myopia epidemiology, including myopia prevalence, aino®l children in
Germany.

With school age aa critical period for myopia developmeKiMorgan & Rose, 2005;
Myrowitz, 2012) several underlying factors might be target points for prevention and
intervention. School myopia (or juvenile myopia) has been described to appear between the
ages of 9 and 11, and to then progress up to the late teenage years or early twenties
(Gilmartin, 2004) In a broader definition, school myopia is described to appear between the
ages of 8 and 14 years, with potential further progression up to the aggmroximately 30
(Morgan & Rose, 2005)ess bright (outdoor) light exposure and more near work are
considered important environmental factors driving this developmdMyrowitz, 2012)
Furthermore, myopia prevalence and academic achievement are oftemectedin the
literature. While the direction of causality has been a matter of debate, current evidence
strongly suggests that education plays a causal role in myopia developiB=aitd et al.,
2020) which is likely linked to both near work and lightpesure (Rose et al., 2016)
Regarding gender, in white and East Asian populations, myopia prevalence differences have
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been found to appear around age 9 and become more pronounced thereafter, with a higher
prevalence in girls than boydRudnicka et al., 2016)Jp-to-date information onmyopia
prevalence its development during school age and associated factush as thesas
important for monitoring purposes and to create interventions for prevention and
diagnostics of myopia (progression).

In this regard, uncorrected refractive errors are a most relevant issue as they are
problematic in many ways, and they constitute the principal cause of visual impairments
globally (Pascolini & Mariotti, 2012)In a recent metanalysis, the global potential
productivity loss associated with visual impairments due to uncorrected myopia has been
estimated at USD $244 billion dollars, thereby substantially exceeding the cost of myopia
correction(Naidoo et al.2019) Uncorrectedefractive erros have alstbeen shown to affect

AEEI AOAT 60 AAOAAOQETT AT 1 OO0OATIT AO8 &1 O AgAi bl A
failing visual acuity screenings (and having improved visual acuity with refraction) improved
ET |1 AOEAT AGEAO OAOO ideAncrended Rith indteAsing blakkbdad Bs® 5 A /F

during teaching, making it plausible for myopic children to have especially benefited from the
provision of glasses, and underlining the impact of providing spectacles to myopic children
(X. Ma et al., 2014 hus, information on magnitude and associations of uncorrected myopia
are important from a public health standpoint and may contribute to identifying relevant
aspects regarding health education and diagnostic interventions.

Here we performed norcycloplegic autorefraction itwo samples ochoolstudents
in Germany. The samples constitute thpper and lower limit of the age range in which
school myopia usually first appeai/e aimed at estimating the prevalence of myopia and
uncorrected myopia among primary and secondary school students in Germany and
analyzing potential sociodemographic predictors for refractive status.

2.1.2.Methods

The study was approved by the local ethics board at TU Dortmund University and
followed the tenets of the Declaration of Helsinki.

2.1.2.1.Participants

We recruited primary and secondary schools within the German federal state North
RhineWestphalia, where children are usually six or seven years old when they enroll in
primary school (grades-4). After that, most students visit one of four types of sadary
OAET 11 60d 4EA CATAOAI OAAI 1T A)dd) beCrdnipleted witi O ( A OF
the lower secondary school leaving certificatéhe intermediate secondary school
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i 02 AAT OAE OLoAWith theCs@cAnidkyGschiol certificate, and the grammar school

i O' Ul 1T AOE 012 dr 518) @ith A& gene¥al qualification for university entrance (A

1 AGAI 68 , AOGOI Uh OEA AT i POAEAT OkehentonedE | 1 |
courses of education and scheeaving certificates. The school system slightly differs
between German federal states, but is generally comparable.

For each of these types of schools, we created randomized lists of all schools around
a city in North RhindVestphalia, and contacted them accordingly. We chose the first six
consenting primary schools and the first consenting secondary school per type for
participation. Sinceno grammar schoolfrom the initial list agreed to participation, we
contacted another grammar schotwcatedjust outside the originally determined area, which
participated. Subsequently, we invited all students of grades 3 and 4 (primary schools) as well
as grades 8, 9, and 10 (secondary schools) to participate via a multilingual letter distributed
two weeks pior to the testing date(s). Therein, families were told to inform the school if they
did not want their child to participate.

Of the 581 eligible students for our younger sam@&-@nd 4"-grade primary school
students; S1), 489 participated. For our older sample"(8 9"-, and 1@'-grade secondary
school students; S2),344 students were eligible and0B2 participated. Most of the eligible
non-participating students were not at school during the testing dates due to Ga9id
related quarantineOne participant in S1 ant¢wo participants in S2 were excluded from all
analyses, because we were unable to obtain the relevapasurements. Thus, the final
sample comprised of 488 participants in S1 af@B@participants in S2.

2.1.2.2.Study Design

Data was collected at the schools between September and December 2021, i.e.,
during the first four months of the school year. To conduct all measurements, four trained
experimenters visited each primary school for one day, and each secondary schoaiefer th
consecutive days. In sum, 18 experimenters were involved in data collection. Participants
completed the measurements individually, three at a time in the same room.

Upon participation, participants received a feedback card for their caregivers. All
cards specified that we had measured refraction to detect ametropia. The other information
varied based on our results: (1) If the participant had a visual aid, the faaslyreminded
that regular visits to an ophthalmologist are advisable even in the absence of complaints. (2)
If the participant had no visual aid and we detected no abnormalities, the family was informed
about this and also told that regular visits to aphthalmologist are advisable even in the
absence of complaints. (3) If the participant had no visual aid and we detected abnormalities,
the family was informed about this along with the recommendation to undergo an
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ophthalmological examination. Cards (2) and (3) also explicitly stated that our measurements
were not medical diagnoses. We did not include refractive values in the feedback.

2.1.2.3.Measurements

We measured nomwycloplegic refraction three times with one of three
autorefractometers (2x model A12R with software 7.1.8.0, 1x model A09 with software
5.0.22.0; Plusoptix GmbH, Nurnberg, Germany) at a distance of 1 meter. The mean spherical
equivalent rdraction (sphere + % cylinder; SER) of these measurements was taken for
analysis. If a participant wore glasses, we obtained their specifications by an auto lensmeter
(model TI1-3000C; Tomey Corporation, Nagoya, Japan). If a participant wore contact lenses
during measurements, we recorded information about their kind.

We also recorded participasreported gender (male/female/nebinary) and age in
AAuobh AAlI AOI AOGET ¢ OEA 1 AOOAO #01i OEA DPAOOEA
&OOOEAOI T OAh xA T AOAET AA AAAEbasediehsire 6 O OI
of social burder{Schrapler & Jeworutzki, 2021)he social index is a measure to identify the
need for support of individual schools in North Reihddf OOBDEAT EA AOA O1T OEA
composition. It is based on child and youth poverty as well as proportion of students with
primarily nonGerman famy language, who immigrated to Germany, and with special
educational needs in learning, language, or emotional and so@akldpment. The social
index is calculated on a scale from zero to 100 and each score is assigned to a social index
level between one and nine, with one reflecting a low social bu{@ahrapler & Jeworutzki,
2021)

2.1.2.4.Data Analysis

Data analysis was conducted using R 4.4RL Core Team, 2021lip RStudio
2021.9.0.35)(RStudio Team, 20213s well as the packaggssych(Revelle, 2021)mgcv
(Wood, 2017)MuMin (Barton, 2023) andggplot2 (Wickham et al., 2023)The significance
1 AGAT xAO OAO AO6 | B @»8dY8 )& Al OOAAOQGEITO
comparisons, corrected-palues are reported.
2.1.2.4.1 Data Preparation

For four participants, we could only perform refractive measurements while they were
wearing their glasses. We calculated their sphere and cylinder values by adding the respective
Cl AOOAOCS OPAAEAEAAOQOEIT O O OEA iRGAWOAA OAIT C
the other participants.
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Furthermore, we were not able to perform all three refractive measurements with
some participants. If data from only one (two) measurement(s) were available, we used these
data to calculate mean SER. For the right eye, this was the case for four (nitie)paats,
and for the left eye, for five (nine) participants, respectively.

Nine participants wore contact lenses during measurements and were thus excluded from all
SER analyses.

Lastly, the autorefractometers have a measurement range fref® to +5D SER in
0.25D steps for sphere and cylind®usoptix GmbH, 2009, 2028) 7 A OAPI AAAA PAO
OA1 OAO 1 AAOOOAA AO OI OO0 1T &£ OAT gr/AesDEb.126DE A |1 UIT
3%2 AO OEA TA@O 11T xAO j EECEAOQ 3%2 Bl OOEAI A
cylinder. For the right eye, this was the case $even (seven) participants, and for the left
eye, for eight (nine) participants, respectively.

We tested the comparability between the measurements of the two
autorefractometer models used for data collection in a comparison studynwasured 58
additional participants three times with each autorefractometer and calculated meanf&ER
each eye for each device. Pairgdestsh AT OOAAOAA xEOE (11160 i
comparisongHolm, 1979)showed that the mean SER values obtained with the A09 device
differed significantly from those of either A12R device (@k.001), while there was no
difference between the A12R devices (bg$>.05). Visual inspection of LOWESS lines and
#01 1T AAAEBO !'1 DPEA xEOE OEAOJAAEGRiBated Ihér OEOA|
relationships between the mean SER values of all devices. Subsequently, we fitted
generalized additive models including a smooth term to the comparison study data using the
default generalized crossalidation to determine the degreef smoothness. The smooth
used the usual wiggliness penalty of the second derivative, but no null space so that the F
test is a test of nofinearity. Wepredicted the mean SER of either A12R device for right and
left eyes independently. As generadid crossvalidation could potentially undersmooth, the
same analysis was performed with the REML criterion as part of the sensitivity analysis. For
all models, the smooth term was not significant (pdi>.05), again corrected for multiple
AT T PAOEOI 1T O OO HHo, 1079)THe@fGre, ivddaSsbred a linear relationship
between measurements with the AO9 device and measurements with the A12R devices, and
pursued a linear transformation of the A09 data to obtain comparable data for all participants
from the actual study, regardless of the autorefractometer they had been measured with. To
this end, we averaged the mean SER of the A12R devices for each participant in the
comparison study, and fitted linear models to predict this averaged mean SERRA1IBRR
devices from the mean SER of the A09 device for each eye. Finally, we linearly transformed
the data from the actual study that had beeneasured with the A09 device with the obtained
regression coefficients for each eye. Detailed results of the y@m®as mentioned in this
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paragraph are presented Bupplementary Table 2A5and Supplementary Figure A In all
following analyses, we used the linearly transformed data of the A09 device along with the
(nontransformed) data of the A12R devices.

We rechecked all calculations reported in the results section (1) twélcomplete
data without linear transformation of the A09 device datada(2)with the data from the A12R
devices oty (seeSupplementary Table 8A23 and Supplementary InformationAl-A4).
Despite a few quantitative and qualitative differences between the data analytic approaches,
OEA 1T OAOAI 1T OAOOI 006 DPAOOGAOT O AEA 110 AEAT CA
Since the SER of the right and left ewerex A1 1 AT OOAT AOAA&8R,3PAAOI
p<.001) and not significantly different from each othgr<.12), only data of the right eye
arepresented in the following.

2.1.2.4.2 Myopia Prevalence

We calculated myopia prevalence for S1 and S2 overall and for various subgroups. We
defined myopia as SER-0.75D(Alsaif et al., 2019; Truckenbrod et al., 2021; Yotsukura et al.,
2020)to compensate for myopia overestimation due to the nrowncloplegic nature of the
autorefraction measurements. Myopia prevalence values are reported for thisftuif not
stated otherwise. Prevalence rates for the SER.5D myopia definition are alseported for
comparability with other investigationgChoy et al., 2R0; Harrington, Stack, & O'Dwyer,
2019; Lundberg et al., 2013ligh myopia was defined as SERSD (Choy et al., 2020; Hagen
et al., 2018; K. M. Williams, Verhoeven, et al., 2015)

For the myopia prevalence, we includell participants withusableSER data as well
as participantsvithout usableSER dataif we could derivehe type of ametropia from their
visual aid (i.e., measured or reported specificationt)sable SER data includes SER data
obtained from successful autorefraction measurements from participants not wearing visual
aids as well as successful autorefraction measurements over glasses, in which case we
entails unsuccessful autorefractiomeasurenents due to measurement complications
autorefraction measuremensover contact lenses, in which case we could not determine the
actual, uncorrected SEReasurement complications entailing the absence of SER data only
occurred inparticipants with visual aidg=or one participant in S1 and two participants in S2,
no SER data exists due to such complications, and we also do not have any information on
their visual aid specifications. Thus, these three participants were excluded from analysis, as
has already beedescribed with regard to the participant sample. Further two participants in
S1 and ten participants in S2 had no usable SER data, but we were able to derive their type of
ametropia from their visual aids, and thus includedem in the analyses on myopia
prevalence.
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For the prevalence estimation of high myopiave only included participants with
usable SER dat& ET AA xA AT OI A 110 Al xAUuO 1T AOAET AAC
visual aid and visual aid specifications do not always fit the magnitude of a refractive error.

2.1.2.4.3Refractive Status Associations

An independent samplestestwas conducted to confirm SER differences between S1
and S2. Subsequently, we performed multiple linear regression analysis with SER as outcome
for S1 and S2 separately, including grade and gender as predictors. Though age usually also
predicts SER, we didot include both age and grade in the initial model as they are highly
AT OOAT AGAA | 3P Ak-0d1;81r& 62; 82F £ .76). Wéikchded drage based
on the assumption that years of schooling may playo&erin myopia development and
because e.gJianyong Wang et al2020)had found grade to predict myopia and vision
impairment slightly better than age which was also the case in our data for both S1 and S2.
We subsequentlyapplied the Gl possible subsefsapproachto test if there wasa better
regression model foeither sample.Thereby, every possible predictor combination is run
(automatically) to obtain the best combination of potential predictarshus, this approach
can be a useful screening teduce the number of possible mod€ls. Zhang & Wang, 2017)
We tested age, gender, and grade as potential predictors and also included their interaction
terms, constraining the inclusion of the latter in that they could only be included if the
respective main terms already were. Both gender and grade were treatedategorical
predictors.

We assessed the models AOAET AA OEA OEA OAIl lusiiyl OOEAI
adjustedR? and the Bayesian information criterion (Bl@djusted R? indicates the amount
of variability of the dependent variable explained by a regression model. VW iways
increases when more potential predictors are added to a model, irrespective of whether they
add real predictive value, adjuste®f takes this potential overestimation into account and
CEOAOG A 11 0A OAAI EOOEA AOOEmM&DE RA20)TheBIAOEA 11
balances model fit and complexity. Asodels with more predictors always fit the data better
than models with feweones the BICOD AT A1 EUAO6 OEA AAAEOQEIT 1 £
(Bauldry, 2015)In model selection, one aims maximiziR§and minimizing BIC.

In all regression analyses, we only included participants with available data for the
considered predictors and the outcome. Furthermore, as there were only fourbirzary
participants, we only included males and females in these analyses:Heastompaisons
were conducted for significant predictors.
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2.1.2.4.4Uncorrected Myopia

To estimatethe prevalence of participants with uncorrected myopia, we divided the
number of myopic participants that reported absence of a visual aid by the number of myopic
participants that reported either absence or presence of a visual aid. Thereby, we did not
co OEAAO xEAOEAO OEA OPAAEAEAEAAOQEITO 1T &£ DAOOE
measurements nor whether the visual aid had actually been prescribed for myopia correction.
We additionally performed the estimation of uncorrected myopiaeyslence with a more
conservative SER-1D myopia cuoff.

Furthermore, we exploratively investigated potential associations between
O1 AT OOAAOGAA 1T UT PEA AT A OEA OAEITT1 06 O1 AEAI
prevalence of uncorrected myopia for the three primary schools with the lowest and the
highest social index level.

2.1.3.Results

In the following, results on myopia prevalence, associations with spherical equivalent,
and the prevalence of uncorrected myopia will be presented. As described above, myopia was
defined as SER-0.75D, and high myopia as SEF6D. Additionally, myopiaprevalence
rates are reported for the SBR0.5D cutoff.

The final sample included 488 participants in(8tan age: 9.30+0.Agears gender:
266 male, 219 female, 3 n/a) and 1pa@icipants in SZmean age: 14.99+1.ars gender:
571 male, 454 female, 4 ndmnary, 1 n/a). The number of participants included in the
individual analyses is stated throughout in the following.

2.1.3.1.Myopia Prevalence

As expected, myopia prevalence was higher in the older than the younger sample: In
our sample of children aged 9.80.78years(S]), myopia prevalence was 8.4%, while in our
sample ofchildren aged 14.901.12years(S2), myopia prevalence was 19.5%. High myopia
was extremely low, affecting only two children (0.4%) in S1 and eight children (0.7%) in S2,
respectively, which aligned with our expectations as well.

Furthermore, and also unsurprisingly, myopia prevalence was higher in higher versus
lower grades: In our younger sample (S1), myopia prevalence was 8.2% in grade 3 and 8.6%
in grade 4and in our older sample (S2), it was 11.6% in grade 8, 21.5% in grade 9, and 25.7%
in grade 10, respectively. Accordinglhe prevalence difference was particularly notable
between grades 8 and 9. High myopia only occurred in one participant per grade in S1. In S2,
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the relative frequency of high myopia slightly increased with increasing grade level, but
again, extremely few participants were affected: one in grade 8, two in grade 9, and five in
grade 10Table 21displays myopia and high myopia prevalence rates per sample and grade
in detail.

Table 21
Myopia and High Myopia Prevalence in S1 and S2 Overall and by Grade

Myopia high myopia

sample  ageM(SD) N M -0.75D m -0.5D M -6.0D

S1 9.30 (0.78) 488 8.4 11.3 0.4
grade3 8.85(0.73) 245 8.2 10.2 0.4
grade4  9.75(0.53) 243 8.6 12.3 0.4

S2 14.99 (1.12) 1,030 19.5 28.8 0.7
grade 8 13.98 (0.77) 346 11.6 18.2 0.3
grade9 15.04 (0.80) 349 215 30.1 0.6
grade 10 15.97 (0.73) 335 25.7 38.5 1.2

Note. Age andN are presented for the sample included in the myopia prevalence
calculation. For the high myopia prevalence calculation, 2 (10) of these participants were
excluded from S1 (S2) as described in Data Analysis. Thus, 486 participants (age:
9.29+0.7%ears) wee included in the high myopia prevalence calculation for S1, and 1020
participants (age: 14.98+1.32ars) for S2.

We also discovered interesting results with regard to gender: As presentédhble
2.2, myopia prevalence for males was 7.5% and for females 9.6% in our younger sample (S1),
while it was 14.9% for males and 24.9% for females in our older sample (S2). Thus, while
myopia prevalence was comparable between genders in S1, many more femalesities
exhibited myopia in S2. High myopia occurred relatively more often in males than females in
both samples (se@able 22). A higher prevalence of myopia in adolescent females than
males is expected, but the gender differences in S2 are surprisingly large, as will be presented
in the following.
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Table 22
Myopia Prevalence in S1 and S2 by Gender

Myopia high myopia
sample ageM(SD) N M -D.75D m -0.5D M 6.0D
S1
female  9.27 (0.77) 219 9.6 11.0 0.0

male 9.33(0.79) 266 7.5 11.7 0.8
S2

female 14.90 (1.05) 454 24.9 33.3 0.4
male  15.051.17) 571 14.9 25.0 0.9

Note. Four participants with unknown gender and four nrbmary participants were
excluded from these calculations. Age aNdare presented for the sample included in

the myopia prevalence calculation. For the high myopia prevalence calculation, 2 (10)
of these participants were excluded from S1 (S2) as described in Data Analysis. Thus,
483 participants (age: 9.30+0.y8ars) wee included in the high myopia prevalence
calculation for S1, and 1015 participants (age: 14.98xafgs) for S2.

The accelerating gender difference with increasing age can be seen even more clearly
in individual grades: bt only was the myopia prevalengeverall and in individual grades)
females higher than in males in the oldsample (S2)but the betweengrade prevalence
differenceswere also more pronounced in females than in malesge Figure 21): The
prevalence difference between grade 8 and 9 is comparable for males (9.0%) and females
(10.4%) but there is a 22.4% higher myopia prevalence for females in grade 10 thahil@
the prevalence of males in grade 10 is only 6.5% higher diiimosein grade 8lnterestingly,
while myopia prevalence was virtually similar between genders in grade 3 (1.7% higher for
males), a higher prevalence in females than males already emerged in grade 4, where the
betweengender difference (5.9%) was even higher than in gr&dgt.1%) and 9 (5.5%).
Strikingly, in grade 10, females exhibited a 20.0% higher myopia prevalence than males.
Maleswere slightly, though nossignificantly (all Holmcorrectedps>.05;Holm, 1979, older
than females in all grades of S2hus, age diferences between genders do not underly the
higher myopia prevalence in females.
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Figure 21. Myopia prevalence and standard error per gender by gratlee data for all
genders include eight more participants than the data of males and females combined due to
four nonbinary participants and four participants with unknown gender.

As myopia is often linked to academic achievement in the literature, we also examined
myopia prevalence in the different schogsnd thus school typesin the older sample (S2;
see Table 23). Sorted from lowest to highedevel school leaving certificate that can be
achieved at the respective schools, we found a 3.1% lower myopia prevalence in the general
secondary school than in the intermediate secondary school, whose myopia prevalence was
virtually the same as in the grammar school. Interestingly, the comprehensive szhool
offering all school leaving certificatggexhibited the highest myopia prevalence, which was
even 3.2% higher than that in the grammar school. Thus, no clear pictonerged, as
between-school differences albeit following the order one might expect were only
marginal, and the comprehensive school exhibited the highest myopia prevalence. Please
note the higher age of participants in the general secondary schoolTabk 23). The same
picture emerged for all grades individually.
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Table 23
Myopia Prevalence in S2 by School

Myopia high myopia
sample  ageM(SD) N M -0.75D M -0.5D M -6.0D
GSS 15.61 (1.14) 218 16.1 21.6 14
ISS 14.93 (1.03) 308 19.2 29.9 0.3
CS 14.71 (1.05) 287 22.6 34.1 0.0
GS 14.82 (1.06) 217 194 27.6 14

Note. Age andN are presented for the sample included in the myopia prevalence
calculation. For the high myopia prevalence calculation, 10 participants were excluded
as described in Data Analysis. The age of participants included in the high myopia
calculation was compable to those included in the myopia calculation (Jeble 21).
GSS = general secondary school, ISS = intermediate secondary school,
CS = comprehensive school, GS = grammar school.

Regarding individual grades per school type in the older sample (S2), there was again

no clear picture, but an interesting pattern (séegure 22): While myopia prevalencewas
higher for grade 10 than 8 in all schools, the magnitude of this differenced/anih the
grammar school exhibiting the largest prevalence difference by far as wehesowest
myopiaprevalence of all schools in gradeThis is somewhatonsistent with the frequently
reported link between academic achievement and higher myopia prevaleftese findings

should, however, be considered with caution, and need further investigation in a sample

including more than one school per school typas e.g. social index levels varied between
schools and may pose potential confounders.
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Figure 22. Myopia prevédence and standard error per school by grade in&3S = general
secondary school, ISS = intermediate secondary school, CS = comprehensive school,
GS = grammaschool.

2.1.3.2.Refractive Status Associations

417 Al 1T OEAAO A AT 1 OET O1 60 OAOEAAI A OAlT OEOE
to becoming myopic, we conducted further analyses with the SER, which was significantly
more myopic in the older (SN =1,029) than the younger (SN =486) samplefg<.001; S1:
M=0.08D,SD=1.06D; S2M=-0.37D,SD=1.20D).Figure 23 displays the mean SER per
gender by grade. In concordance with the prevalence data presenté&dgure 21, a more
myopic SER is visible in higher than lower gradasithermore, a substantial mean SER
difference of almost 0.4D between females and males is apparent in grade 10, with the
AAT AT AOG6 1T AAT 3%2 AAET C I 1TOA T Ui PEAS
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Figure 23. Mean &R and standard error per gender by gradée data for all genders
include eight more participants than the data of males and females combined due to four
non-binary participants and four participants with unknown gender.

Using multiple regression analysis, we found no associations with SER in the younger
sample (SIN =483):The model witithe predictorsgrade and gendedid not reach statistical
significance IR =.004,p =.371). In theCll possible subse&mapproach, the besfitting model
did not include any of the given predictorBhe bestfitting model that included predictors
andexhibited the lowest BIC and comparatively higtadjustedR? (seechapter2.1.2.4.3or
an explanation of the statistical terms) included only grade as predictor, but did not reach
statistical significanceR? =.004,p =.175).

In the older sample (S} =1,015), both grade and gender were significant predictors
of SER (seTable 24; model A), with the respective model being overall significa®ft<£.025,
p<.001). This model was also identified as most promising viaGlepossible subsefs
approach. It exhibited the secordwest BIC, which was only minimally higher thdre
lowestone, and the highest adjusteB within a reasonabldICrange. Thefirst modelwith
a higher adjusted?? than model A includedrade, gender and grade gender as predictors
(model B) It was thus also fitteddespite a substantiaBIC difference to model A. Mod8
explained variance in SER?=.029, p<.001), but whilegrade was a significant predictor
(grade 9:p=.023; grade 10p<.001) gender andboth grade x gender terms were not
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significant Lastly, an F-test for nested modelshowed that model B did not fit the data better
than model A(p=.139)

Subsequent data inspection revealed a more myopic SER in females than males in S2
(females:M =-0.48D,SD =1.22D, malesM =-0.29D,SD= 1.17D). Regarding grade, pest
hoc Welch two sample-OAOOO j AT OOAAOAA xEOE (11180 1 AODI
Holm, 1979 showed that the SER of grade $€-0.42D, SD=1.25D) and grade 10
(M=-0.55D,SD=1.29D) participants was significantly more myopic than that of grade 8
participants M =-0.15D,SD=1.02D; grade 8 vs. :=.004; grade 8 vs. 1(:<.001). There
was no significant difference between the SER of grade 9 and 10 participantd &3).
Detailed statistical parameters for the calculations reported in this section are presented in
Supplementary Information A5

Table 24

Coefficient Estimates of the Multiple Linear Regression Model A for S2

coefficient B 95% ClI SE t p
intercept -0.26 [-0.41,-0.11] 0.08 -3.36 <.001
grade (9) -0.26 [-0.43,-0.08] 0.09 -2.83 .005
grade (10) -0.40  [-0.58,-0.22] 0.09 -432 <.001

gender 0.18 [0.04, 0.33] 0.08 2.44 .015
Note.Cl = confidence interval, SE = standard error.

These results are in line with those on myopi&valence rates (cfigure 21) and
indicative of gender differences in myopic development being more present in older than
younger children. Furthermore, grade significantly predicting SER in the older sample (S2),
but not the younger one (S1), is consistent with the acceleration ydgenic development
in teenage years. Yet, it should be noted that S1 encompassed two grades, and S2 three, thus
impeding betweensample comparisons with regard to results on graDetailed results of
the @il possible subsefs analyses can & found in Supplementary Table 24 &
Supplementary Table 25.

2.1.3.3.Uncorrected Myopia

Shockingly, 51.2% of the 41 myopic participants in our younger sample (S1), and
43.3% of the 201 myopic participants in our older sample (S2) reported no visual aid. For the
more conservative SER-1D myopia cuff, these numbers were still as high as 48.7% (S1)
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and 32.7% (S2). These values are also presentédble 25, together with the prevalence
rates of uncorrected myopia per grade, showing that while there is some variation between
grades, said prevalence does not systematically change with increasing grade, but is
relatively stable across grades. FurthermoFaegure 24 shows the prevalence of corrected
and uncorrected myopia per grade relative to the overall sample. It is readily apparent that
based on the overall sample, the prevalence of uncorrected myopia is increased in higher
compared to lower grade level, cumulaginn more than 10% of all grade 10 participants
having uncorrected myopia.

Table 25

Prevalence of Uncorrected Myopia in S1 and S2 Overall and by Grade

myopia cut-l ££E 30%2D myopia cut-i AE/E 31%2
sample N % uncorrected N % uncorrected
S1 41 51.2 39 48.7
grade 3 20 55.0 18 50.0
grade 4 21 47.6 21 47.6
S2 201 43.3 159 32.7
grade 8 40 50.0 29 37.9
grade 9 75 38.7 61 29.5
grade 10 86 44.2 69 33.3

Note.Nindicates the number of myopic participants per the respective afiit
The prevalence indicates the percentage of myopic participants without visual
aids based on all myopic participants.

With regard to gender, the prevalence of uncorrected myopia was 55.0% for males
and 47.6% for females in the younger sample (S1), and 44.7% for males and 42.5% for females
in the older sample (S2). With the SERLD myopia cubff, these numbers were 52.6%
(30.8%) for males and 45.0% (34.1%) for females in S1 (S2). Thus, the pattern we found for
myopia prevalence regarding grade and gender does not emerge for the prevalence of
uncorrected myopia (based on all myiggarticipants).
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Figure 24. Corrected and uncorrected myopia prevalence and standard error by grade
relative to the overall sample

Lastly, of the myopic participants in the younger sample (S1), 38.9% (7 of 18) in the
three schools with the lowest social index levels., lower social burdepand 60.9% (14 of
23) in the three schools with the highest social index legeks., hicgher social burdeg were
uncorrected. This was only assessed in S1, as social index level is confounded with type of
school in S2. Since data on (un)corrected myopia in S1 are based on 41 myopic participants
only, this finding should be considered withuteon and warrants replication.

2.1.4.Discussion

We investigated myopia prevalence, potential associations with SER, and prevalence
of uncorrected myopia in school students in Germany. Myopia prevalence was 8.4% for grade
34 primary school students (S1) and 19.5% for grad® &econdary school studen{S2),
with a substantial difference between grade 8 (11.6%) and grades 9 (21.5%) and 10 (25.7%).
Apart from one exception, myopia prevalence was higher in higher versus lower grades for all
schools in SZ but the magnitude of this difference varied betwe schools, and thus types
of schools. The grammar school exhibited the largest prevalence difference between grades
8 and 10. In S2, we also found a 10% higher myopia prevalence in females than males, with a
higher magnitude of the gender difference inghier than lower grades. Neither age, gender,
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grade nor their interactions predicted SER in multiple linear regression analyses for S1. For
S2, the model with grade and gender performed best, with more myopic SER in grades 9 and
10 than in grade 8 as well as in females than m&eS151.2% of myopic participants were
uncorrected, as were 43.3% in S2. More than 10% of the total grade 10 sample exhibited
uncorrected myopia. Schools with a lower social burden exhibited a lower percentage of
uncorrected versus corrected myopic participarthan schoolsvith a higher social burden in

S1.

Table 26 presents myopia prevalence rates in children and adolescents from this
study as well as other recent German and European investigations. The other German
investigations(Kaymak et al., 2022; Truckenbrod et al., 20&fort prevalence rates largely
similar to the present ones although one study yielded a 22% myopia prevalence in grade
5-7 grammar school studen{&aymak et al., 2022)This is interesting as participants in the
respective studyKaymak et al., 2022)ere younger than those in our S2, and we measured
an extremely low myopia prevalence in grade 8 grammar school students (4.3%jxgee
2.2). Methodological differences might have played a role: In contrast to ouroopt
procedure, active parental consent was conditional for participation in the respective study
(Kaymak et al., 2022)Furthermore, while in said study, refraction was also measured
objectively without cycloplegia, the myopia cuiff was more liberal than ours, and additional
subjective refraction was often performed@aymak et al., 2022)Despite these differences
that might benefit from further investigation, current data froermany are generally
consistent with our results.

Results from many of the other European investigations are also overall in agreement
withoursi ( AOOET COTTh 3O0AAER O / $xUAOM CRNIOEC, AR
al., 2018; Tideman et al., 2018; L. Yang et al., 20@§pecially considering methodological
differences and the usual myopia prevalence increase during school age. Likewise, the low
prevalence of high myopia in our data is consistent with the few other publications
investigating high myopia(Hagen et al.,, 2018; Harrington, Stack, @Dwyer, 2019;

Matamoros et al., 2015)
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Table 26

Myopia Prevalence Rates Reported in This and Other European Studies

myopia

country cycloplegia  cut-off ( ae%?S) sasrir;gle myopia (%)
(SER) y
I -0.75D 8.4
- 9.30 (0.78) 488
no
(presentstudy) 1 -0.75D 19.5
- 14.99 (1.12) 1,030
| -0.5D 28.8
German .
(Kaymak of aﬁ’ s022) -05D 112(1.1) 274 22.3
8 342 3.9
9 366 6.9
10 349 11.1
Germany
(Truckenbrod et al., no <-0.75D 13 334 21.7
2021)
14 301 22.8
15 279 23.6
16 213 26.4
Austria 24.8
(L. Yang et al., 2020) no <-0.5D 15<18 1,507,063 (males)
8 88 7.9
9 123 7.3
Boshia and 10 119 14.3
; O'ﬂ].eréffg‘g"gaﬁ . ves i -0.5D 13 114 215
et al., 2018) 14 113 23.4
15 101 28.2
16 103 29.6
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Table 2.6 z Continued

Myopia Prevalence Rates Reported in This and Other European Studies

Denmark yes 17.9
(Lundberg et al., I -0.5D 15.4 (0.7) 307
2018) no 33.6
France 0-9 1,489 19.6
(Matamoros et al., yes I -0.5D
2015) 10-19 8,289 42.7
Ireland 6.7 (0.49) 728 3.7
(Harrington, Stack, & yes 1 -0.5D
O'Dwyer, 2019) 12.8 (0.48) 898 22.8
Netherlands .,
(Tideman et al., 2018 yes | -0.5D 6 > 71l 2.4
Norwa .
(Hagen etal.y2018) yes i -0.5D 16 246 11.0
. 3.65 (boys)
J &9 3.35 (girls)
Poland - . 5.71 (boys)
(Czepitaetal., 2019)  Y&° 105D J k<13 4875 g 30 (girls)
5.96 (boys)
J X416 10.37 (qgirls)
Spain
(AlvarezPeregrina et no <-0.5D 6.19(0.78) 1,993 19.1
al., 2019)

Note.The studies are chosen due to them reporting data from Gern{&aymak et al., 2022;
Truckenbrod et al., 202Dy their inclusion in one of the reviews discussed eafiezybowski

et al., 2020; Xiang & Zou, 202@ata for theage groups corresponding best to the present
OO0O0AUB O OAI-BiyeAr§ S2: BaXith yeard)are reported. WvarezPeregrina et

al. (2019)data from 2016 and 2017 is reported, of which only the latter is included here. Age
is reported as mean (SD) if possible. Otherwise, the age range is reported. Note that the
publications partly differ in methodological aspects not reported here. For exandifferent
methods have been used to assess refractive status, and the eyes on which the myaepia cut
off was applied to vary (e.qg., left, right, both, either), which may account for some variation

in prevalence rates.
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Some European studies, however, differ more strongly from ours, yielding both lower
(Czepita et al., 2019; Hagen et al., 2088)d higher myopiaprevalence rateqAlvarez
Peregrina et al., 2019; Matamoros et al., 201&ne reason could be methodological
differences: The much higher prevalengeAlvarezPeregrina et al(2019)may partly be
accounted to the fact that while in both, theirs and our study, reytloplegic measurements
were taken AlvarezPeregrina et al. (2019) used a myopia cubff of
<-®8Y$ 3%28 " OO5DAWNImyopi& dvaleAice in our S1 is still considerably
lower than in their sample, despitbe latter being youngerThe authors suggest a potential
bias due to their campaign offering free glasses if nee@&ldarezPeregrina et al., 2019)
Matamoros et al(2015)also report much higher prevalence rates than our study or others
from Europe. Their data stem from eye clinics dedicated to refractive errors, so there may
again be participation biagMatamoros et al., 2015)Despite methodological aspects
potentially explaining some differences, myopia prevalence likely also varies between
countriesbased on other factors, and more research is needed to uncover those. This is
especially important in light of the Cowtl9 pandemic, as a recent metaalysis shows
accelerated myopic progression during compared to before the pandemic
(Watcharapalakorn et al., 2022)

Regarding gender, we found a higher myopia prevalence and more myopic refractive
status in females than males in our older sample (S2). This corresponds to prior results: One
study e.g. found a similar SER for Polish boys and girls before the age dof IBwan a SER
and higher myopia prevalence in females than males after {Ratepita et al., 2019)n their
review, Rudnicka et al(2016)conclude that in white (and East Asian) populations, gender
differences in myopia prevalence emerge around the afy@ and become more pronounced
thereafter. We also observed a higher betwegender prevalence difference among the
older (grade 10) than younger (grade 8) participants in our S2. Furthermore, when adding
grade x gender interactions to our regression mofielpredicting SER in S2, the interaction
term for grade 10 was close to significance (Sgpplementary Information Abz even
though the model did not outperform the model without the interaction. Our data thus
support the notion of more pronounced gender differences in myopia prevalence in older
than younger adolescents.

Further interesting observations regarding grade were maéestly, we found a
markedly higher myopia prevalence difference between grades 8 and 9 than grades 9 and 10.
Furthermore, the prevalence in grade 8 is only 3% higher than in grade 4, but 9.9% lower than
in grade 9. While grades 8 and 9 lie at the upper endven beyond the 84 years of age
during which school myopia typically appeaidorgan & Rose, 2005}his result indicates
that a large portion of myopia onset may happen between grades® @in a Germaitke
school system (with school entry at age 6 or 7). Although this should ideally be tested
longitudinally, the present study did include a high number of participants. Considénag
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economic and personal burdemssociated wittuncorrected and/or high myopi@Naidoo et
al., 2019; Saw et al., 20Q%his may well have public health implications. It may for example
be reasonable to implement routine myopia assessments or health education on the
importance of refractive correction in grade 9. During data collection, many uncorrected
myopic participantsin our older sample (S2) confirmed not seeing well, but expressed
unwillingness to wear a visual aid due to concerns about their appearand their peer
COT OPd O z @A At QHe Tsame time having virtually no knowledge on myopia
(implications). Thus, it may be helpful to target peer groups with interventions tailored to
AAT 1 AOGAAT 006 OPAAEZEA 1 AAAOS

Secondy, the difference in myopia prevalence between grades 8 ani$ E8pecially
pronounced for the grammar schookhich offers the highest school leaving certificate, and
alsoexhibitsthe lowest prevalence in grade 8 compared to the other secondary schbbis
AET AET ¢ AATTT O AA AOOOEAOOAA O1T Ui Ol CAO ACA
similar between all secondary schools but the general secondary school. If there is, in fact, a
lower myopia prevalence in grade 8 grammar school studerompared to other students,
uncovering the underlying factors would be interesting. Yet, a much higher myopia
prevalence for even younger grammar school students in Germany has also been reported
(Kaymak et al., 2022)s0 this finding is far from conclusive. Meanwhile, we generally found
little prevalence difference between secondary schools, which is maybe expected, since our
participants from different schools but within the same grades had generally visited school
for the same amount of years. The caronly reported link between academic achievement
and myopia may be more pronounced later in life, when time spent on schooling differs more
between people pursuing higher education versus not. Yet, students in Chinese elementary
key (i.e., universityoriented) schools exhibited a higher myopia prevalence than students in
less academically oriented, nekey schoolg with a similar prevalence in grade 1, but a faster
acceleration in key than nekey schools thereaftefThorn et al., 20203 showing that there
can be potentially educatiomelated myopia prevalence differences even between students
of similar grades. This result somewhat mirrors our finding of the highest betwgade
prevalence difference in grammar school compared to @teehools. Importantly, only one
OAAT T AAOU OAETTIT BDAO OAETTI OUPA xAO ETAI OA
standard errors were large (seigure 22). Said findings should thus be considered
preliminary indications, as they may also be a result of other betwssool differences.
Still, they indicate potential interactions between school type, grade and myomi#ich
should be investigated furthen samples better suited for respective analyses

A striking finding of this investigation is the high prevalence of myopic participants
that were uncorrecteq specifically, 51.2% of myopic participants in our younger sample (S1)
and 43.3% of myopic participants in our older sample (S2) did not hakeport having a
OEOOAIT AEA8 %OAT xEAT 111 U -10] rhted BfAuvAdoretteafl DA OO
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myopia were still 48.7% (S1) and 32.7% (S2). High rates of uncorrected and/or undetected
myopia have been reported elsewhere: In a sample of Hong Kong primary school students
(gradetaqh TT1T U wosam I £ PAOAT 6O E(Chbyetah 02O OEAT
In Eastern China, 34.5% of myopic participants ranging from kindergarten to high school did

not wear glasseglianyong Wang et al., 2023nd in 68- and 1113year-olds in Canada, the

rate of myopic participants that were uncorrected waso 34.5%M. Yang et al., 2018)n 7

16-yearolds in Bosnia and Herzegovina, 54.5% of the study population required, but did not

have refractive correction 0 I BT BEAT T OE ¢ . Thése tholibBnh resuits ¥njiedline

the necessity of early and repeated myopia screenings, which may contribute to reducing the

high amount of visual impairments attributable to uncorrected refractive efMaidoo et al.,

2019) While there are mandatory vision screenings for sckeged children in some
countriesz for example, 41 US states require a vision screening for saged children, with
betweenstate variation regarding frequency and timirggntonio-Aguirre et al., 2023; Wabhl

et al., 2021Y this is not the case everywhere. In Germany, a vision screening is conducted in

the mandatory school entry examination prior grade 1 (around age 6). Only a few federal

states have mandatory health examinations including a vision screening at somegoing

school age after that. The next nationwide mandatory visionesting is conducted when

AOOAI POET ¢ O T AOAET A AOE OA8dGugH itkshoRcbudd | OOC
TTO 1T AT AAOT OU O 1 Addddering the highpieakr@d dduntokektddl O A €
myopiareported forschootaged children, thefrequentlack of mandatory vision or refractive
screeningis of concerry especially since school myopia onset usually lies between the ages

of 8 and 14 year@Morgan & Rose, 2005and the absence of routine eye checks has been
identified as a risk fetor of myopia development in school student€hoy et al., 2020)

Therefore, refractive screening at school age would be highly advisaBleen the large

prevalence difference between grade 8 anéh@he present studythese screenings should

not discontinuebefore grade 9 but should also be performed in (lateajlolescenceAs

stated before education about refractive errors, their potential consequences and correction

could also be helpful toaise societabwareness, andnight with appropriate peergroup
interventions increasd AT 1 A Gécdpiata©di visualids

Lastly, the rate of myopic participants without correction w22% lower in primary
schools with low than in those with high social burden. While these results are preliminary
and the low sample size should be considered when interpreting them, it may be worthwhile
to test potential associations between uncorrected myopia and social burden in a larger
sample. If such a result can in fact be replicated, this may be another potential aspect one
could incorporate in the planning of refractive screenings or health educatitnregard to
refractive errors.
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2.1.4.1.Strengths and Limitations

A strength of ths study issamplerepresentativeness, achieved through contacting
schools in the are@n a random ordeland an inclusion of the different types of schools.
Among others the variance in social indebevels confirms some variability between
participating schools Representativeness was further increased by using -horasive
autorefraction and immediate data anonymizatiog as therefore, the need for informed
parental consent was waived by the ethics committee. Instead, anopptprocedurewas
used in that participants or their caregivers could refuse participation. Had we used more
invasive methods, for example cycloplegia, active parental consent would have been
necessary. This would most likely have entailed a significantly lower gaation rate as well
as a participation bias, with a potential underrepresentation of specific social groups.

On the other hand, the use of nezycloplegic refraction measurements also poses a
limitation of our study, since they have been shown to measure a more myopic SER and thus
overestimate myopia as compared to cycloplegic refraction measuremé@atgybowski et
al., 2020; Rudnicka et al., 2016jowever, good measurement accuracy has been reported
for non-cycloplegic measurements with Plusoptix devices before, especially irhgperopic
individuals(FogetLevin et al., 2016; Ghadimi et al., 2024; Payerokl.e?016; Teberik et al.,
2018) For example, in children as young as 7.63+3eéts, the mean SER of nanycloplegic
Plusoptix A12 measurements was only 0.43D more myopic than that of cycloplegic refraction
measurements. Thereby, the mean difference between Plusoptix and cycloplegic
measurements wag).048D for the myopic and 0.37D for the hyperopic spherical component
(FogelLevin et al., 2016)A recent systematic review and megaalysis confirms a generally
reasonable agreement between nerycloplegc Plusoptix measurements and cycloplegic
measurements(Wilson et al., 2022)Taken together with the fact that the difference
between cycloplegic and neaycloplegic measurements is both higher in younger than older
participants (Rudnicka et al., 201&nd especially strong in more hyperopic individuals
(Fotedar et al., 2007; Krantz et al., 2010; Sanfilippo etal., 2013) x AT 1T A G075 0 OOA
SER myopia definitionwe assume that the use of nesycloplegic measurements did not
overly distort ourprevalence estimatesn our older sample (S2). In younger participants,
deviations of norcycloplegic from cycloplegic measurements are generally larger. Yet,
investigations showing a good measurement accuracy of -ogdoplegic Plusoptix
measurements and reasonable agreemavith cycloplegic refraction were often conducted
with young participantgFogetLevin et al., 2016; Wilson et al., 2022)so, the participants
classified as myopic in our younger sample (S1) had a mean SER2iD+1.41D, with =D
in only two participants. We thus suspect that the overestimation of myopia prevalence in
our S1 was not as grave either.
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Another limitation is the inclusion of only one secondary school per school type, which
gravely limits the informative value of results regarding different types of schools, as the
respective schools also differed in characteristics like their sociakifelels. Yet, we did not
want to omit the findings regarding the different schools in S2, but we explicitly emphasize
that they may be confounded and should be interpreted as tentative, -oonclusive
indications.

Lastly, the detected measurement differences between the two autorefractometer
models are of course very unfortunate.eMave taken steps to correct for these by linearly
transforming the data from the deviating devicand the additional analyses in the
Supplementary Materialsconfirm that, both compared to the data before thdinear
transformation ando the data when the deviatindeviceis excluded, the results do not show
much change Thus, while this circumstance is undesirable and should be avoid#tein
future, there is likely no major impact from the betweemodel deviation

2.1.4.2.Conclusion

The 8.4% prevalence we observed fé&t-2ind 4"-graders (S1) as well as the 19.5%
prevalence we observed fof'§ 9"- and 1¢'-graders (S2) in Germany are generally in line
with other European investigations. Furthermore, the higher prevalence and more myopic
SER in S2 than S1 as well as in higher versus lower grades within S2 was as expected. With
regard to specific grades, ouesults show that grades 8 andz9.e., around the ages 1857
seem to be an important time with regard to myopia onset. docordance with other
investigations, our data also demonstrate a higher myopia prevalence and a more myopic
refractive status in females than in males in the older sample, accelerating with increasing
grade. Lastly, we found a strikingly high proportiohuncorrected (versus corrected) myopia
in both samples, and more than 10% of the complete grade 10 sample had uncorrected
myopia. These drastic results warrant further consideration and call for interventive
measures. Generally, our findings entail impamt implications for public healthy
specifically, they underline the necessity of mandatory refractive screenings and health
education on the implications of myopia for scheaged children and adolescents.
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2.2.Study 2:

Participant Recruitment for Online Research Lessons From a
Parent Questionnaire Study on Ch

Abstract: Various strategies can be used to recruit participants for online research. These
recruitment strategies can differ in various aspects like recruitment success, sample
representativeness or workload, and they might also influence research outcomes. Taus, 0
needs to carefully consider which ones to use for an investigation, and in this context, more
knowledge on various online recruitment strategies is desirable. For a study on spectacle
ownership in children and adolescents, we distributed a short orpaent questionnaire
across Germany. We employed five recruitment strategies, which included (a) recruiting
schools and kindergartens via multistage cluster sampling to advertise the study, (b)
advertising the study on a website foecruiting child and parent online study participants,

(c) distributing the study within the researchersérsonal and professionaletworks, (d)
sending postalparticipation invitations to randomly selected families within the city of
Dortmund, and (e) distribution of the quasnhnaire online in forums, Facebook groups, and
regarding data quality, recruitment success, demographic structure and representativeness,
costs, and workload. We found large differences with regard to recruitment success and
xT OEITTAA AO xAll AO OEA 1 0i AAO T &£ NOAOGOEITT /
age distribution was not representative of that in the German population for mostegies,

while the oposite was true for gender distribution. Also, while there was some between
strategy variation regarding monetary costs, they were generbily for all strategies, and
some did not involve any costs at alWe thoroughly discussnd compare the analyzed
criteria across strategies and overall, in the hope that this might help to assess their suitability
for other investigationsOverall,each strategy has specific advantages and disadvantages.
Thus, the usefulness of each stratedgpends on factorsuch astudy aim and resourcg in

the given situation
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2.2.1.Introduction

With the advancement obnline research methodologgGermine et al., 2012; Kaduk
et al., 2023; Reimers & Stewart, 2015; Semmelmann et al., 2017; Semmelm@feigelt,
2018) including online questionnaires becoming increasingly popular for data collection
(Andrade, 202Q)there is also a growing need for strategies to recruit participants for online
studies.This need hd become especially prominerduring the Covid19 pandemic, wan
online researchvasthe only meansof data collectiorat times.

When distributing online studies among potential participants, one needs to consider
many aspects, which may vary in relevance depending on the kind of research conducted. For
example, the need to try and minimize the risk of survey fraud (taking an oslimeey
multiple times) or inattentive response behavior due to survey fatigsiagh & Sagar, 2021)
is potentially important in unsupervised online questionnaire studies, but not so much in
studies in which the participant is virtually supervised by aaesher. Furthermore, while the
participant recruitment process is sometimes reported on in detail (eAygia, 2014;
Leighton et al., 2021; Pedersen et al., 2))1his is often not the case (both regarding in lab
and online research).

If not communicated, specific knowledge regarding different recruitment strategies
stays within the research teams using them. This is especially unfortunate for online research:
Not only can aspects of the recruitment process influence the research owceee below),
but relevant factors like the popularity of certain social media platforms or online tools can
change quickly, and sharing experiences can help to statotgate. Furthermore, research
comparingvariousrecruitment strategies for online stlieshas already demonstrated their
sometimes large differences in various aspects (éAgioun et al., 2016; Blumenberg et al.,
2019; Dworkin et al., 20)6To give anexample,Dworkin et al.(2016)compared targeted
Facebook advertisements, -mail Listservs, and the crowdworking website Amazon
Mechanical Turk (MTurk)to recruit parents online In online crowdworking (or
crowdsourcing), employers put up tasks on a website, which can then be completed by
registered workers. Upon successful completion, thierkers receive a compensation. The
website handles administrative aspects like suggesting tasks to workers and coordinating
payment. Dworkin et al.(2016)discoveredthat MTurk achieved the most demographically
diverse samplefast and cost-efficiently, while ecruitment via Listservs led to a large,
homogenous sample, and Facebook advertisemem®&re unsuccessful in recruiting
participants.However, other investigations have Gnd Facebook advertisements to be an
adequate and helpful recruitment strategyArcia, 2014; Pedersen et al., 201%s
demonstrated by tlese examples, recruitment strategies can differ considerably in their
outcomes and between specific applications. Reporting experiences in participant
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recruitment more thoroughly could help the research community to be aware of the various
OOOAOACEAOS AAOAT OACAO AT A AEOAAOAT OACAO AT A
For a study on mectacle ownership and myopia in children and adolescents, we
distributed a short online questionnaire for parents across Germany via various participant
recruitment strategies. The target group were families living in Germany with at least one
child belowthe age of 18. Details of the study and the results pertaining to the content of the
guestionnaires are reported on Btudy 3 For epidemiological research such as this study,
online questionnaires are a promising tool for data collection, and they may even include
specific advantages for research on sensitive topics, like a reduced susceptibility to social
desirability (van Gelder et al., 2010At the same time, it can be especially relevant for
epidemiological studies to recruit a representative sample regarding the assessed aspects
and factors that may influence these aspectsand online questionnaires might be
problematic in this regard. Wilke online research enables online recruitment, which may be
helpful in recruiting more diverse and representative samples than those of typical
experimental studiegGosling et al., 2004; Gosling et al., 2010; Upadhyay & Lipkp2@20)
the population to which an online questionnaire is distributed can often not be identified or
adequately described, and biases in the sample are l{ehgrade, 2020y which can restrict
the informative value and generalizability of the data.

In light ofthe diverse recruitment strategies’e employed in our studywewould like
to share our insights into the recruitment procesas well as relevaninformation and
outcomes associated with each strategylherefore, we here present in detail the
methodology of our recruitment strategies, and describe the respective outcomes in terms
of the number of inand excluded questionnaires and children reported on per recruitment
strategy as well as estimated respse rates. Furthermore, we assess the sainpl O- aAdC A
genderwise distribution and representativeness overall and for each strategy. Lastly, we
reflect upon our experiences with each strategy regarding monetary aspects and workload.
We hope that this report will be helpful for researchers in asgg various recruitment
strategies for online research, especially online questionnaire studies, with respect to
relevant aspects for choosing methodology for own research.

2.2.2.Methods

2.2.2.1.Study Design

The study was comprised of two anonymous online questionnaires for parents
regarding spectacle ownership of children and adolescents in Germdimg short
guestionnaire inquired about basic demographic information (gender, month and year of
birth) as well as whether thehildrenownedspectaclesandz if they didz the reason (myopia,
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hyperopia, other, unknownipr it. It only required information parents usually spontaneously

know. The long questionnaire contained the same questions about demographic
information and whether the children owned spectacles. If they did, participants were then
AOEAA O1T A1 OAO OEA ODPAAOGAAI AOG OAI OAO AT A EI
eye health professionallf the children did not own spectacles, the long questionnaire
inquired about potential sight problems, past eye health chegls, £hool entry age as well

as near work and outdoor timewith the latter three questions primarily included to control

for questionnaire length. Regardless of whether or not the children owned spectacles, the

final questions in the long questionnaire askédAT OO OEAEO DAOAT 066 1A
especially for parents of spectaet@vning children, completing the long questionnaire likely

involved some research, e.g. checking the eyeglass prescription.

Participants were recruited for the short questionnaire. Upon completion, they were
asked whether they would also like to participate in the long questionnaire. The short
guestionnaire took less thahminute to complete per child, and the long questionnaire took
about5 minutes per child. Both questionnaires could be filled in for up to five children.

For each recruitment strategy, we used a separate short questionnaire, with similar
content in all questionnaires. We used the same long questionnaire for all recruitment
strategies but one (seehapter2.2.2.2), as analyzing the number of short questionnaire
participants proceeding to fill in the long questionnaire was possible via referrer URkw®he
long questionnaires did not differ in content.

Separate questionnaires following the short and long questionnaires were used to
enable participants to enter a voucher raffle with aamail address, and in another
guestionnaire, following the long questionnaire only, they could enter contact and
demographic information should they be interested in other studies in our lab. For reasons
explained below, the raffle and future interest questionnaires were used in all but one
strategy.

We created all questionnaires in LimeSurvey and used the option to save a cookie on
OEA DPAOOEAEDAT 060 AAOGEAA O DOAOGAT O 1 Ol OEE
Furthermore, participants could save the questionnaire amidst participation and return t
again later.Figure 25 presents an overview of the questionnaires and their connectedness.

The different recruitment strategies and connections between the questionnaires will be

explained in the following.
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RAFFLE
TARGET TARGET
SHORT SHORT
RAFFLE

Figure 25. Overview of the questionnaires and how they are connect&traight lines
indicate an automatic redirection to the next questionnaire, while dotted lines indicate a
redirection only after participants clicked on the respective link. KSW, NETWORK, TARGET,
WILD and CLUSTER are the names of the recruitment strategies. BW, MV amtiddte the
German federal states of BadeWuerttemberg (BadenWdurttemberg), Mecklenburg
Western Pomerania(MecklenburgVorpommern) and Lower Saxony (Niedersachsen)
respectively, which is where the questionnaires were distributed inGh& STER strategy
(see below).

2.2.2.2 Participant Recruitment Strategies

In total, we used five recruitment strategies to distribute the questionnaires between
September 2020 and January 2022.

The CLUSTER strategy included the questionnaire distribution in schools and daycare
centers in Germany selected wiaultistage cluster samplingirst, we randomly selected two
Oi1 A6 j EsB8Ash PAOO 1 £ OEA &AAAOAI 2ADPOAI EA | £
(i.e., part of the German Democratic Republic prior German reunification) federal states. For
this purpose, the three German deral city states were considered jointly with their
surrounding federal states: Hamburg and Bremen were assigné.ower Saxonyand Berlin
xAO AOOECT AA O " OAT AAT AOBOC8 4EEO 1T AA O AE
draw, which resulted in the selection of the federal states Bauéuerttemberg, Lower
Saxony(plus Hamburg and Bremen) and Mecklenbiiestern PomeraniaSubsequently,
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we randomly selected five counties within each of them. For each county, we created a
daycare center list by randomizing all daycare centers listed in a directovw(kitanetz.de).

The directory does not necessarily include all daycare centers, but is one of the best options
for a structured list containing as many as possible, as there are no official lists available. For
schools, we used a list or directory listing public antvgie schools from the respective
AAAAOAT OOAOAG O | E tafiod OVe treatd dnd\rBnddmidd onefisbiar AA O
primary and one for secondary schools per county, whereby institutions including both types
were categorized as secondary schools. For daycare centers and schools alike, we excluded
institutions that only enrd children with special needs, but included those that enroll children
with and without special need&Ve then called the institutions in the ordef our lists and
asked them if they could either distribute advertisement for our study to parents
(electranically or as a harrdut) or if they could put up a poster on the premises. If institutions
agreed, they were called again about two weeks later to ask whether the distribution worked
as discussed. In the selected federal states, one needs approval frenteponsible
authority z usually the respective ministries concerned with educatio conduct studies

at schools. However, in Mecklenbuklyestern Pomeraniaour study was never assessed by
the ministry, since they had requested clearance from the nipisf health, who did not

have the resources due to the Covi@ pandemic. Thus, schools were not recruited in
MecklenburgWestern Pomeraniabut kindergartens were recruited in all three federal
states. Furthermore, there was no voucher raffle in CLUSTER as including a monetary
incentive for study participation was not allowed in some federal states when recruiting via
public schools. Wantingp keep the methodology consistent within CLUSTER, we left the
raffles out of this strategy completely.

The KSW strategy describéise participant recruitmenOEA O+ ET AAO OAEA EA
j EET AAROOAEAEEAT xEOOAT 8AOA8I PC8AAN OAEEI AOAT
researchers in Germaspeaking countries to advertise studi¢s children and parentg
OEi ET AO O1 O#EEI AOAT (A1l PET C 3AEAkpkdking j AEEI
communities. The website wakunchedin November 2020 and the questionnaire was
immediately posted. The possibilityo enter a rafflewasnot advertised on thavebsite, as
advertising reimbursement was agaings guidelines. Potential participants were informed
about the raffle when they followed the link to the questionnaire.

The NETWORK strategy included all efforts to distribute the questionnaire in the
OAOGAAOAEAOOGS DAOOTT Al Al ked akidglatydintancdsd AGJOA
participate or to distribute it intheir networks, posting it on private Instagrapages and in
ITITETA ¢cOi 6pOh T0O0 AiT1 OAAOET ¢ bl OAT OEdr DHAOO
assessment of each chosdrstribution channel, information on the voucher raffle was either
given or not when advertising the studyrhis recruitment stratgy was coordinated and

I AETT U AAOOEAA 1 OOashat ofAherithested b @dod overa@And 1 O
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recruitmentandb) to usea network of people that was not involved in initglestionnaire
piloting.

For the TARGET strategy, we randomly chose six out of the 27 postal codes in the city
of Dortmund, and requested names and addresses of everyone under the age of 18 living in
the chosen areas from the population register. We then merged the informatiorppstal
codeby groupingsiblings together based on last names and addresses so that every family
was only listed once. In two recrment waves six weeks apart, we randomly chose 100
families per postal code and sent them a letter inviting them to pgtte, including
information on the voucher raffle. Thus, a total of 1,200 lette@00 per recruitment wave
were sent out to families.

In the WILD strategy, we distributed the questionnaire online. Specifically, we posted
it in online forums as well as Facebook groups and asked Instagram influencers to share it
with their followers. Apart from few exceptions, we only advertised the gigestaire in
groups and online forums where we expected most members and visitors to be parents. In
the few exceptions, we e.g. posted study advertisement in Facebook groups for survey
participants, making it very clear in the caption that this post wag/aelevant for families
living in Germany and did not advertise the associated voucher raffle in the captomot
at all, depending on the situation. On Instagram, we only approached influencers addressing
topics like children or parenthood.

2.2.2.3.Data Analysis

The data presented here is mostly descriptive in nature, and we do not have the same
information available for all recruitment strategies. Yet, to give a realistic overview of our
recruitment efforts and outcomes, we present the data as comprehensivgipssible. If not
otherwise specified, the number of included instead of completed questionnaires is reported
and used for calculations, since both are very similar ¢begpter2.2.3.

Firstly, data quality is of course important for any investigati&infortunately, we
cannot comprehensively assess this with the availabledaeechapter2.2.4). However, one
potentially relevant aspect of data quality for questionnaire studies that we can examine is
the number of questionnaires that had to be excluded due to data being unreasonable (e.g.,
OY6 CEOAT AO UAAO 1T £ ABOGBPAOEA 1 ABCBAAOBEEI @
18 years old). Thus, we report the number and percentage (based on completed
guestionnaires) of excluded questionnaires per recruitment strategy for both the short and

long questionnaire.
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For each recruitment strategy, we then report on the number of questionnajres
which equals the number of participants (i.e., parents), assuming each participant only
completed one questionnairgas well as the number of children for which data was regmbr
for both short and long questionnaire. We also present the percentage of short questionnaire
participants per strategy who completed the long questionnaire as well. Since the short
guestionnaire was the one we advertised and based most of our asslegarding
epidemiological data on (se8tudy 3, only the short questionnaire will be considered in the
following analyses

Next, we describe estimates for the number of people potentially reached by the
recruitment strategies to approximate response ratdsote that the available data and
degrees of certainty differ between strategies, so the data is not directly comparable
between them. For some strategies, both the number of potentially reached participants as
well as children to be reported on is avaikalFor others, information is only available for one
aspect or even none. Where possible, we calculate the percentagetehal participants
who actually participated and the percentage of potentially reached children on whom we
have data. We call the former participation rate and the latter child data rate, respectively.

To assessamplerepresentativeness, we then present the demographic structure of
the children per recruitment strategy with regard to gender and age, and compare the
distribution of both aspects to that in Germar(gtatistisches Bundesamt, 2023a, 2023c,
2023d)with ChiSquare Goodness of Fit tests. Age was assessed in age groBysavs each,
as this is how the epidemiological data was presented and analyseeiStudy 3. Gender
was assessed with regard to females and males only, because while our study included non
binary children, the data for the German population so far only includes the genders female
and male.

Monetary aspects and workload are important practical issues when planning a study.
We therefore describe our costs (excluding working hours) per recruitment strategy. Lastly,
we also indicate the workload by describing the amount and type of work petestyaand
providing an estimation regarding the number of working hours we spent per strategy. Since
we were not able to completely track working hours, it is important to keep in mind that the
numbers given for working hours are broad estimates only. Kmpale calculate a
guestionnaireworkload ratio for each strategy by dividing the number of included
guestionnaires by working hours to estimate the number of included questionnaires per hour
of work for each strategy.
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2.2.3.Results

2.2.3.1.Data Quality

To develop a sense of the data quality, we analyzed the number of excluded
guestionnaires per strategyonly 16 (1.5%) short and 4 (1.8%) long questionndiessto be
excludedoverall. The excluded short questionnaires are distributed among the strategies as
follows: CLUSTER 1 (0.5%), NETWORK 13 (2.5%), TARGEZ 2 (1.4%). Two long
guestionnaires were excluded from both NETWORK (2.4%) and TARGET (3.9%),
respectively. Reason®r exclusionrmostly were the people reported on being over 17 years
old or anincorrectly given year of birth. Either of this was the case for all excluded short and
two excluded long questionnaires. One further long questionnaire was excluded due to
Ei bl AOOEATI A OPAAOAAT A OPAAEAZEAAOQET 1 gelandAT A 11
school entry age. Generallywe applied rather strictexclusion criteria. For example,
guestionnairesvere excluded if a year of birth had not been given in the correct fogaaen
in cases where one might have reasonably assumedtieectyearj A 8 C 8farO@@®wé d 1 O
OvbOWodYSsqs &OOOEAOIT OAh EZ T1TA AEEI A xEOEE
completelyexcluded thequestionnaire.There does not seem to be a distinct pattern across
recruitment strategies with regard to excluded questionnaires. Yet, due to the exclusion rates
being low in general, this finding is not necessarily very informafiVe low exclusion rates
could (partly) be due to the fact that our questionnaire veasyto answerz either with real
or reatlooking fake values the implications of which will be considereddnapter2.2.4.

2.2.3.2.Number of Questionnaires and Children

The number of included questionnaires (i.e., participants) and children overall and per
recruitment strategy for both questionnaires can be seeiiable 27.

It is well apparent that most short questionnaires by far were obtained via NETWORK,
and the seconeémost via CLUSTER. Only a few questionnaires stem from KSW. Interestingly,
while questionnaires from NETWORK still constitute the largest number for the long
guestionnaire, the difference to the other strategies is not as considerable anymore. This is
also evident in the percentage of short questionnaire participants who completed the long
guestionnaire: Overall, 20.4% of short questionnaire participants aidbait this number
differs between strategies. For CLUSTER, only 8.7% of participants completed the long
guestionnaire and for NETWORK, only 16.4% did. For WILD, this number is 23.6%, and for
TARGET, it is 35.8%. KSW exhibited the highest respective pagennamely 42.7%.
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Table 27

Number of Included Questionnaires and Children per Recruitment Strategy

short questionnaire
overall CLUSTER KSW NETWORK TARGET WILD

guestionnaires 1,082 206 82 500 137 157
children 1,747 340 140 821 215 231
children/questionnaire  1.61 1.65 1.71 1.64 1.57 1.47

long questionnaire
overall CLUSTER KSW NETWORK TARGET WILD

guestionnaires 221 18 35 82 49 37
children 341 26 56 144 66 49
children/questionnaire  1.54 1.44 1.6 1.76 1.35 1.32

Lastly, the number of children per questionnaire is relatively similar between
recruitment strategies, with a bit more variation for the long questionnagrevhich is
unsurprising given the smaller number of long than short questionnaires.

2.2.3.3.Number of Potential Participants and Children

The information regarding the number of potential participants or children reported
on differs between strategies, leading to varying informative values and limitations. This will
be explained in more detail within the respective sections.

For CLUSTERsome assumptions needed to be made to estimate the number of
potential participants and children reported on, so the reported numbers and rates should be
seen as broad approximations. Firstewalculated e total number of children visiting all
educational institutions that advertised our study. One school included gradds31ih which
some students would be 18 or more years old. For this school, we estimated the number of
students per grade (total numbyeof students/number of grades), arekcluded half of the
students in grades 113, which led to an exclusion of 92 students. With ths,dstimated
total number ofunderagechildren visitingall institutions was9,062. The CLUSTERshort
guestionnare was completed for 34@hildren corresponding to 3.8% of said children.
However, the actual number of potentialbgached children should be higher due to siblings
that do not visit the same institutionsThis can only be approximated with multiple
assumptions: On average, 1.&hderage children lived in a family in Germany in 2022

69



Study 2

(Statistisches Bundesamt, 2023b)Since siblings close in age often visit the same
institutions, we approximated 1.5 underage children per family who do not, and used this
number to estimate 13,593 (9,062..5) potentially reached children via CLUSTBRith this
estimation, thechild data rate(i.e., the percentage of potentially reached children on whom
we have data) for CLUSTER is ca. 2.5%. Using the almevgioned 1.83 underage children
per family, we then estimated the potentially reached familess a proxy for potential
participantsz as7,427 (13,5931.83). With 206 included CLUSTER short questionnaires, this
sets the participation rate (i.e., the percentage of potential participants who actually
participated) forCLUSTER at ca. 2.8%.

For KSW, it is not possible to estimate potential participants or children, since there is
7T ET & OI AGEIT AAT 60 EiT x 1T AT U PATDPI A xAOA
OAEAZEZAT T7EOOAT 68

Likewise, we cannot provide sensible overall estimations for NETWORK. Several
factors play a role in this. For example, many networks in which we distributed the study,
contain an unknowmumber of people and/or pareatFurthermore, a lot of recruitment was
via word of mouth, and it would have been impossible to track all this. To give an impression
about the order of magnitude of directly approached people with regard to NETWORK, we
present the larger recruitment effds z i.e., where we successfully adtised our studyz
together with an estimate of how many people it potentially reachedable 28. Depending
on the situation, this number may either indicate parents (i.e., potential participants) or
children (i.e., potential children to be reported on that we know of) or people in general (i.e.,
including only some potential participants).

2 To calculate this numberfamilies with fve or more underage children were counted as families with five
underage children as more accurate data was not available.

31In calculating this, w did notaccount for the excluded adult students potentially having underage siblings at
other institutions for which the questionnaire might be completgdut as the numbers are rather broadly
approximated, and we only estimated 92 students to be 18 years or ol considered this to be negligible.
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Table 28
Overview of Larg®METWORK Recruitment Efforts

type of recruitment people potentially reached comments

presumably only a small
1,865 followers percentage of parents
among the followers

posting on a personal
Instagram account

distribution in a secondary

school(Gymnasium) 800 students

mostly younger people,
359 members presumably only a small
percentage of parents

posting in a chat group of ¢
town district

e-mails to families that are
interested in participating in 262 families
research in our lab

287 mails sent, 25 came
back to sender

posting in a Facebook grou not all members were

200 members

of a town district parents
distribution in a student all members were students
157 members
chat group probably only a few parents

Apart from the recruiting indicated iable 28, our study was advertised via multiple
e-mail distribution lists and chat groups. The number of recipients probably varies between
10 and about 100, but is hard to estimate, as is the number of potential participants within
them. Some groups and mailingsts were comprised solely of parents (e.g., parent
WhatsApp groups), others only partly (e.g., academic netwosknal distribution lists).
Lastly, members of the lab advertised the study within their personal network. Considering
the numbers of potentid) reached people and comments Trable 28 shows that even if,
say, 500 further potential participants were reached, the number of potential participants or
children is nowhere near as high as in CLUSTER. As the NETWORK strategy obtained more
than twice as many completed short questionnaires tf@USTER, with data for more than
twice as many children, both participation and child data rate are considerably higher for
NETWORK than CLUSTER.

Within TARGET22 (19) of the 600 letters from the first (second) recruitment wave
were returned to sender. Thus, 578 (581) potential participants were reached in the first
(second) wave, as wepdased on information in the population registe®15 (913) children.
With 137 included short questionnaires reporting on 215 children for TARGET, the reported
numbers set both the TARGET patrticipation rate and child data rate at 11.8%. Regarding the
latter, one should note that some potential participants mighéve had more children to
report on than reflected in the number of childrgrfor example, if they had more underage
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children registered under a different address or if children with different last names lived in
the same family, since we grouped siblings together based on last names and addresses.

For WILDz like NETWORK we cannot estimate an overall number for potential
participants or children reached. Depending on the advertisement location, the following
information may be available: a) number of views of the forum posting, b) number of
Facebook groupnembers, and c) number of followers of the respective Instagram influencer.
Importantly, while a) indicates how many people saw the advertisement, this is not the case
for b) and c), as there may be inactive Facebook group members or Instagramedd.|t is
therefore impossible to estimate how margotential participants or even people overall
were reachedHowever, to give an impression about the order of magnitude, an overview of
our WILD online postings along with the number of potentially reached people as described
in @)z c) is presented ifable 29.

Table 29

Overview of WILD Online Postings

people potentially

topic reached comments
online forums
guestions on topics like housekeepir 1,047 views not specifically for parents
parenting questions 1,006 views
online forumfor parents 1,000 views
self-help 983 views not specifically for parents
raising children 829 views
raising children 673 views
AOGUET ¢ O OAI 1T ETC n/a
desire for children, pregnancy, babie n/a
online forum for mothers n/a
online forum for parents n/a
parenting questions n/a
pregnancy, children, family n/a
xIT T AT80 1 EEAOOU n/a not specifically for parents
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Table 29 z Continued

Overview of WILD Online Postings

Facebook groups

student surveys 14,300 members not specifically for parents
creative child activities 7,872 members
surveys & participants 6,200 members  not specifically for parents
surveys & thesis questions 4,500 members  not specifically for parents
activities for children 3,800 members
self-help for parents/mothers 3,763 members
cooking for families 3,069 members
group for parents 2,746 members
surveys & participants 2,300 members  not specifically for parents
town district activities 1,200 members  not specifically for parents
parent group about inclusion 464 members

Instagram influencers

everyday life as a mother 18,200 followers
everyday life as a mother 15,900 followers
everyday life as a father 11,200 followers
everyday life as enother 11,100 followers
everyday life as a mother 2,572 followers

sleep coaching for babies & toddler 1,918 followers
family life 1,321 followers

everyday life as a mother 473 followers

Note.In online forums that were not specifically for parents/families, the posting was made
in a thread or sulforum for online studies and clearly marked as being for parents only. The
latter was also done in case of Facebook groups that did not target psifantilies.

2234Chi Il drends Demographic Structure

Table 210presents the number of included children from the short questionnaire per
age group and gender overall and for each recruitment strategy.
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Table 210
Number of Included Children per Age Group and Gender per Recruitment Strategy

recruitment strategy
age group overall CLUSTER KSW NETWORK TARGET WILD

1747 340 140 821 215 231
overall 858 (f) 147 (f) 65 (f) 438 (f) 101 (f) 107 (f)
888 (m) 193 (m) 75 (m) 383 (m) 114 (m) 123 (m)
217 37 23 57 36 64
0-2 years 104 (f) 18 (f) 8 (f) 28 (f) 20 (f) 30 (f)
113 (m) 19 (m) 15 (m) 29 (m) 16 (m) 34 (m)
305 92 34 90 39 50
35 years 130 (f) 36 (f) 19 (f) 41 () 16 (f) 18 (f)
175 (m) 56 (m) 15 (m) 49 (m) 23 (m) 32 (m)
320 94 32 109 46 39
6-8 years 154 (f) 40 (f) 16 (f) 60 (f) 21 (f) 17 ()
166 (m) 54 (m) 16 (m) 49 (m) 25 (m) 22 (m)
301 46 24 165 31 35
9-11 years 146 (f) 15 (f) 10 () 87 (f) 14 (f) 20 ()
155 (m) 31 (m) 14 (m) 78 (M) 17 (m) 15 (m)
355 48 18 228 33 28
1214 years 183 (f) 26 (f) 7 (f) 120 (f) 15 (f) 15 (f)
172 (m) 22 (m) 11 (m) 108 (m) 18 (m) 13 (m)
249 23 9 172 30 15
1517 years 141 (f) 12 (f) 5(f) 102 (f) 15 (f) 7 (f)
107 (m) 11 (m) 4 (m) 70 (m) 15 (m) 7 (m)

Note. The first number per celf shaded in gray indicates the number of children of all
genders, including notbinary children. (f) indicates the number of females, (m) the number
of males in each subsample.

With regard to gender, in the total sample, more males tli@males were included in
the analyses for the younger age groups up to and includiiggears. For the two oldest
age groups, this pattern was reversed. From all strategies but NETWORK, there is again more
data for males thariemales overall, with the opposite being true for NETWORK.
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The largest age group overall is that of-12year-olds. Fewest children were in the
youngest age group (@ years), followed by the oldest one (15years). Considering the
recruitment strategies separately, it is interesting to note that for NETWORK, more children
stem from the older than the younger age groups, while the opposite is true for CLUSTER
and WILD. For both KSW and TARGET ,abe groups are relatively balanceeixcept that in
KSW, the numbeof childrenin the two oldest age groups is somewhat reduced.

2235Representativeness of Childrends Demo

7A AOOAOOAA OEA OADPOAOAT OAGEOAT AOGO 1T £ OE!
and per recruitment strategy by comparing the age (in age group8 ydars) and gender
distribution within each (sbh)sample to that of Germany. Regarding age, the number of
people per age group of our study in the German population is showialie 211 Holm
corrected(Holm, 1979 hiSquared Goodness of Fit tests revealed a significant deviance of
OEA j OOAQOAI Ppi A0G6 ACA AEOOOEAOOEIT O AOiI i OEA
and all strategies but TARGET (TARGE?%(5,N=215)=3.536,0=.618, all other strategies
& overall samplep <.05). For gender, the situation is different: Here, the distribution in the
(sub)samples was significantly different from that of the German population (ca. 7,314,393
males and 6,890,767 females in December 2022; catledlfrom: Statistisches Bundesamt,
2023c, 2023pfor NETWORKX? (1,N=821)=7.702p =.033) but not forany other strategy

or the overall sample (afis>.05).

Table 211

People per Age Group in the German Population in December 2022

0-2 years 3-5years 6-8years 9-11years 12-14years 1517 years
2,354,778 2,466,776 2,458,992 2,317,443 2,330,988 2,322,746

Note. Calculated from data iBtatistisches Bundesan{023a)

2.2.3.6.Monetary Aspects

Monetary aspectg excluding working hourg are of a rather limited importance for
most of our recruitment strategies. KSW and WILD did not include any costs. For CLUSTER,
OEA 111U AgbAT OA xAO XoXQ OF 1 AOAferefederal EOO |
state. All other institutions were obtained from databases free of charge. There were no
AOOOEAO AT OO0 A O #,534%2h OEA AT OO0 A& O OE
included in the analysis. We did offer the institutions to séimelm material via post if they
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opted to advertise the study neelectronically, which would have included further costs.
However, all respective institutions printed the material themselves. NETWORK included no
costs apart from very sporadic printing and sending study information vit.p&s the vast
majority of NETWORK recruiting was done electronically, this accumulated to expenses of
XYQ AO | AgEi Oih OEAOAAU Al OOET C od8owQ DPAO E
sending the letters to the 1,200 families within TARGET cosi ce.#Qh AT A OEOO w
included child.

| AAEOET T AT T Uh xA OA£EZEI AA O1 OAEAOO xEOE A
However, this is not directly related to the recruitment process and tteaoretically be
omitted, or vouchers of lower value can bsed

2.2.3.7.Workload

To give an indication about the type and amount of work researchers can expect per
recruitment strategy, both will be described in the following, as well as how workload and
recruitment success related to one another.

CLUSTER entailed a lot of organization, especially to obtain permission for
recruitment in schools and to create the various institutions lists, which we estiatatbout
25hoursof work. Furthermore, calling the institutions and sending them information via e
mail alone entailed the most workload by far within all strategies, easily accumulating to
about 100 hours of workleading to an estimation of 12®urs of work for CLUSTER
recruiting. Overall, we tried to contact 275 institutions via telephone. Despite trying several
times, we were unable to reach 66 of those institutions. Thus, 219 institutions were
successfully contacted, of which 79 participatede., 28.7% of the institutions we tried to
contact and 36.1% of those we successfully contacted. Prior declining or agreemgy to
request most institutions were contacted multiple timedue to difficulty in reaching the
relevant personnel and the commorractice of internal discussion of our request before
responding to it. The institutions who agreed to advertise the study also received a fajjow
call two weeks later. Generally, coordinatithpe CLUSTERrecruitment constituted a
significant portion of theoverall recruitmentworkload, extending beyond the actual hours
spent on contacting institutions, mostly because the availability ofstitutional heads
necessitatedrecruitment efforts to be dispersed rather than conducted continuously for an
extendedduration.

In contrast, KSW entailed minimal workload, as it only needed to be posted on the
website once after creating an account for the lab. We estimate KSW recruitment to not have
taken longer than 2ours
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NETWORK recruiting encompassed making lists of potential recruiting opportunities,
writing e-mails and distributing information in the respective networks as well as asking
others to do so and providing them with materials. Furthermore, the people who asked
to distribute the information in their networks had some workload as well, but as the
advertismenttexts were usually given to them, their workload was limited to a few minutes.
With this, we estimate about 1doursof work for NETWORK recruitingaaluding the work
from people other than the primary researcher(s).

For TARGET, recruiting included randomizing the postal codes, obtaining the lists
from the population register, writing a script to merge families within the lists and randomly
extracting those to send letters to as well as writing and stamping the letfEngoretically,
printing and sending the letters would also be workload, but since this was payed for and
carried out externally, it is not included in the researcher workload. The latter accumulated
to ca. 11.%oursof work.

WILDz like NETWORIK included some time of researching recruiting opportunities
and preparing materials. Beyond that, asking permission to distribute the information as well
as regularly checking the postings for updates and questions took more timetah tve
approximate about 4@ours of work for WILD. We tried posting the study in 20 online
forums, and succeeded in 13 (65%). With regard to Facebook, we tried posting in 22 groups,
and succeeded in 11 (50%). Note that these high rates of successfiigpogre a result of
researching many more forums and groups, ahénd how it was allowed to post study
advertisements. Had we not done that, the eadf successful postings would most likely be
considerably lower, as it is for Instagram: Here, we contacted 104 influencers, of which 8
(7.7%) posted our study advertisement. Most of the contacted influencers did not reply.

Despiteonly being able to provide broad estimations regarding the working hours per
recruitment strategy, the following can be said: In our study, CLUSTER involved the most
extensive recruitment effort, followed by WILD, NETWORK, TARGET, and KSW. While KSW
only took minimal effort, both NETWORK and TARGET still required several hours ofzwork
yet, they were considerably less labmtensive than both CLUSTER and WILD. NETWORK
and TARGET included a comparable amount of work for the primary researcheufs), b
NETWORK involved more coordination and also created workload for others, and we thus
estimated it to be more laborious.
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Lastly, we calculated approximate questionnawerkload ratios (i.e., humber of
included questionnaires per hour of work) for each strategy, which are as follows:

- CLUSTER: 1.6

- KSW:41.0

- NETWORK: 35.7
- TARGET: 11.9

- WILD: 3.4

As can be seen, the strategies differ vastiyheir questionnaireworkloadratios, with
CLUSTER having the worst and KSW the best. The association between workload and
guestionnaire numbers will be addressed morelmpter2.2.4.

2.2.4.Discussion

In this report we describeour efforts and outcomes in distributing a short online
parent questionnaire via five recruitment strategies. Upon completing the short
guestionnaire, participants were invited to also participate in a loragex. As for the Results
sections, the aspects discussed in the following relate to the short questionnaire, if not
otherwise specified. The recruitment strategies included (a) recruiting schools and
kindergartens viamultistage cluster samplingp advertise the study (CLUER), (b)
advertising the study on a website for the recruitment of child and parent online study
DAOOEAEPAT OO |j+37Qqh jAQ AEOOOEAOOEI ¢ OEA O
professional networks (NETWORK), (d) sending postal invitations to paateeiin the study
to randomly chosen families within the city of Dortmund (TARGET), and (e) distributing the
guestionnaire online in forums, Facebook groups, and via Instagram influencers (WILD).
5pi 1T AAOAOEAET ¢ AAAE OOOA Ok @ith tegarditoladaquality, | T CUhN
recruitment succesgnumber of included questionnaires and children reported on as well as
number of potential participants/children and response rates), demographic structure and
representativeness, monetary aspects and worklo&u.the following, we will discusand
comparethese criteria across strategiesDue to a large topical overlap, workload will be

considered together with recruitment success.
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2.2.4.1.Data Quality

Data quality could only be analyzed superficially by checking the number of excluded
guestionnaires andonly very few questionnaires had to be excluded from analysltsle it
is geat that exclusion rates due to unreasonable data or not meeting inclusion criteria are
uniformly low, faking realistidooking answers in our questionnaire woube rather easy.
Thus, we can neither detecior exclude questionnairesith false but realistidooking data,
and are thus also unable to estimate if and to what extiety exid.

If one considers a questionnaire at risk for low data quality due to response biases
(incorrect answering for various reasoNggtzel et al., 201 trying to ascertain more control
over this aspect may be helpful -juestionnaire examples for better controlling data quality
are including questions to measure the social desirability bias, e.g. from (versions of) the
Marlowe-Crowne Social Desiraliii Scale(Crowne & Marlowe, 1960)pr attention-check
guestions to test whether respondents actually pay atien (Dworkin et al., 2016)Being
more restrictive in recruitment might also enhance data quality, e.g. by having interested
individuals contact the researchers to receive a code for participation. An approach like this
may be useful with regard to survey fraud (participating mibr@&n once;Singh & Sagar, 2021
or participating despite not fitting the inclusion criteria, deliberately giving wrong answers
both probably especially relevant in case of guaranteed compensation. However, it also poses
a large hurdle for potential participantsz which, in turn, likely makes a guaranteed
compensation necessary to receivae adequate sample size

One measure we took to minimize survey fraud was setting a cookie on the
DAOOEAEDPAT 060 AAOGEAA Oizalthandh@akticigating &phidviioBld A D A C
still have been possible from another device or after deleting cookies, so this woulthret
prevented especially technically adept individuals from doing so. We also checked whether
e-mail addresses were used in the voucher raffle more than once, which was not the case.
While this is a hint that participants did not complete the questionesimultiple times for a
higher chance in the raffle, it obviously does not rule it out either, as they may have used

different eemail addresses.

We did not employ any other of the described techniques because for one, due to our
guestionnaires being neither long nor of a sensitive nature, we did not assume
inattentiveness or social desirability bias to be problematic. Furthermore, with the only
compensation being the opportunity to participate in a voucher raffle (which was not even
advertised everywhere), the risk of people participating multiple times or with fake answers
to gain the compensation was probably not very high either. Especially dtterlrisk is
probably much more relevant with guaranteed compensation. One way to reduce the risk of
survey fraud while still rewarding each participation may be donating money to a charity per
participation instead of giving it to the participargSingh & Sagar, 2021pverall, however,
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our assumptions regarding the likelihood of low data quality are speculative, as it is e.g.
possible that weunderestimate the motivation of people to participate using fake data to
enter a voucher raffle.

2.2.4.2 Recruitment Success and Workload

Despite large(r) recruitment efforts in other strategies, NETRKyielded the most
guestionnaires and highest number of children reported on by RETWORK also revealed
a very high questionnairgvorkloadratio (i.e., number of included questionnaires per hour of
work), second only to KSW. Additionallyevassume a much higher participation rate (i.e.,
percentage of potential participants who actually participated) and child data rate (i.e.,
percentage of potentially reached children on whom we have dadeNETWORKhan e.g.
for CLUSTER, which involved the largest recruitment workloBkis discrepancy may be
attributed to the likelihood that individuals familiar with the researchers were more inclined
to contribute, possibly viewing it as a favor or expressing confidence in the integrity of the
researchersThis inclination is especially relevant as the only compensation for participating
was a voucher raffle. Guaranteed compensation might have madeauguaintanceg i.e.,
potential participants from oher strategies than NETWORKmore inclined to participate.
Yet, guaranteed compensation in online research poses other challenges, as discussed below.

In general the order of workloadcorresponds tothe number of included
guestionnairesper strategy z with the exception of NETWORK obtaining the most
guestionnaires by far while not involving the highest workload. Furthermatale the order
aligns appropriately for CLUSTER and TARGET, with both higher in CLUSTER, the magnitude
of the workload differencevastly exceeds that of the questionnaire numbemsith TARGET
yielding a substantially better questionnairevorkloadratio than CLUSTERA similar trend,
albeit to a lesser extent, is observed in the comparison between CLUSTER and WILD
CLUSTER being the only strategy without the opportunity to enter a voucher raffle likely
reduced its recruitment success compared to the other strategies both in terms of response
rates and questionnairevorkloadratio. TARGET recruitment having taken place in the same
city of TU Dortmund University, on the other hand, may have helped its participation rates
compared to other strategies (except NETWORK): People contacteARGET might feel
connected to the university due to personal experiences or regional reference, and might thus
have been more inclined to participate than people who did not really know the university.
Lastly, KSWgeneratedthe fewest questionnaires, but it also only included minimal workload,
thus yielding an extremely favorabtgiestionnaireworkloadratio.

It is intriguing that NETWORK, despite its success in recruiting for the short
guestionnaire, had the secorsimallest percentage of participants also completing the long
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one (16.4%)This suggests that while many NETWORK participants may have filled in the
short questionnaire as a favor, their interest in the study's topic might not have extended to
the level of commitment required for the long questionnaifaurthermore, the high rate of
participants also completing the long questionnaire for TARGET (35.8%) and KSW (42.7%) is
noteworthy. This might be a result of interest and convenienéisitors to the KSW website
were likely already interested in participating in stusliand may have assumed that such
studies would require more timtghan the short questionnaire didAdditionally, they were
likely at home when browsing the websitproviding them with the time and resources
needed for the extensive information required fiie long questionnaireThe latter may also
apply to TARGETSIince families received invitations via letteparentscould choose when

to complete the questionnaireand theywere presumablalsoat home during the process.
Lastly, CLUSTER exhibited thewest percentage of participants also completing the long
guestionnaire (8.7%)l'he lack of compensatiom CLUSTER maggainhave played a rote
While the short questionnaire can be answered quickly, in the absence of any incentive,
participants might not have been motivated enough for the long one.

2.2.4.3.Demographic Structure and Representativeness of the Sample(s)

The observed variations in age distribution among the recruitment strate@ies
rather unsurprising. For one, NETWORK mostly includes older childilexly a result of
individuals within the researchers' netwakpredominantly having children in middle
childhood or older. Additionally, the recruitment of one acquainted secondary school led to
a notable influx of questionnairefor older age group. Meanwhile CLUSTER exhibits a
higher proportion of younger childrenThis canlikely be attributed to the exclusive
recruitment of kindergartens in one federal statend a general tenancy of kindergartens
and primary schools to be mopento distributing questionnaires than secondary schools.
WILD also demonstrates a higher representation of younger children, probably dtleeto
demographic characteristics of parents who are active onliaspecially social media users
are generally younger, and thus more likely to have younger children as well: In both
Facebook and Instagram users, the most represented age groups worldwide were 18
24years and 284years(We Are Social et al., 20232023b) New parents seeking advice in
online forums, often targeted at parents with babies or toddlergy alsocontribute to the
higher prevalence of younger children in the WILD datadetr KSW, the age groups are
mostly balanced, except for a somewhat reduced number in the two oldest age groups. The
KSW website was largely advertised as including studies to do with children. It is thus possible
Z albeit speculativeg that the slight agegroup imbalance might be attributed to adolescents
being less iterested in participating than younger children, and thus their parents being less
encouraged to browse the website. Finally, TARGET exhibits a fairly even distribution of
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children across age groups, likely attributable to the fact that the lettesed recruitment
does not inherently lend itself to ageelated preferences. This results pattern is also
represented in the analysis of agelated sample representativeness: @rthe TARGET age
distribution does not differ significantly from that in the general German population, where
the number of people aged-07years is relatively balanced (between 737,780 and 838,586
individuals per year of ageStatistisches Bundesamt, 282 as compared to other ages
(Statistisches Bundesamt, 2023a&Pne should also assess the potential influence of the
ET OAOOECAOEihd satple GibngdphicdFbr example, he comparison of
epidemiologyrelated results from the present study with other studies indicates an
overrepresentation of particignts with spectacleowning children in our study, which may
be explained by higher thematic interest (s&udy 3. Furthermore, refractive errors are
generally more prevalent in older than younger children. It may therefore be possible that
parents of older children were more likely to participate than those of younger one due to
interest in the topic.However, the agestructurex EOEET 1 O éubsamipedArétieC EA OO
indicate that strategyrelated aspects likely primarily influenced the age distributitimit is
important to sample an age structure mirroring that in the population, these aspects need
consideration

The gender distribution was more balanced between strategies, with more males than
females in the total sample and most strategies individugllxcept for NETWORK, where
the opposite was true. Likewise, only the NETWORK gender distribution differs isimily
from that of the German population, which also includes more underage males (ca. 7,314,393)
than females (ca. 6,890,767; calculated frdtatistisches Bundesamt, 2023c, 20338ince
for most strategies, there is no apparent strategglated reaso as to why they would favor
participation of parents having children of a specific gender, it appears logical for the
OOOAOACEAOGS CAT AAO AEOOOEAOOEIT OF AA OEI EI
However,it is again imaginablethat thematic interestmay have had implications for the
sample demographics: As mentioned above, our data may incardeverrepresentation of
participants with spectacleowning children (se&tudy 3. Furthermore, nyopia was the
most common reason for spectacle weaomr data (seeStudy 3, andis alsamore prevalent
in girls than boys starting middle childhoodRidnicka et al., 2036 Thus, anincreased
likelihood of participation among parents of girls compared to bags theoretically
conceivableHowever, this does not seem to haweichdistorted the gender distribution in
the data, since only NETWORK exhsbi disproportionally high number ofemales.
Strategy-related reasons might have plagiea role in this, as there might have been more
NETWORK recruitment in locations with more parents of girls than boys (e.g., a WhatsApp
group of riding stablesHowever this is very speculative and even if therasatthis imbalance
in a few locations, it should not have exerted a large influeaiteethe majority of recruiing
happenedin locations where such biasesould not be expected.In general, despite the

82



Study 2

thoughts with regard toNETWORK being speculative and even though the potential
thematic reason for gender distribution imbalances does not appear to have had a major
influence orour data such considerations are important for recruitment and data evaluation

The importance of sample representativeness in these and other factors is of course
based on the nature of the investigation. As discussed before, representativeness of relevant
factors can be crucial in epidemiological studies. Our results demonstrate étxan for
relatively basic demographic factors, achieving representativeness can be challenging when
recruiting for online studies. Moreover, our study did not include aspects like educational or
socioeconomic status (SES), for which it is likely even emoomplicated to recruit a
representative sample than for gender and age. On the other hand, recruiting diverse,
representative samples is a wéthown problem in idab research as we{Gosling et al.,
2010; Henrich et al., 201,3nd online studies may even be helpful to achieve diverse samples
(Dworkin et al., 2016; Gosling et al., 2004; Gosling et al., 2010; Upadhyay & Lipkovich, 2020)

In our study, variables such as educational status or SES would have been interesting
to include due to their associations with myop{goster & Jiang, 2014; K. M. Williams,
Bertelsen, et al., 2015For example, we suspect an oversampling of participants with(leigh
educational status, especially in NETWORK and KSW3segy 3. Participation biases with
regard to educational status have been found in health survey studies before Bemg et
al., 2007; Klijs et al., 205and also in epidemiological research on myopia. For example,
undersampling of participants with low educational status is reported in@Geeman Health
Interview and Examination Survey for Children and Adolesc€éki&GS), amongst others
also presenting data on myopia prevaleng¢offmann et al., 2018; Schuster et al., 2020)

Overall, it is necessary in epidemiological research to assess and possibly control
distribution and representativeness of relevant demographic factors. One can try to
counteract participation biases in recruitmenEor our strategies, this mght e.g. have
included oversampling schools in areadtiva high presence of the characteristic for which
undersampling is expected (CLUSTER) or postal codes of respective areas (TARGET). The
latter strategy was e.g. applied for children and adolescents without Geraig@enship in
the KiGGS study(Hoffmann et al., 2018)If one was unsuccessful in recruiting a
representative sample, but needs one, one might consider taking this into account in data
analysis. For example, one might adjust the sample by randomly deleting participants with
the oversampled expression of thelegant characteristic. However, this of course comes
with the drawback of reducing sample size and thus losing data. Another possibility is
weighing the participants with regard to said characteristas has also been done in the
KiGGS study regarding several aspegtieffmann et al., 2018; Schuster et al., 2020)e did
not apply such strategies, as assessing thefukessof online questionnaires to gain
representative samples via multiple recruitment strategies and to estimate myopia
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prevalence data was one aim of the study. And while representativeness regarding, for
example, age groups is not given in our sample, and we cannot assess other potentially

ET OAOAOOET ¢ AAAOTI OO 1 EEA AAOAAOQET Ttheé da@OAOOO
may still be suitable for capturing data to monitor myopia prevalence (within the constraints

of what is possible for questionnaires; seeidy 3.

2.2.4.4.Monetary Aspects

Most of our recruitment strategies did not involve high costs: KSW and WILD did not
include any, and NETWORK only very little for the occasional jmint In CLUSTER, we did
pay for a list of schools, but it would have also been possible to instead pudrig working
hours to research the schools manually. The only exception to all the strategies being very
costA EAAAOEOA EO 4! 2' w48 7TEOE AOOEI AGAA AT 00O
in the analysis, this strategy was the most expensivedoy&enerally, monetary aspects may
be more important for other strategies that e.g. involve a guaranteed compensation or
paying for advertisements (sezhapter2.2.4.6).

In our study, the voucher raffle of course also included costs. Using a raffle as an
incentive can theoretically be omitteq although it is surely easier to ensure sufficient
participation if there is some incentive other than personal motivation. Howgwet only a
missing incentive, but also one too high may be problematic in online reseaschmonetary
incentives generally increase the risk of survey frésithgh & Sagar, 2021)

2.2.4.5.General Assessment of the Recruitment Strategies

Here AAAE OOOAOACEAOGSG 1100 OAI AGAT O AOPAAOD
comprehensively.

CLUSTER achieved the secaolaiigest number of questionnaires, but with the highest
workload by far, exhibiting the least favorable gquestionnaiverkload ratio with only 1.6
included questionnaires per hour of work. Since we suspect the absence of voucher raffles in
#,534%2 O EAOA OAAOAAA PAOOEAEDAOGEIT 11 OEOA
relative success compared to CLUSTER would haenthad raffles been included in the
latter. From our experience, it is common for incentives to béidden when recruiting via
schools. Like for most strategies, the CLUSTER subsample was not representative of the
German population in terms of age distribution. This might have been somewhat different
had we been able to recruit secondary schools in hike¢ federal states, but since

kindergartens and primary schools agreed to advertise our study much more often than
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secondary schools, focusing more on recruiting the latter would probably be necessary to
ensure agerelated representativeness.

KSW vyielded the fewest questionnaires, but due to the small workload, it also had an
extremely favorable questionnaireiorkloadratio of 41.0, exceeding all others. The strategy
was also not representative in age, which might be attributed to the website being more
interesting for parents of younger than older children. At the time of our recruitment, the
website had just been laiched, so while it was advertised in different communities, it was
not widely known. During the last months of our recruitmentsabscription function for
DAOAT OO0 OI AA ET &£ Oi AA AAT OO OOOAEAO OEAO £E
implemented earlier, it might have increased the participant output for KSW. In general,
websites like this are probably an easy andsibée way to recruit participants for online
studies if they are widely known and used.

NETWORK was the only recruitment strategy that was neither representative in age
TTO CAT AAO8 7EEI A OEA 1 EEAI U AAI T COAPEEAO 1 A
in a secondary school are compelling explanations for the -r@iged non
representdiveness, the reasons for gender not being representative are rather unclear.
AT AOAT T UhRh OEA OAi Pl A AANOEOAA EOI I OAAOOEOE
very diverse nor representative of the general population (probably even moreaspects
like educational status than gender and ag&Yhile online recruitmentdoes also face
challenges in terms of representaémess(Andrade, 202Q) it theoretically provides the
opportunity to reach more diverse and representative samples compared to traditional
experimental studiegGosling et al., 2004; Gosling et al., 2010; Upadhyay & Lipkovich, 2020)
This benefit of online resears diminishes when recruiting fronown networks, closely
resembing the traditional recruitment for iAlab studies.Yet, the advantages oNETWORK
recruitment persist,in that it is effective, yielding the highest response rates (both
participation and child dataate) compared to all other strategies for which estimating
response rates was possibleAdditionally, NETWORK featuresa very favorable

guestionnaireworkloadratio of 35.7

TARGETonly achieved the seconbbwest number of questionnaires, but with a
reasonably small workload, and it also was the only recruitment strategy representative of
the German population in both age and gender. Overall, TARGET proved to be a worthwhile
strategy. Apart from its representativeness, with a questionnaiverkload ratio of 11.9, it
was also efficient in terms of workload. Being the most expensive strategy lzyammost of
the other strategies hardly cost anythirgg however, its drawbackds in the costs.
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Lastly, WILD proved moderately effective in recruiting participants, when considering
both the number of included questionnaires and the worklodd: terms of included
guestionnaires, it wasnoderately effective compared to the other strategiewhile its
guestionnaireworkload ratio of 3.4was the second worst several times worse than the
better ones, but still indicative of more than twice as many included questionnaires per
working hourthan CLUSTER. Like most strategies, it was not representativercsgg age,
likely due to the demographics of parents who are active online.

2.2.4.6.Further Remarks on Participant Recruitment

While werecruited participants via various ways, there are of course further possible
online recruitment strategies we did not employ. One example is online crowdworking, as
described irchapter2.2.1, which has been used and assessed for online research in the past
(e.g., Antoun et al., 2016; Dworkin et al., 2016; Maaravi & Heller, 2020; Semmelmann &
Weigelt, 201Y. Compared to other ways of recruiting for online studies, it allows more control
regarding its recipients, since it is possible to present the advertisement only to workers with
specific characteristics. There may also be advantages with regard to divefsityexample,
Dworkin et al.(2016)found that when recruiting parents online, the sample from the
crowdworking website MTurk was the most diverse compared tmail Listservs and
Facebook advertisementy, | x AOAOh AOT xAxT OEAOOG WdrerAT OET 1
from that of other participants due to the guaranteed compensation (except for when it is
denied due to missing or incorrect task completi@workin et al., 2016 Including attention
check questions into questionnaires distributed via crowdworking websites may thus be
helpful. Yet,Dworkin et al(2016)also report that while this may seem useful, it is not always
apparent what to do with the respective data, since their analyses suggested demographic
differences between those who correctly answed all attention check questions and those
who did not. Due to the guaranteed compensatiampwdworking entails guaranteed costs
per participant, and is thus not as cesffective as most strategies employed by us (when
only considering monetary costs excluding the financing of working houratly, with
regard to online crowdworking, there are certain ethical considerations that should be taken
into account (Stewart et al., 2017; Woods et al., 2018nd since there are various
crowdworking websites aailable, researchers should make an informed decision regarding
which one(s) to use.

A further strategy we did not explore is to place payed advertisements, @.gn
search engine results or on social media for users fitting the targeted demographcs
strategy has also been reported on in the pé&nhtoun et al., 2016; Arcia, 2014; Dworkin et
al., 2016; Pedersen et al., 2018pwever, with regard to Facebook advertisemeridsyorkin
et al. (2016)elaborate that they seem most successful when researchers target individuals
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with an easily identifiable, specific characteristic (e.g., vegans), but they were not successful
in recruiting a general sample of parer(@workin et al., 2016)Again, this strategy comes
with guaranteed recruitment costg this time not even per successful participation, but for
placing the advertisementg, and the average cost per recruited participant has been
reported several times higher than that of ouUARGET strategyAntoun et al., 2016; Arcia,
2014)

Finally, conducting the study amidst the Cowit® pandemic presumably influenced
recruitment to a certain degree. On the one hand, people likely spent more time online during
lockdowns or quarantine, or due to generally staying at home more. For example, internet
traffic increased substantially at the time of initial responses and lockdowns due to-C8vid
in Europe in March 203@eldmann et al., 2020)-urthermore, German participants indicated
increased digital media usage in surveys conducted betweencMand May 202@GWI,
2020; Havas Media, 2020and in a survey in May 2020, a large percentage of participants
also indicated that they expect to continue their increased social media ugag€, 202Q)
People might also have been somewhat inclined to support online research during the Covid
19 pandemic as a means to support each other. On the other hand, a representative survey in
Germany showed a significant increase in parental stress during thegmaicdCalvano et al.,
2022) so parents may have beéoo preoccupied to participate. The pandemic probably also
had implications regarding the selection and success of distribution means in institutions that
advertised our study. For example, without it, more institutions might have advertised the
study viaposters on their premises or harmlts z and in the institutions who chose those
means nonetheless, the participation rate might have been higher if potential participants
would have been allowed to spent more time on the premises, which was often tedtdoe
to Covid19.Yet, the pandemierelated increased electronic communication might also have
been beneficial for recruitment in institutions that distributed our study advertisement
electronically, as this might not have been possible as easily prior the pandemic. Thede Covi
19 related aspects should therefore be considered when, for example, incorporating findings
from our report into own recruitment planning.

2.2.4.7.Conclusion

Once again,it should be mentioned that the present work & report on our
experiences in participant recruitment f&@tudy 3 andsodata collection was not specifically
designed for the analyses presented hefldwus, some of the datasiof a ratheranecdotal
nature, some consists of estimates, and not all potentially relevant information is available
for all strategies. ® examine certain aspects of this report mdah®roughly, one would have
to specifically collect the missing informatioRor example, in order to better assess aspects
of demographic drersity and representativeness, it may be worthwhile to cover more
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aspectsz like SES, educational status or geographical locatgdn data collectionFurther
aspects on the researcher side could be investigatedn@ne detail) as well, for example
duration or amount of work required to achieve a et sample target size.

With this in mind, wecan generally conclude that each assessed recruitment strategy
has specific advantages and disadvantages, and which strategies are most useful in a
particular situation very much depends on factors like the aim of the data collection and
available resource& We hope that we were able to provide a comprehensive insight into
execution and results as well as our experiences with various recruitment strategies for online
research that may assist others choosing their course of action.
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2.3.Study 3:

Spectacle Ownershignd Myopia in German Youth Findings
From Online Questionnaires and Their Relation to Refractive Data

Abstract: Monitoring the prevalence development of myopia is crucial for prevention,
diagnostics and intervention efforts. While refractivemeasurements are commonly
employed to estimate myopia prevalence, they are resodirtensive and challenging for
large, representative samples. Questionnaire data may be helpful to investigate aspects of
myopia prevalence, and online questionnaire theacatly offer a good opportunity to obtain

a broad and large sample. In this study, we distributed a short, online parent questionnaire
regarding the spectacle ownership of unde&g-yearolds in Germany. In total, we collected
1,082 analyzable questionnasewith data from 1,747 children. Additionally, parents were
given the option to also complete a longer questionnaire, yielding 221 analyzable
guestionnaires with data from 341 children. Data from the short questionnaire revealed a
22.2% prevalence of spesmtle ownership. Furthermore, 11.6% of the total sample owned
spectacles due to myopia, thus making myopia the most common reason for spectacle
ownership. Other questionnaire studies from Germany show similar prevalence rates, and
our study also replicatedypical age and gendefrelated patterns regarding myopia
prevalence. This indicates that our questionnaire was generally usable to collect such data.
However, a comparison with refractive data suggests that questionndata overestimate
myopia prevalence (more specifically, the prevalence of individuals owning a visual aid due
to myopia). Thusguestionnairesare likely not ideal for estimating absolute prevalence rates,
but rather for monitoring prevalence and investigating relationships within the rueed

data. With the long questionnaire, we were able to obtain interesting and relevant aspects
regarding eye health care, indicating that underage spectacle owners seem to receive
adequate care, while there is more room for improvement for those withqectacles.
Overall, questionnaires appear to be a valuable tool for exploring aspects of spectacle
ownership and myopia prevalence, though one should be aware of their limitations,
particularlyregardingabsolute prevalence estimatian
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2.3.1.Introduction

Monitoring prevalence development over time and in relation to demographic factors
is important z especiallyin case of (suspected)prevalencechanges which may have
implications for prevention, diagnostic, and intervention effor@ne such example is myopia
prevalence: The global prevalence of myopia is increasing and, barring effective myopia
control interventions, is expected to reach 49.8% in 2(30lden et al., 2016)n parts of East
Asia, there are extremely high myopia prevalence ratesipfto 0% in adolescents and
young adults(Dolgin, 2015; Morgan et al., 2018n Europe, the prevalence rates are
considerably lowe(Xiang & Zou, 2020Qthough a general increase in myopia prevalence has
also been founqHolden et al., 2016)

Not only prevalence rates, but also the amount of available data varies globally. In
Europe, there are only few myopia prevalence estimates for children and adolescents based
on refractive measurements (for reviews, s€&rzybowski et al., 2020; Xiang & Zou, 2020
Yet, in modern societies, myopia mostly appears during the time when children attend school
(Morgan et al., 2021)This school myopidor juvenile myopia initially appears in late
childhood or adolescence, with varying specifications regarding the exact &myeexample,
9-11years(Gilmartin, 2004pr 8-14years(Morgan & Rose, 2005Prevalence data on children
and adolescents is therefore especially relevant to monitor myopia development. As for
Europe overall, there is also only few data on myopia prevalence rates from refractive
measurements for Germanys(udy 1 Kaymak et al., 2022; Truckenbrod et al., 2D21

Obtaining refractive measurements from large samples is laborious and expensive.
Thus, questionnaire data may be helpful for (some) estimations regarding myopia
DOAOGAT AT AA8 4EAOA AOA A EAx ET OAOOECAOQOEITO 1
in Germany using questionnaire data (e.ggbke et al., 2008; Schuster et al., 202the
respective surveys having been conducted at the latest in Z00Bke et al., 2008)s well as
20032006 and 2014€017(Schuster et al., 2020yespectively.Jobke et & (2008) report
myopia prevalence rates of 0% irG2year-olds, of 5.5% in-11-year-olds, and of 21.0% in 12
17yearolds. Intheir 20142017 surveySchuster et al.(2020) found a 11.4% myopia
prevalence (€l %year-olds), again increasing frorriose to 0% at €1 years to ca. 23% (35%)
in males (females) aged 1%/ years (see Figure Sthuster et al., 2020Due to the global
trends in myopia, its associated public and individual economic and financial b{iridden
et al., 2014; Naidoo et al., 20180d potentially severe secondary pathologi@dolden et al.,
2014; Saw et al., 2005nore and recent prevalence data would be desirable to mortiter
development of myopia prevalence and investigate associated factor
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The latter is especially relevant asyopia prevalence varies dependent on
demographic factors knowledge about which may contributed to targeted prevention,
intervention, diagnostics measure§or example, myopia prevalence has repeatedly been
shown to increase with age throughout childhood and adolescence, and especially from late
childhood onwardqRudnicka et al., 201&)in line with school myopia. Furthermore, while
prevalence rates are similar in young girls and boys, a higher prevalence in giris see
emerge in middle childhood, and the difference then further increases throughout
adolescenceRudnicka et al(2016)state that sex differences of myopia prevalence appear
around the age of 9 in white and East Asian populatjoasd increase throughout
adolescence. At the age of 18, white females are twice as likely as white males to be myopic
(Rudnicka et al., 2016)

Lastly, it is important t)OA C Ol AOI U AOOAOO AEEI AOCAT 80 AT £
Not only do uncorrected refractive errors constitute the major cause of visual impairment
globally (Pascolini & Mariotti, 2012)but especially during school age, regular eye
examinations could prevent newly developed myopia from going undetected. Amongst
other problems, uncorrected myopia can impair school performance: In a study with fourth
and fifth graders in China, providirigee spectacles to myopic children sifjoantly improved
OEAEO 1 AOEAI AQE MO al.ppA1dyEiases oh indwA refractive errors (and
existing correction),its progression should benonitored, and the fit of the refractive
correction tested regularlyas undercorreddn of myopia seems to cause faster progression
than full correction (for a review, sekeogan & Wolffsohn, 2020For example,lte American
Optometric Association (AOA) recommends comprehensiye exams at €.2months of
age, at least once between 3 and 5 yearag#d, prior first grade, and then annually through
the ages of 6l7years for asymptomatic or low risk individua{&merican Optometric
Association, n.d.)

From a methodological standpointit is relevant toconsiderwhether and to what
extent (online)questionnaire studies can generate reliable prevalence datzestionnaires,
especially if they can be filled in onlingffer great opportunities for broad distribution and
data collectionfrom large samplesat relatively low cost. On the other hand, issues such as
participation bias (sample not representative of the underlying population, leading te non
generalizable results), survey fraud (taking an onlinevey multiple times) or response
biases (giving incorrect answers for various reasons, e.g. due to inattentiveness) pose
potential problems(Andrade, 2020; Elston, 2021; Singh & Sagar, 2021; Wetzel et al.,.2016)
In terms of refraction datd,andmann and Bechrak{2013)onducted a questionnaire study
on ametropia and family history in children and adolescences. Toeycluded that
guestionnairespose an adequate opportunityconduct at least a rough review of a
Pl DOl AGET 160 OAEOAAOHRBEN] addtioralAinsidhtsOn tid reggd ET  E
(Landmann & Bechrakis, 2013 general, while there is certainly potential i@spective
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guestionnaire data, it is important to critically consider which conclusions may or may not be
derived from such datawith regard to myopig or ametropia in g@neralz prevalence rates,

it may also be helpful to compare the questionnaire data to data from refractive
measurements.

To obtain prevalence data on spectacle ownership in general, and especially due to
myopia, as well as associations with some demographic factors in children and adolescents
ET " AOi ATuh xA AEOOOEAOOAA T11ETA bdeqdki O NO,
contact lenses) ownership. As will be explained in detail later ¢baepter2.3.2), we believe
that the prevalence opectacle ownership due to myopean be roughly equated with the
prevalence of known myopidVe also assessed questionnaire data with respect to clugsk
regarding spectacle need and spectacle fit. Furthermore, we wanted to critically assess the
usefulness of questionnaires to gain a representative sample via various recruitment
strategies and to estimate such prevalence daldne samplesacquiredvia the different
recruitment strategies and a®ciated insights on their representativeness have been
discussed irdepth inStudy 2 Here, we focus on the obtained prevalence dadasociations
with demographic factors, as well as chegfs regarding spectacle need or fit, and we
discuss considerations on the validity of data acquired from different questionnaires and
compared to refractive data.

2.3.2.Methods

2.3.2.1.Study Design

All questionnaires were created in LimeSurvey and could be filled in by parents (or
carggivers) for up to five children. Parents of children below the age of 18 and living in
Germany were recruited to fill in ahort, anonymous questionnak T 1 OEAEO AEE
spectacle ownership. Throughout the questionnaire, all questions regarding spectacles were
phrased to include contact lenses as waltcordingly, the ownership of contact lensesliso
includedwhenspectacleownership is referred to in the follong. In theshort questionnaire,

DAOAT 00 ET AEAAOAA OEAEO AEEI AOAT 860 i1110E AI
spectacles and if so, if this was due to hyperopia, myopia, an unknown reason, and/or any
other reason. The latter required written specification. Upon completiontloé short
guestionnaire, participants could participate in an additional questionnaire on the same

topic, referred to asong questionnaire. If the children for which the long questionnaire was

filled in owned spectacles (agal h 1T O AT 1T OAAO 1 AT 6Ad6gqh EO Al
specifications and the last time they were assessed by an eye health professional. If said
AEEI AOAT AEA 110 EAOA OPAAOAAI AOGh DPAOAT 60 Al
sight problens, past eye health cheelps, school entry age, near work time and outdoor
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time. In either case, the long questionnaire concluded with questions about the biological
DAOAT 0066 1T AOI AO EAAI OES

We wanted to keep the short questionnaire as simple as possible to reduceoditop
and incorrect answers. Therefore, we did not directly ask about potential diagnoses (e.g.,
myopia) as we feared this might confuse potential participants, or they mightknotv z as
for exampleSchuster et al(2020)report that 13.7% of parents in their sample did not know
whether or not their child was myopic. Instead, we enquired about spectacle ownership (and
the reasons), as we assumed that whether their children owspttacles would be easy for
participants to answer, and the possibility to indicate the reason as unknown would
encourage participants to continue the questionnaire even if that was the case. If myopia is
diagnosed in a child or adolescent in Germanyisitreasonable to assume that it is also
corrected. For one, a full correction is generally recommended for mydp@an &
Wolffsohn, 2020)and for Gemany, a myopia correction is recommended for the age
appropriate visual attention spac€Berufsverband der Augenarzte Deutschlands e.V. &
Deutsche Ophthalmologische Gesellschaft e.V., 20I0us, it may be possible that a baby
or toddler with diagnosed low myopia would not be corrected (because their visual attention
space does not extend far into the distangebut apart from that, correction of myopia is
recommended. Furthermore, at leashe spectacle lenses are usually covered by health
insurance for children and adolescents. We therefore believe that corrected myopia is a
reasonable estimator for diagnosed myomalthough of course there may still be cases in
which a family knows abouh AEEI A6 0O OAZOAAOEOA AOOiI Oh AOGO
correct it. It is important to note that this data only provides prevalence estimations on
refractive errors that are diagnosed and correctednd other than myopia, a correction is
not always recommended for hyperopiBerufsverband der Augenarzte Deutschlands e.V. &
Deutsche Ophthalmologische Gesellschaft e.V., 200Q)us, while we report prevalence
rates for spectacle ownership in general as well as all individual reasons, as per the main
objective of this investigation, we mostly focus on the prevalence of spectacle ownership due
to myopia.

2.3.2.2.Recruitment

Five recruitment strategies were used to distribute the short questionnaire between
September 2020 and January 2024.this work, these strategiesre discussed only case
we suspecteda potential influence on thenalyzeddata. Their indepth description and
discussion can be found Btudy 2 Briefly, the strategies were as follows:
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CLUSTER describes the participant recruitment in German schools and kindergartens
selected viamultistage cluster samplingive counties were randomly selected out of three
randomly selected federal statésThen, we created randomized lists of kindergartens,
primary and secondary schools for each of the 15 counties, excluding institutions for children
with special needs only, but including those for children with and without special needs. We
then contacteda number of institutions from each list and asked them to distribute our
guestionnaire. Since we were not able to get the respective ministry for one federal state to
assess our study, kindergartens were recruited in all three, but schools only in twoafed
states.

) 1 +37h x A OAAOOEOAA DAOOEAEDPAT OO O
j EET AAROOAEAEAEXEOOAT 8AOA8I PC8AAR OAEEI AOAT AO
studies from Germasspeaking countries to potential parent and child participants.

. %47/ 2+ AAOAOEAAO OEA NOAOOEITT AEOA8O AEO
professional network, like posting it on private social media, asking acquaintances to
participate, or distributing it in educational institutions the researchers were connected to.

In TARGET, we requested the names and addresses from everyone under the age of
18 living in six randomly chosen postal codes in the city of Dortmund from the population
register. We then randomly chose 100 families from each of these postal codes aritlesant
a letter inviting them to participate. We did this twice, thus sending a total of 1,200 letters.

Lastly, in WILD, the questionnaire was distributed in online forums, Facebook groups,
and via Instagramnfluencers Apart froma few examples like Facebook groups for survey
participants, we only posted in forums and groups where we expected most members to be
parents, and we approached Instagraimfluencersaddressing topics like parenthood or
children.

It should be mentioned that an overlap between different recruitment strategies with
regard to recipients or participants of the questionnaire is very unlikéfycourse, overlaps
are theoretically possible, for example,parentsboth received the questionnaire via the
AEEI A0 AAOAAOQGEIT T Al ET OOEOOOEIT j#,53mw%w2q AC
locations of the different recruitment strategies wer@owever,chosen with the need to
avoid overlaps in mind, and we for example did not distribute the questionnaire via
NETWORK in the vicinity ahe TARGET recruitmendreas Therefore, although an overlap
in recipients or participants of the individual strategies can of course not be ruled out with
absolute certainty, itshouldonly have occurreq if at allz in very isolated case®Ve thus

consider the data from the different recruitment strategies to be independent.

4The random selection of federal states occurred within someg@erestraints that are explained Btudy 2
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2.3.2.3.Participants

In total, we received 1,098 completed short questionnaires. Of those, we excluded 16
guestionnaires for reasons describeddhnapter2.3.2.4z leaving 1,082 questionnaires with
data from 1,747 children for analysis. We also received 225 completed long questionnaires.
Exclusion of four questionnaires left 221 long questionnaires with data from 341 children for
analysis. Demographic informatioof the analyzed samples is presentediable 212 As can
be seen, the number of children for which data was collected differs between recruitment
strategies. To reiterate, lte recruitment strategies are discussed here only in so far as a
potential influence on theanalyzeddata was suspectedBeyond that they areelaborated
upon inStudy 2

Table 212

Demographic Information fémnalyzed Samples

short questionnaire long questionnaire

guestionnairesi{) 1,082 221
children () 1,747 341
- per questionnaireNI+SD) 1.6H#0.71 1.54+0.68
- per gender )
female 858 163
male 888 178
non-binary 1 0
- per age groupl)
0-2years 217 55
35 years 305 74
6-8 years 320 73
9-11 years 301 56
12-14 years 355 56
1517 years 249 27
- per recruitment strategy )
CLUSTER 340 26
KSW 140 56
NETWORK 821 144
TARGET 215 66
WILD 231 49
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2.3.2.4.Data Analysis

PriordataAT A1 UOEOh xA AgAl OAAA NOAOOEITTT AEOAO
AO UAAO T £ AEOOEQ 1O AEA 116 £ZEO OEA ETAI OOCE
described above, we excluded 16 short and four long questionnaires.

We then analyzed prevalence data based on the short questionnaire. This was because
(1) data from the short questionnaire was sufficient to generate prevalence rates, (2) we had
only few data from the long questionnaire, and (3) we suspected a participdtias
regarding the long questionnaire: As parents from spectamlening children needed to
AEAAE OEA AUACI AOO POAOAOEDPOEIT A& O OEA ODPA
probably more laborious for them than for parents of spectatke chldren. Thus, we
suspected that parents from spectaetevning children would more likely be discouraged
from completing the long questionnaire than parents from spectaftke children.

Therefore, we focused on the short questionnaire for analyzing the prevalence of
children owning spectacles overall, as well as due to myopia, hyperopia, other reasons, and
unknown reasonsWe also analyzed said prevalence rates per age gfouth age being
divided into six groups encompassifgears eachand gender(with only females and males
analyzed individually as there is only one HAwmnary participant in the sample)We
conducted these analyses for the complete sample and for spectacle ownegs onl
Furthermore, we assessed the prevalence rates for spectacle ownership due to myopia in the
complete sample per gender and age group together.

We then compared the prevalence of spectacle ownership between short and long
guestionnaire. From the long questionnaire, we also assessed two aspects regarding eye
health care: For spectaclewning children, we analyzed when their values had last been
asessed by an eye health professional. For spectfide childen, we analyzed if theever
reported or showed anyisiondifficulties as well as if and how long atfe potential need
for spectacles had ever been assessed.

2.3.3.Results

2.3.3.1.Prevalence of Spectacles Overall apdr Gender

Overall, 22.2% of children in the sample owned spectacles. With regard to the
reasons, 11.6% had spectacles due to myopia, 8.2% due to hyperopia, 4.1% due to other
reasons (e.g., astigmatism), and 0.9% due to unknown reasdiable 213 shows the
prevalence rates of owning spectacles overall and for specific reasons for all genders as well
as girls and boys individually. As can be seen, the prevalence of spectacles is 7.9% higher for
females than males, and a higher percentage of females males own spectacles due to
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myopia. The prevalence rates for spectacle ownership for reasons other than myopia are
relatively similar between genders, though the prevalence of other reasons for spectacles is
slightly higher in females than males.

Accordingly, myopia is also the most prevalent reason for spectacles in the data of
spectacle owners only, and the respective gender difference regarding myopia is also
present. Other than for the overall samplie prevalenceaatesof hyperopia as a reason for
spectaclesas well as the reason being unknown are somewingiher in malesthan infemales
for spectacle owners only. The prevalence of other reasons for spectacle ownership are
mostly comparable between genders, though again slightly higher fondkes than males.
Thus, overall, myopia is the main reason for spectacles, and the prevalence of myopia as
reason for spectacles is higher in females than males.

Table 213

Prevalence of Spectacles for the Complete Sample aGe:peer

all children females Males

% (standard error) based on complete (sub)sample
owning spectacles 22.2(1.0) 26.1(1.9 18.2(1.3

- reason: myopia 11.6 (0.8) 14.7 (1.2) 8.4 (0.9)
- reason: hyperopia 8.2 (0.7) 8.6 (1.0) 7.9 (0.9
- reason: other 4.1 (0.5) 5.2 (0.8) 3.0 (0.6)
- reason: unknown 0.9 (0.2 0.7 (0.3) 1.1 (0.4)
% (standard errorpbased on spectacle ownevgthin (sub)sample
- reason: myopia 52.2 (2.5) 56.3 (3.3) 46.3 (3.9)
-reason: hyperopia  37.2 (2.5) 33.0(3.1) 43.2 (3.9)
- reason: other 18.6 (2.0) 20.1 (2.7) 16.7 (2.9)
- reason: unknown 4.1 (1.0) 2.7 (1.1) 6.2 (1.9)

Note.As the questionnaire allowed specification of several reasons for
owning spectacles, the sum of the reasepecific prevalence rates may
exceed 100%. For all participants with the reason for spectacles given
as unknown, no other reason was given. The ddtall genders is based

on one more participant than the data of males and females combined
due to one norbinary participant.
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While the different recruitment strategies may impact the estimated prevalence
rates, the prevalence of owning spectacles overall and per gender is mostly comparable
between strategies, despite some variation. For three out of five strategies, the overall
prevalence ranges between 19.7% and 23.5%, thereby being close to the tbtd kaA 8 O
prevalence (sedable 213. Likewise, the prevalence rates for spectacle ownership range
from 26.1% to 30.0% for females and from 14.0% to 18.5% for males in four recruitment
strategies each. Two strategies fall somewhat out of this pattern: While the prevalence for
females lies wthin the above range for KSW, a 32.0% prevalence was obtained for males, and
a 29.3% prevalence overall. Conversely, the prevalence for males lies within the above range
for TARGET, but the prevalence for females is 12.9%, and the overall prevalence 24.9%
can be seen iBtudy 2(Table 210), the age distribution does not explain the diverging overall
prevalence rates for these strategigsi.e., there were not predominantly older (younger)
children in KSW (TARGET, which might have explained these differences as spectacle
ownership is generally more prevalent in older than younger children and adolescents (see
below). Likewise, the gender distribution of the KSW and TARGET participants is relatively
similar to that of the total sample, and there was also no apparent interaction in the
distribution of gender and age group that would explain the observed prevalencedtiites
Overall though, the prevalence rates are comparable between strategies, and thus we do not
generally suspect a strong bias regarding spectacle ownership for both the total sample as
well as females and males separately due to the different strategies.

2.3.3.2.Prevalence of Spectacles per Age Group

Table 214presents the prevalence rates of owning spectacles overall and for specific
reasons per age group. It is readily apparent that the prevalence of spectacle ownership
increases with age, as does the prevalence of myopia as the reason for spectacles. @nly 0.5
of the 0-2-year-olds have spectacles due to myopia, while 26.5% of thd Ayear-olds do.
Between the three youngest age groups, there also is an increase in the prevalence of owning
spectacles due to hyperopia in the complete sample. While this inereasn exceeds that of
the corresponding prevalence for myopia at these ages, said prevalence for hyperopia
remains constant for the age groups after that, whereas that for myopia continues to
increase.

Furthermore,among spectacle ownershe ratio of myopia to the other reasons for
havingspectaclegsliffers between age group$Vhile myopia increases continuously with age
until reaching71.0% among X% #year-olds, the prevalenceates of the other reasons remain
relatively constant or decreaseith age.The latter is particularly evident for hyperopias
66.7% ofthe 0-2-year-old spectacle owners own spectaclbscause of hyperopiaand only
21.5% ofthe 1517%yearold spectacle owners doThus, there 3 a consistent increase of
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spectacle ownership with age, and from middle childhood onwards, the main reason for that
seems to be an increase in myopia prevalence.

Table 214

Prevalence of Spectacles per Age Group

0-2 35 6-8 9-11 12-14 1517
years years years years years years

% (standard error) based on complete (sub)sample

owning
spectacles 2.8(1.1) 11.1(1.8) 20.0(2.2) 22.6(2.4) 34.4(2.5) 37.3(3.1)
- reason:
myopia 0.5(0.5) 2.6(0.9) 6.3(1.4) 10.0(1.7 21.7(2.2) 26.5(2.8)
- reason:
hyperopia 1.8(0.9) 6.9(1.5) 109(1.7) 9.0(1.6) 10.4(1.6) 8.0(1.7)
et 0.9(07) 23(0.9) 59(1.3) 53(1.3) 45(L1) 4.8 (L4)
- reason:
unknown 0.0 (0.0) 1.0(0.6) 1.3(06) 1.0(0.6) 0.6(0.4) 1.6(0.8)
% (standard errorpased on spectacle ownevgthin (sub)sample
- reason:
myopia 16.7 (1.7) 23.5(7.4) 31.3(5.8) 44.1(6.1) 63.1(4.4) 71.0 (4.7)
- reason:
hyperopia 66.7 (2.1) 61.8(8.5) 54.7 (6.3) 39.7 (6.0) 30.3 (4.2) 21.5(4.3)
;):ﬁ:rson: 33.3(2.1) 20.6(7.0) 29.7(5.8) 23.5(5.2) 13.1(3.1) 12.9(3.5)
- reason:
unknown 0.0(0.0) 88(.00 6.3(3.00 4.4(25 1612 43(2.1)

Note.As the questionnaire allowed specification of several reasons for owning spectacles, the
sum of the reasosspecific prevalence rates may exceed 100%.

In the individual recruitment strategies, the pattern of an increasing spectacle
prevalence with higher age is also generally present, though not as consistent as for the total
sample z i.e., there are some deviations from this pattern within some stragsgi
Furthermore, there sometimes are larger differences in the prevalence of spectacle
ownership between strategies as well as between the total sample and an individual strategy.
For example, out of the 30 prevalence rates calculated per age group fondiadual

strategies (6age groups x ®OOAOACEAOQh TET A AAOEAOA EOI I
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for said age group by 10% (se&upplementary Table B. As the sample sizes per age group
are often rather small for the individual strategies, the sometimes large prevalence
differences are unsurprising: Of said 30 prevalence ratesz &&cluding all of the nine
deviating prevalence rategare based on aample size of 80, and seven even on a sample
size of <30.

When assessing the prevalence data per age groupithked increase in prevalence
in spectacle ownershifpetween the age groups-2lyears and l24years stands out
Concurrently, there is a substantial increase in the prevalence of myopia as a reason for
spectacles betweerthese age groupswhile prevalence rates for the remaining reasons
remain constant This finding coincides well with the age(s) at which school myopia usually
first appears(Gilmartin, 2004; Morgan & Rose, 2008)should be notedhough that there
are more males than females in each age group up to and including the abkge@rs (see
Table 210in Study 2. Thereatfter, this pattern is reverseflince a higher myopia prevalence
in adolescent females than ates has repeatedly been showRudnicka et al., 2016}his
might be one explanation for the marked increase in the prevalence of spectacle ownership
between the abovementioned age groupsYet, as can be seen iRigure 26, the large
increase in saigrevalence between the age groups ofl2 and 124years is also apparent
in females and males individually, and thus cannot be explained by gender ratio alone.

2.3.3.3.Prevalence of Spectacles Due to Myopia per Age Group and Gender

As per the focus of this investigation, the prevalence of spectacle ownership due to
myopia was examined more closellyigure 26 displays said prevalence for the complete
sample, split into age groups and genders, clearly showing an overall prevalence increase.
Furthermore, the previously discussed steeper increase of spectacle ownership prevalence
due to myopia between the age grpa 911years and 124years, coinciding with the age of
school myopia appearance, is well visible. There also is a generally higher prevalence of
spectacle ownership due to myopia in females than males, apart from in the age group 3
S5years, in which said prevalence is very low overall. This gender difference generally
increases with age with the exception of a higher gender difference in the age group 9
1lyears than the two older ones.
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Figure 26. Prevalence and standard errof spectacle ownership due to myopia per gender
and age groupThe data for all genders includes one more participant than the data of males
and females combined due to one ndunary participant.

With regard tothe different recruitment strategies, the prevalence rates of spectacle
wear due to myopia range from 7.4% to 13.5% between them. Both TARGET (7.4%) and
CLUSTER (8.8%) exhibit prevalence rates below the overall rate of 11.6%, while KSW (12.1%),
WILD (12.1%and NETWORK (13.5%) exhibit higher rates Gagplementary Table Bfor
prevalence rates of spectacle wear due to myopia per recruitment strategy and age group).
Thus, while theprevalence differencéetween recruitment strategies is notxeeme, there
is some variation, with the largest difference between TARGET and NETWTRKtopic
will be revisited irchapter2.3.4

2.3.3.4.Prevalence Rates: Shovtersus Long Questionnaire

Unsurprisingly, the prevalence rates for spectacle ownership were lower in the long
OEAT OEA OET OO0 NOAOOEITTAEOAd )T OEA 1i11T¢ N
1.6) of the complete sample owned spectacles, as did 11.0% (standard erraf 2&)ales,
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and 9.0% (standard error: 2.1) of males. For reference, 22.2% of all children as well as 26.1%
of females and 18.2% of males from the short questionnaire owned spectacles &de

2.13. As already mentioned in Methods, participants with spectamlening children were
believed to have an increased participation effort with the long questionnaire in contrast to
participants with spectacldree children. We therefore suspect a particigatibias in the long
guestionnaire in that people with spectaetavning children disproportionally often did not
complete the long questionnaire following the short orfeince all participants of the short
guestionnaire had the opportunity to participate the long questionnairethe substantially

1T xAO POAOGAT AT AA 1T &£ OPAAOCAAT A 1T x1T AOOEED EIT (
of the short questionnaire supports this assumptidrerefore, and becauseithin the long
NOAOOET 11 AEOAG O ABApdctacledvaidy@idren dvédal, we Widl bt
analyze the prevalence rates from the long questionnaire further.

2.3.3.5.Children With Spectacles: Last Assessment of Spectacle Fit

One aspect that we did analyze for spectaokning children from the long
NOAOOET 11 AEOA xAO OEA 1 AOGO OEIi A OEA OPAAOAAI
As the sample for this analysis is rather small, the respective result needs tanbelered
with cautionz yet, it provides interesting information about general eye health care. Of the
Qi AEEI AOAT T xTEIC OPAAOAAI AOGR wd jéa8¥YmQq I
specifications within the last half year, six (17.6%) more thdhdgear but not more than
one year ago, and twdb(9%) more than one year but not more th&years ago. The latter
two children are from the age groups®years and 18 7years, respectively. Generally, it is
a promising outcome that for the vast majority afpectacleowning children, the
APDPOT DPOEAOAT AOGO 1T £# OEA OPAAOAAI AOGG OPAAEEEAA

2.3.3.6.Children Without Spectacles: Visual Difficulties and Need for Spectacles

Of the 307 spectacl&ee children from the long questionnaire, 31 (10.1%) have
reported or shown vision problems in the past. Furthermore, for 238 (77.5%) of the spectacle
free children, the potential need for spectacles had at least been assessedTaide. 215
shows the time since the last assessment for the overall group and each age group separately,
showing that for the majority of those who ever had the potential need of spectacles
assessed, this had been done within the [2agears. This is especially promising with regard
to the older age groups, for whom school myopia onset is an issue.
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Table 215
Time of Last Assessment Regarding Spectacle Need for Spemadhildren

years since lastassessment
number of children (% of all spectacldree children)

ge AV, 2E AL 22 3 h
group time &l1 &1 2 &1 3 &l 4 &1'5
all 238 67 57 51 34 15 6 8
(77.5%) (21.8%) (18.6%) (16.6%) (11.1%) (4.9%) (2.0%) (2.6%)
0-2 20 12 5 1 2 0 0 0
years  (37.0%) (22.2%) (9.3%) (1.9%) (3.7%) (0%) (0%)  (0%)
35 44 14 17 10 2 0 1 0
years  (63.8%) (20.3%) (24.6%) (14.5%) (2.9%) (0%) (1.4%) (0%)
6-8 63 16 18 15 10 2 1 1
years  (92.6%) (23.5%) (26.5%) (22.1%) (14.7%) (2.9%) (1.5%) (1.5%)
9-11 47 12 6 10 10 4 2 3
years  (95.9%) (24.5%) (12.2%) (20.4%) (20.4%) (8.2%) (4.1%) (6.1%)
1214 43 9 7 11 8 5 2 1
years = (95.6%) (20.0%) (15.6%) (24.4%) (17.8%) (11.1%) (4.4%) (2.2%)
1517 21 4 4 4 2 4 0 3

years  (95.5%) (18.2%) (18.2%) (18.2%) (9.1%) (18.2%) (0%) (13.6%)

Note. The absolute number shows the number of spectaitée children who had their last
assessment regarding the need of spectacles within the given timeframe. The percentage
shown isbased orall spectaclefree children of the respective age group.

For 30 of the 31 children who had reported or shown vision problems before, a past
assessment regarding the need of spectacles was also reported. This is generally
encouraging, though of course we do not know whether this assessment had taken place
beforeor after said vision problems.

2.3.4.Discussion
2.3.4.1.Summary of the Results

We distributed a short parent questionnaire on spectacle ownership in children and
adolescents via multiple recruitment strategies. The short questionnaire was followed by the
option to fill in a long(er) questionnaire inquiriggamongst othersg about thA OB AAOAAT A
values in case of spectaetevning children.The OET OO N O A Gu@aisHol htdtdt OA 8 O
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prevalence of 22.2% for spectacle ownership among undeyel-olds in Germany. Mopia
wasthe most prevalent reason for owning sgaclesz with 11.6% of the total sample and
52.2% ofkpectacleowners having spectacles because of myopiarthermore, wereplicated

the agetypical development of myopia: In younger agesp until the age group of-8 years

Z, hyperopia was a more prevalent reason of spectacle ownership than myopia, and myopia
became more prevalent from the age group ofL@years onwardsBoth the prevalence of
spectacle ownership as well asyopia as a reason increased with ieasing age, with an
especially large incline between the age groups dfl9and 124years.Our data also shos
typical gender differences of yopia prevalence, with a higher prevalence in girls than boys
especially from the age group-Blyears and onwardg although different than usually
reported for myopia prevalence in comparable populati¢Rsidnicka et al., 2016the largest
gender difference in spectacle ownership due to myopia was in eliy@ars age group
instead of the older ones. For readatyi and termwise consistency with other questionnaire

OOOAEAOh Oi Ul PEA DPOAOGAI AT AA6 OAAEAOO O1 OEA

i

xEAT AEOAOOOET ¢ OEEO OOOA WigclssidnAOA ET OEA Al

As expected, pectacle ownership prevalence rates were lower in the long than the
short questionnaire, presumably due to a participation bias, as it was more work for parents
of spectacleowning children than spectaci&ee children to fill in the long questionnaire. We
therefore did not analyze spectacle ownership from the long questionnaire any further, but
we did assess aspects regarding eye health care. More precisely, all 34 speetacig

children for which the long questionnaire was filled in he&tAEO ODBPAAOAAI AOGS

assessed at maximurR years ago, 32 of them even at maximum one year ago. Of the 307
spectaclefree children, 77.5% had a past assessment regarding the potential need for

spectacles, and 57% had said last assessment at maximum 2 years ago. Furthermore, 31 of

the spectaclefree children had vision problems in the past, 30 of which also had a past
assessment regarding the potential need for spectacles.

2.3.4.2.Myopia Prevalence From This Versus Other German Questionnaire Studies

Considering other studies froif®ermany, our data provides insights into the utility of
such questionnaires for estimating myopia prevalence rafiesble 216 shows the present
OOOAUGO 1 UT PEA DPOAOGAI AT AA OAOGAO Al 11 COEAA
(Jobke et al., 2008; Schuster et al., 20@8)well as those from an investigation we conducted
using refractive measurementS{udy ). The results of the present study compared to other
German questionnaire studies will be expanded upon now, while the results of the
guestionnaire studies versus those of refractive measurements will be discussed in the

following section.
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Table 216

Myopia Prevalence from German Questionnaire Studies and Our Refractive Measurements

refractive measurements

German questionnaire studies (Study 1)
myopic
age present Jobke etal. Schuster et al. all myopic participants
(years) study (2008) (2020) participants  with visual aid
0-17 11.6 114

0 0.5(males)

1 0.5 0.0 (females)

2 2.0 (males)

3 0.8 (females)

4 2.6 0.0 2.5 (males)

5 3.0 (females)

6 5.0 (males)

7 6.3 3.5 (females)

8 7.5 (males)

9 55 9.0 (females)
10 10.0 10.2(males)
11 16.0 (females)
12 14.9 (males)
13 217 20.2 (females)
14 17.0 I

21.0 (males) 195 11.1

15 28.2 (females)
16 26.5 23.7 (males)
17 35.2 (females)

Note. Gray fields indicatethat we have no data fromthe respective study for the
corresponding age group3.he prevalence rates reported f8ichuster et al(2020)are those

from the 20142017 survey. Also, prevalence rates per age group are only given for males and
females individually itschuster et al(2020) which is why they are also presented per gender
here. For the sake of clarity, the overall numbers are presented for all other studies.
Furthermore, the numbers presented here f6chuster et al(2020)are estimated from the

publ E A A Bdtirie.FodStudy 1 the age group bounds represent the approximate standard
deviations of the respective samplewith the younger (older) sample aged
M+SD=9.30t0.78years (MSD=14.99t1.12years)
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As can be seen ihable 216, our myopia prevalence rates@generally comparable
to, but somewhat higher than those ifobke et ab (Q008)questionnaire study. Other than
in our short questionnaireJobke et al.(2008)asked participants for information on the
OPAAOAAI AOG6 OAEOAAOGEITT AT A Ail £ZEOI AA OEEO
we had expected a participation bias for such questions, and likely experienced one with our
long questionnaire. Not olthe myopia, but also the hyperopia prevalence ratedabke et
al. (2008)are lower than ours, and their prevalence of emmetropia is considerably higber
the betweenstudy difference in myopia prevalence cannot simply be explained by e.g.
myopia prevalence having increased over time. Keeping the suspected participation bias in
mind, it may be possible that parents of spectacning children were diffrently
motivated to participate inJobke et ab 2008)and our questionnaire (for considerations
regarding the motivation of parents with spectaetavning children to take part in our
guestionnaire, see below)which might play a part in explaining tisightly different myopia
prevalence estimates. This is, however, rather speculative at this point.

Interestingly, our myopia prevalence is very similar to that reporte&bluster et al.
(2020)from the data of the German Health Interview and Examination Survey for Children
and Adolescents (KiGG3)Isowith similartrends regarding age ahgender Schuster et al.
(2020)considered children and adolescents myopic who were reported to be myopic by their
parents, and who were also reported to have a visual Bi@ strong similarity in theesults
possiblysuggests thabur distribution methods worked wdlfor the acquisition of such data,
despite the fact that it entailed less control and knowledge over potential participants than
was givenn the KiGGS study, which also had a much larger sample than wé&ldidg,023
children included irschuster et al., 20200f course, the data from the KiGGS studyasne
years older than ours, but based on the baseline study (ZUI®) and wave 2 (2012017)
of KiGGS,Schuster et al.(2020) concluded that myopia prevalence in children and
adolescents in Germany currently does not seem to.msesuming that this trend continued
beyond this timeframe,their and our datashould be generally comparablg although,
importantly, this assumption is of course not necessarily true

2.3.4.3.Myopia Prevalence From Questionnaires Versus Refractive Measurements

With regard tonon-questionnairestudies,comparing the present data t8tudy 1 in

N s o~ A s

x E

which we conducted A ZFOAAOEOA | AAOOOAI AT OO AOOET ¢ OEA

period, is noteworthy. As can be seen ifable 216, the prevalence of myopia in this study
appears to align well with thdata from our refractive measurements on first sight, with the
prevalence rates for all myopic participants $tudy lbeing comparable to that of the
corresponding age groups in the present stuthowever, inStudy 1 we also observed that
51.2% (43.3%) of myopic participants in the younger (older) sample did not have a visual aid

107



Study 3

and so they would not have been categorized as mygpie®., having spectacles due to
myopia z in the present study. Thus, for the data from both studies to be consistent, the
prevalence rates from the present study would actually have to match the praval of
myopic participants who own a visual aid fr@&tudy 1z whichis much lower than the myopia
prevalence from the present study (sékable 216). This discrepancy could indicate a
participation bias in thepresent study, for example, in thaparents of spectacl®wning
children are more likely to participatthan others due tointerest in the topic.Another
possibilityis that the presentsamplemay include more people with higher socioeconomic
and/or educational status than the general public. Myopia prevalence is positively associated
with both educational and socioeconomic stat(Boster & Jiang, 2014; K. M. Williams,
Bertelsen, et al., 201%)nd myopic parents may also be more likely to have their childéeO
vision tested An overrepresentation of participants with higher educati@ould apply
especially to. %47/ 2+h AO A OOAOOAT OEAT PAOO 1T £ OERZ
universityrelated communities A comparable scenario might applyo KSW, where
participants were recruitedvia a website, which was predominantly advertiseavithin
university-affiliated communitiesThe myopia prevalence in NETWORIS.5%)s in fact the
highest of all recruitment strategies, followed by KSW and WILD (both 12.1%). These
numbers could suggest a participation bias as described, though WILD exhibiting the same
prevalence as KSW cannot be explained similarly, as it was advertised on variowes onl
platforms. CLUSTER8.8%)and TARGET7.4%)exhibit somewhatower myopia prevalence
rates, which indeed fit those @tudy IAAOOA O OEAT OEA 1T OEAO OOOAOA
Supplementary Table B. Yet, they are still considerably higher than the prevalence of
myopic participants with visual aids Btudy 1(except for TARGET in the-Blyears age
group; seeSupplementary Table B, so there may have been a bias in these data as well
Overall, these findings indicat® potential educatiorrelatedparticipation biasn the present

data. Whether such a bias might explain (some of the discrepancies) remains speculative at
this point, especially sinceheseconsiderationsare partly based on small sample sizes and
involve several assumptions.

It is also theoretically possible that the data from the present stigiyore reliable
thanthat from Study 1 However, a strong underestimation of myopia prevalencthmlatter
is improbable due to the nonycloplegicrefractive measurements, which generally lead to
overestimation of myopigGrzybowski et al., 2020; Rudnicka et al., 2Q#pough respective
measurements with Plusoptix devices have generally been foundhé&we a good
measurement accuracy, especially if the individuale mon-hyperopic (FogetLevin et al.,
2016; Ghadimi et al., 2024; Payerols et al., 2016; Teberik et al., 2018; Wilson et al. A2022)
significant overestimation of the prevalence of uncorrected myapi&tudy 1is also unlikely,
as participants shouldbe able to reliablyindicate whether they possess a visual aid.
Furthermore, in Study 1 the participating schools were selected as randomly and
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representatively as possible. Participation did not requke DAOAT O§ @akitgEaCT AOOC
significant participation biasvith regard to e.g. familial socioeconomic or educational status

highly unlikely(Study 1 Moreover both the reported myopia prevalence rates as welttzes

high prevalence of uncorrected myopim Study lare consistent with prior literature as

another German investigation measuring refractive data yielded comparable prevalence

rates (Truckenbrod et al., 2028nd high rates of uncorrected and/or undiagnosed/opia

and refractive errors overall have been demonstrated befgrét ET U AO Al 8h WodW«
"ACAT 1T OE¢ AO Al 8h woxnn * EAT Ul Thgeforewhil€weA O Al 8
cannot exclude that aspects Btudy 1may (also) explain betweestudy discrepancies in

myopia prevalence, an overestimation of myopia prevalencéhmpresent study appears

more likely.

Since very similar myopia prevalence rates were obtained here and in the KiGGS study
(Schuster et al., 202GeeTable 216), one also needs to consider the mismatch between data
from the latter and our refractive datgstudy J). Participants in the KiGSstudy participated
in an extensive survey covering various heakhated aspects(Schuster et al., 2020)
Therefore, a participation bisB AOAA T 1 DAOAT 006 ET OAGES® 1T £ A
implausible People with lower educational status were underrepresented in the KiGGS study
(wave 2, 20142017;Hoffmann et al., 2018 which might be one possible explanation for the
higher myopia prevalence rates as compared to our refractive datady ) due to the
association of myopia and educational staf{ioster & Jiang, 2014Yet, in the KiGGS study,
participants were weighted to make the sample representative of the German population
with regard to multiple characteristics, including parental educational stgtdsffmann et
al., 2018; Schuster et al., 202®offmann et al.(2018)state that by this the impact of
demographic deviations from the general population on the obtained health parameters
could partly be correctedThus, such sociodemographic factors might hawgpacted the
results ofSchuster ¢ al. (2020) butwe cannotdetermine if and to what extent thigzasthe
case. Another explanatiofor the differing prevalence ratemight be that participants of
comprehensive health studiemre more healthconscioughan the general publicThey may
be more inclined to seek medical attention, including vision testing, which could result in a
lower rate of uncorrected or undiagnosed myopkowever, thesespeculationscannot be
empirically verifiedat this point

Z A A~ N =z

Interestingly, the data romEA BDOAOAT O OOOAUB8O 11711 ¢Cc NOAO
prevalence of our refractive da{&tudy J better than that of the short questionnaire. Due to
aforementioned considerationge.g., more parents of spectaclawning than spectacldree
children having discontinued participation after the short questionngireve did not analyze
prevalence ratefrom the long questionnaire. However, for the purpose of thscussionwe
computed the myopia prevalence for the age groups roughly correspontthi@&tudy 1data,
revealing the following prevalence rates of spectacles correcting myopighe long
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NOAOOET 1 1 AE OA-8-yeardlds,TAY in 8 ByeapoldE 7V.1%din 124-year-olds,

and 11.1% in 157year-olds, fitting the prevalence rates of myopic participants owning visual
aids inStudy 1considerably better than the data from the short questionnaire (Jedble

2.16). One might speculate that the different participation biases suspected for the short and
seen for the long questionnaire have, in a sense, counterbalanced each other, leading to more
accurate prevalence estimates as compared to refractive dataowever, this is highly
speculative and based on multiple presumptions, and the matching data could also simply be
coincidental.

Overall, generating robustnevalence estimateg for example for (corrected) myopia
Z from questionnaire data seems to be quite challenging, and our results underscore
Landmann and Bechraki®2013notion of questionnaire data being helpful for rough reviews

the myopia prevalence figures fromhe present questionnairstudy, as well as those from

the KiGGS studySchuster et al., 2020align well with thoselerived from refractive data
(e.g.,Study 1 Truckenbrod et al., 2091However, when considering the rate of uncorrected
myopia reportedin Study 1 myopia prevalence estimateBom questionnairesshould be
lower, as they do not include uncorrected and/or undiagnosed myofpmdiscussedbove

we assumethat there may be a bias in recruitment and participatifmm the questionnaire
studies.Thus, our data indicates that one should be careful to use such questionnaire data for
OAAOT 1 OOA6 DOAOGAI AT AR AOOEI AGET 108 )OO AATh
development over time, provided the methods between times of data collection or
investigations are comparable. One example for this is the KiGGS data on myopia from the
baseline study (2062006) and wave 2 (2042017 ;Schuster et al., 2020

2.3.4.4. Relations Within the Questionnaire Data

Another aspect that cabe analyzed nicely within data such as the present, and which
can probably also be compared between studies with different methodologiesyelations
within the dataz so long as one can assume that any potential biases in theatatdluence
of varying methodologydo not differ between relevant subsampleéSome of these aspects
will briefly be describedn the following. As anticipated,our data shows an increased
prevalence of spectacle ownership with increasing age. This séeins primarily driven by
changes in myopia prevalence, whicl®i§%in 0-2-year-oldsandcontinuously increases with
age, reaching 26.5% among 1btyear-olds. Consistent with school myopilaeing described
to typically initially appeararoundthe ages 911 (Gilmartin, 2004)or 814 years(Morgan &
Rose, 2005)there isa particularly pronouncedisein myopia prevalence between the age
groupsof 9-11 and 124years. Theseesultsare in line withearlierfindings (Rudnicka et al.,
2016) Furthermore, we replicate typical findings regardingmyopia prevalence regarding
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girls and boys:n the overall sample, females consistently exhibit a higher prevalence of
spectaclegshan males, anavith regard to the reasons for spectacle ownerslips difference

is primarilypresent for myopiaConcerning age, the prevalence difference between females
and males is preser all age groups except for the®year-olds. Italso generalljpecomes
more pronounced with increasing agwith the exception that it is higher in the Bl-year-

old age group than in t older age groupsAs mentioned before these patternsalsoalign

with prior literature(Rudnicka et al., 2016)

2.3.4.5.Aspects Related to Eye Health Care

Assessing aspects related to eye health care from the long questionnaire, we
discovered that all but two of the 34 specta@e/ning children reported upon had had their
OPAAOAAI AG6 OAI OAO AOOGAOGOAA Au AT AUA EAAI O
majority even within the last half year. These regular assessments of spectacle fit are
promising. Furthermore, their timing seengsfor most childrerrET 1 ET A xEOEh A8C
general recommended schedule for comprehensive eye exams, includingexa® at 6
12months, at least one at-8years, one prior school entry, and then annual exams for all
children who are asymptomatic or at low risk of developing eye or vision problems. For at risk
children, the alternative of different assessment periods as recommended is added
(American Optometric Association, n.domparably, in Germany, parents of children with
spectacles are encouraged to take their child to control examinations at intervals specified by
the ophthalmologist (Berufsverband der Augenarzte Deutschlands e.V. & Deutsche
Ophthalmologische Gesellschaft e.V., 2000f all spectacldree dildren from the long
guestionnaire, 77.5% had at least one assessment about the potential need of spectacles. For
most of them, the last one had taken place within the last two years. The majority of the
sample having had at least one assessment soundsngging z but 22.5% of the sample
never having been assessed is concerning, especially in light of the -abpuded
recommendations. In the age groups of8/ears and upwards, the prevalence of children
with at least one assessmers >90%, and for those aged-9lyears and above, it even is
>95% 7z which is especially positive with regard to school myopia or{§&atmartin, 2004;
Morgan & Rose, 2005Yet, the AOA recommendations include an annual exam for children
within these age groupgAmerican Optometric Association, n.¢.and only about 36% per
age group of those aged-9lyears and above had had an exam within the last year.
Interestingly, in Germany, for people aged3%years without complaints, ametropia, eye
disease oknown risk factors for the latter two, recommendations for visual chaps only
include one assessment prior age 16, and then ca. everyed® (Berufsverband der
Augenarzte Deutschlands e.V. & Deutsche Ophthalmologische Gesellschaft e.V., \988)
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regard to €hool myopia development and in light of the high rates of uncorrected myopia
that we e.g. found irStudy 1 one might call this recommendation into question.

This data provides interesting insights into eye health care aspects, though some
potential issues should be considered. For one, we asked whether a need for spectacles had
ever been assessellVe believed thito be easier to understand thaasking aboutgeneral
eye examsbecause parents might be unsure what exactly the latter includesa¥gumed
that comprehensive eye exams would be deemed exams to assess the need for spectacles
Yet, it is possibleghat some partigpants did not report an eye examinahoif the child
potentially getting spectacles was not a main conceiire., the wording in the questionnaire
may have been understood as an assessment following an indication regarding potential
spectacle needWe do not suspect thi® have been a large isspleecause sucan indication
would primarily be vision problems, which were only reported for 31 of the 307 spetitaele
children, for 30 of which a past eye examination was indicatkxhetheless, it may be helpful
to specify this in a future quesinnaire. Furthermore, it is possible that this data from the
long questionnaire overestimates the frequency of vision of spectacle assessments in the
general publig£1 O AGAI b1 Ah DPAOAT OO xEIT EAOA OEAEO
might alsomore likely be aware of the location of the eyeglass prescription needed to fill in
the long questionnaire, and thus more inclined to do so than parents of speetaahéng
children who are assessed less regularly. Likewise, an underestimation of theefregof
assessments is also conceivable: As data acquisition was conducted during thelQGovid
pandemic, parents might have taken their children to fewer assessments than usual, since
they might have forgone appointments that they did not deem absolutedg@ssary or time
sensitive. Thus, such investigations should be repeated-pasidemic.

2.3.4.6.Conclusion and Outlook

Our study reveals a spectacle ownership prevalenc22o®% amongunder 18year
oldsin Germany, with the majority attributable to myopia1.6%).However, when compared
to refractive data, it becomes apparent that obtaining absolute prevalence rates from
guestionnaires presents difficulties. As of now, our considerations regarding the reasons for
the apparent mismatch between questionnaire and egftive data are largely speculative. It
may be worthwhile to assess this in more detail. Despite all tjuestionnaire data seems
well-suited for monitoring changes in prevalence over time anddssessingelationships
within a sample as illustrated by our successful replicationygficalage- and gendesrelated
patterns in myopigrevalence Said replication as well as the similarity of our results to those
from the KiGGS studySchuster et al., 20203uggest that our questionnaire was, to the
extent possible for questionnaires, suitable for captursugh datag despitefew control over
the participantsandnot accounting for potential overrepresentation of certain demographic
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criteria in the data both being limitations of the present studyCautious consideration is
warrantedwith regard to comparisons t8chuster et al(2020) asit istheoreticallypossible

that the myopia prevalence hasdeedchanged,but our questionnaire did not capture this
change due to differences to the one from the KiGGS sti&bhuster et al., 2020However,
Schuster et al(2020) having alreadyfound a stablemyopia prevalence in children and
adolescents in Germgnbetween the KiGGS surveys of 262806 and 20142017supports

the notion that our findings may indeed be validcurthermore, despiterecognizing ths
thought ascircular reasoning due to the similarity oSchister et ald (2020)and our data
AAET ¢ ET OAOPOAOGAA A0 0OODDI QisaEb wtewody thit OA OO E |
our data may suggesa stable myopia prevalence in children and adolescents in Germany
over the last few yearas well To substantiate this suggestion while avoiding circular
reasoning, a repeated questionnaire study with similar methodology as, e.g., the present one
conducted in a few years would ideally be needed. Generally, it would be especially
interesting to monitormyopiaprevalence development in children and adolescents over the
next few years, as there may be effects of the CelM@dpandemic. One recent metanalysis

e.g. found increased annual myopic progression in children and adolescents during compared
to prior the @vid-19 pandemidWatcharapalakorn et al., 2022)\Iso, aspects of eye health
care should be investigated more in the future. Our data suggests that speetaakng
children received eye health care in an adequate frequency, while the situation could be
better for spectaclefree childrenz although several limitations limit the informative value of

the respective data. Overall, while our data provides interesting findings with regard to
myopia prevalence development and theaifslnessof questionnaire data in this field of
research, future research is warranted to expand upon the present findings.
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Methodological Insights Into LightMyopia Research in Humans
Using Wearable Light Meters
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3.1. Study4:

Using Light Meters to Investigate the LighiMlyopia Association
I A Literature Review of Devices and Research Methods

Abstract: With theincreasing prevalence of myopia, evaluating its relationship with objective
light exposure as a potential adjustable environmental factor in myopia development has
been an emerging research field in recent years. From a thorough literature search, we
identify ten wearable light meters from human studies on light exposure and myopia and
present an overview of their parameters, thereby demonstrating the wide betweevice
variability and discussing its implications. We further identify 20 publications, dmatutwo
reanalyses, reporting investigations of lightyopia associations with data from human
subjects wearing light meters. We thoroughly review the publications with respect to general
characteristics, aspects of data collection, participant populatias well as data analysis and
interpretation, and also assess potential patterns regarding the absence or presence of light
myopia associations in their results. In doing so, we highlight areas in which more research is
needed as well as several aspedtattwarrant consideration in the study of light exposure
and myopia.

This study is joint work with Sarah Weigelt, and is published as an article in Clinical
Ophthalmology (2023:17, pp. 2#3760,https://doi.org/10.2147/OPTH.S420631t has been
reformatted to conform to the overall style of this dissertation
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3.1.1.Introduction

The increasing prevalence of myopia worldwide is a cause for corfeliden et al.,
2016) Growing evidence suggests time outdoo(Karthikeyan et al., 2022and light
exposure (Muralidharan et al., 2021ps adjustable environmental factors in myopia
development. Hence, assessing the relationship between myopia and light exposure has
been an emerging research field in the past years, regarding both ariBrsalas et al., 2023,
Karouta & Ashby, 2018nd human(Mirhajianmoghadam et al., 2021; Read et 2014, 2015)
studies. In human research, objective light measures are often also used to quantify time
spent indoors vs outdoors. Thereby, myopia or associated metrics have repeatedly been
associated with reduced light and/or outdoor exposijMirhajianmoghadam et al., 2021,
Read et al., 2014, 2015; Wu et al., 2088D OOE A Oi T OAh ET OAOOAT OEI 1
outdoor exposure found reduced myopia increase in the intervention gr¢iypsHe et al.,
2015; Wu et al2013; Wu et al., 201.8)owever, the current evidence is not unambiguous, as
some investigations fail to detect associations between light exposure and myBpiarani
et al., 2012; M. Li et al., 202Furthermore, many aspects are still unknowrg.ewhether
increased outdoor exposure affects both incidence and progression of myopia and which
exact mechanisms underly the protective effect of outdoor exposiMergan et al., 2021)
While there is strong evidence for bright light as a key protective fabtomhibiting axial
elongation through stimulation of retinal dopamine, there also are other hypotheses such as
the involvement of vitamin D levels or the impact of different spatial frequencies or spectral
composition of light indoors vs outdoo(®organ et al., 2021)Thus, further research on the
association between myopia and light exposure is warranted.

Multiple studies on the association between objectively measured light exposure and
myopia in humans have been conducted using various wearable light meters. These studies
are subject to great variability, both regarding light meter specifications as agetiesearch
methods, and it is important to take this variability into account when assessing and
comparing them. Apart from (1) general study characteristics like time of publication,
considerations regarding research methods may concern (2) data atqoiq3) parameters
of the participant population, and (4) data analysis and interpretation. In the following, we
will briefly review empirical findings on some aspects regarding42)

(2) Regarding data acquisition, differences in light measurements from
simultaneously worn, different light meters have been shown bef@Bbandari et al., 2021;
Figueiro et al., 2013; Read, Vincent, et al., 20T8ese differences are likely a combination
I £#/ OEA AAOEAAOG OPAAEEZEAAOQCEITO AO xAll1l AO
findings showing that deviations in light measurements between light meters and calibrated
photometers vary between diffrent types of light metergFigueiro et &, 2013; Howell et al.,
2021; Joyce et al., 20200his is not surprising since the light meters differ in several aspects,
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e.g., spectral sensitivity or measurement range. With regard to device positioning, prior
investigations revealed varying degrees of deviation between similar devices worn at
different body positiongAarts et al., 2017; Figueiro et al., 2013; Wen et al., 2021)
&OOOEAOI T OAh OEA TECEO I AOAU&anatiaA@AGET CO |
(2017)systematically reduced the measurement duration and coarsened the sampling
interval of instantaneous light measurements. They found a significant increase in the
measurement variability of outdoor light exposure (daily time exposed 1080Iux), but not
group mean light exposure, when fewer measuring days or a coarser sampling interval were
analyzed, and concluded that measuring for at least one week and at leasy € minutes
provided the most reliable outdoor light exposure measulg&iaganathan et al., 2017)
Geographical location and season of course also vary between investigations,.gndiata
acquisition during short daylengths, bad weather and low bright light availability may pose
limited opportunities for investigations on associations between light/outdoor exposure and
myopia (Flanagan et al., 2020Any combination of these and other factors provides own
challenges, &., in choosing the optimal ligf meter.

(3) One relevant aspect of the participant population is participant age. Since myopia
development differs across the lifespan, with school age as a critical period for development
and onset of axial myopiéMorgan & Rose, 2005)ight exposure probably does not affect it
in the same way across all ages. Another aspect is the overall light exposure. There has been
OPAAOI AGETT OEAO A OAIDPIAGO 1T OAOAITT 11T x | £0O
associations between lightxosure and, g., refractve status(Flanagan et al., 2020; Read
et al., 2014) Also,GordonShaag et al(2021)revealed greater myopia prevalence in ukra
Orthodox and religious than secular lIsraeli boys, but no group differences in outdoor
(>1,000lux) exposure. They proposed a ceiling effect in the protective effect of outdoor
exposure due to high light exposure across all participants, thus explaining the absent
associations (GordonShaag et al.,, 2021) Betweenpublication variability regarding
refractive status assessment and refractive error classification might also be of relevance, as,
e.g., outcome differances between several methods to measure refraction have repeatedly
been shownGrzybowski et al., 2020; Hashemi et al., 2016; Rudnicka et al.,.2016)

(4) Finally, one major aspect regarding data analysis and interpretation is the
calculation of timespent in indoor and outdoor environments. This is often done by
guantifying the time spent in light intensities below and above a certain value, usually
1,000lux (Dharani et al., 2012; M. Li et al., 2021; Mirhajianmoghadam et al., 2021; Read et al.
2014) This indooroutdoor-cut-off (I0-cut-off) is also frequently used in other research
involving personal light exposur@Esaki et al., 2019; L. Liu et al., 2005; Scheuermaier et al.,
2010) In myopia research, it has been applied in various circumstapoéien without prior
validationz, though there are indications that it may not always be the best estimator. For
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example,Mahroo et al.(2013)suggested a higher Qut-off for a study byDharani et al.

(2012 who had initially used,D00 lux, but agreed that,300lux was indeed a better choice

for their study (Dharani et al., 2018) 7 EOE OACAOA O1 OEA 1 ECEO
comparability of the 1Gcut-off has, eg., been shown for two different, simultaneously worn

devices (Actiwatch 2 and HOBO Temp/Light data loggeead, Vincent, et al., 2018

However, the previously mentioned findings of different d&vA O8 | ECEO | AAOO
differently deviating from calibrated photometers alone indicate a high probability of
different ideal 1Gcut-offs. For two deviced;lowell et al(2021)empirically derived 533.16x

(Actiwatch 2) and 85ux (Clouclip) as corresponding t®@0lux measured by a photometer.

They further remarked that with a,Q00lux IOcut-off, the photometer and Clouclip
sometimes falsely classified indoors as outdoors, which was almost never the case for
Actiwatch 2, due to its general underésiation ofillumination (Howell et al., 2021)

These and more aspects pose important challenges for comparing and integrating
results ofstudies on the association between myopia and light/outdoor exposure. Thus, the
purpose of this review is to give an overview of the parameters of the wearable light meters
used in research on myopia and light/outdoor exposure and the publications inaé&stig
associations between them, as well as to reflect upon potential sources of variance between
these studies. While there is also research on associations between dim light exposure and
myopia(Landis etal., 2018) EAOAh Opopiddalodidt IO EBL EJO, - ' qQ xEIT |
describe negative association between bright light and myopiae., more bright light
exposure being associated with reduced myopia (metrics). Furthermore, while other factors
may (also) underlie the protective effect of bright light/outdoor exposure on my@diargan
et al., 2021)we focused on the measurement of (white) light intensity (lux). We hope that
this work proves helpful in identifying relevant aspects when assessing or planning research
on LMA.

3.1.2.Materials and Methods

3.1.2.1.Literature Search

In the literature search, all publications (journal articles, conference abstracts and
posters, dissertations) using light measures with wearable light meters were included. If
usage of a light meter, but no measurement or assessment of light was repaatetithe
device was already included, a publication was not included. The following steps were taken
in the literature search: (a) 15 keyword searches were conducted in the PubMed database (see
Supplementary Table T, (b) the reference lists of the identified publications, and then again
of the newly identified publications were searched, (c) publications from other sources like
the own literature collection were included, and (d) a keyword search for (myopi*) Agd)(l

121



Study 4

in Web of Science was conducted. For all N7 publications identified so far, (e) light meters

that had been or may be used in research on light and myopia were extracted (see
Supplementary Table 8). For each identified device, a keyword search for ([device hame])

1. $ jiUIiPEeq xAO Ai 1T AOAOGAA ET O00OA-AA AT A 7A
OAZEAOAT ARG OAAOAE xAO AT 1T AOAOGAA ET 7AA 1T EF 3
wearable lignt meters had been used in combination with myopia research. Finally, (a) and

(d) as well as (Rfor the N=19 publications included in the analysis of research methods (see

below) at that pointz were repeated in January 2023 to include publications published up to

and including 2022. In total, the literature search led te N59 publications. These were then

assessed regarding their inclusion (see beldvigure 3Ldepicts a flowchart of the literature

search, presenting the number of identified; endexcluded publications.

(a) keyword searches (b) reference list
(PubMed): pre searches:
40 95

(0) other sources: (d) keyword searches
9 ' bl (Web of Science):
17
(e) device name searches (f) cited references
(PubMed & Web of Science): Ple searches (Web of Science):
0 8

y

publications identified:
169

| excluded from
both analyses:
l 129

A\ 4

publications included in
analysis of devices;
40

excluded from analysis
of research methods:
l 20

v

publications included in
analysis of research
methods:
20

Figure 31. Flowchart of theliterature search The numbers indicate how many new
publications were identified with the respective seathategies
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3.1.2.2.Inclusion and Exclusion Criteria

Only English sources were considered. Inclusion criteria for the analysis of devices
were as follows: (1) paper published in a scientific journal, dissertation, or conference poster
z conference abstracts only if the device was not included via one dfotimeer sources; (2)
human participants wearing light meters; (3) myopia as a topic of the publication, including
methodological investigations; (4) lux data collected, but not necessarily analyzed at all or in
direct relation to myopia. If the same dataas presented in a conference abstract and a
paper, dissertation or conference poster, the conference abstract was excluded. For the
analysis of research methods, the following inclusion criteria were applied: (1) paper
published in a scientific journal, s$iertation, or conference poster; (2) human participants
wearing light meters; (3) myopia as a topic of the publication; (4a) lux data analyzed as a main
outcome and in direct relation to refractive error/ myopia/a proxy metric like axial length OR
(4b) mehodological investigation within the framework of wearable sensors in light
exposuremyopia research, also reporting results on the association between (white) light
intensity (lux) and refractive error/myopia (metrics). Due to criteria 4a and 4b, ptibinsa
primarily concerned with other associations.de myopiaz circadian rhythm), in which the
relation between (white) light intensity and myopia was also analyzed, were not included
because we assumed that their methodology would have been optimizedgsessing their
main objective rather than LMA. In one case, a study within a dissertéfitvarez, 2012yvas
later published in a papéAlvarez & Wildsoet, 201,3nd both were identified in the literature
search. Since methods, analyses and results on light exposure and refractive error appear to
be similar in both publications, we only included the paper. Another publication did not fit
criterion 4a perfectly aghe analyses on LMA were not a main focus. However, as the
investigation assessed an #gmnvention to increase light exposure and time outdoors for
myopia control and not other associations with light exposure and myopia, and analyses on
LMA were conducted, it was includ€g8-M. Li et al., 2022)

3.1.3.Results

3.1.3.1.Analysis of Devices

We identified ten wearabldight meters from human studies on light exposure and
myopia based on 40 publications. As stated above, this review focuses on the association
between myopia and light intensity measured in lgihe measurement unit of illuminance.
llluminance is defineds irradiance weighed by the photopic luminous efficiency function
6j1 qh xEEAE EO AAOAA 11 OEA OPAAOOAI OAT OEO
follow another luminous efficiency functioffFigueiro et al., 2013; Ohno et al., 2020)

N s o~ A s~

Howeveh ET DOAAOEAAh OEA AAOEAAOG EI I Qjter AT AA
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OPAAOOAI OAT OE OE O Figugiroletall) 20A33J0yEcieCah, 208®is should j 1
AA EAPO ET T ETA OACAOAET C OEA OAOIETTITCU OC
capacities.

In the following, all identified devices will be described briefly, together with a list of
the associated publications. More detailed information is presentedTable 31. The
information provided in the publications and by the manufacturers did not always contain all
relevant details for our descriptions. Where possible, we asked authors and/or manufacturers
for the respective details. If we could not receive the inforrmaf we consulted further
sources, g., other publications. If we could still not get the respective information, or it was
conflicting between different sources, n/a is stated in the table. Also, while monetary aspects
are certainly relevant for planning investigations, they are not inclubdece. Furthermore,
not all devices are commercially available (anymore), the reported specifications may change
without notice, and devices used in cited publications might have had different specifications
than repoted here, eg., if an earlier version was used.

The Actiwatch2 (Philips Respironics, Murrysville, PA, U$Aanagan et al., 2020;
Franklin, 2020; Landis et al., 2018; Ostrin et al., 2020; Read et al., 2014, 2015; Read, Pieterse,
et al., 2018; Read, Vincent, et al., 2018; Ulaganathan et al., 2019a, Yi318bwristworn
actigraphy device. It includes a scl@OA OA -AOBBOOWEAS6 AAAAI Aaii AGAO
and a silicone photodiode light sensor, and measures activity and photopic illuminance (lux).
Events can be recorded via button prégoninkijke Philips N.V., n.qa).

The Actiwatch Spectrum (Philips Respironics, Murrysville, PA, ;U/$hott et al.,
2018; Burfield et al., 2019; Gord@haag et al., 2021; Ostrin, 2017; Ostrin et al., 2018; Ostrin,
2018; Ostrin et al., 2019; Shneor et al., 2021; R. Williams et al.) #&9wristwatch and
activity monitor. It is also equipped with a scl@OA OA -ADBBRDOEAS AAAAIL /
sampling at 34z to record activity, and an event marker button. Light, however, is measured
via three (red, green, blue) colsensitive photodides, and available light measurement
Furthermore, the device has an effrist detector(Koninklijke Philips N.V., n.gb). Following
its production stop, the Actiwatch Spectrum Plus and PRO were its successor models.

The Actiwatch Spectrum Plus (Philips Respironics, Murrysville, PA; Blsaéfhdari et
al., 2021; Mirhajianmoghadam et al., 202% a wristwatch and activity monitor with many
features like offwrist detection, an event marker button, and light measurements similar to
the Actiwatch Spectrum. Activity is also sampled at B2 but via an MEMS type
accelerometer(Koninklijke Philips N.V., n.gc).

The Actiwatch Spectrum PRO (Philips Respironics, Murrysville, PA; H&A et al.,
2016 includes the same features as the Actiwatch Spectrum Plus and additionally provides
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the option to record two subjective scores (manually or on a programmed schedule) and
alarms to remind participants to enter the@Koninklijke Philips N.V., 2013)

The Clouclip (Hangzhou @#hiJing Technology Co. Ltd., Hangzhou, ChiBaandari
et al., 2021; Bhandari et al., 2022; L. Li et al., 2020; L. Li et al., 2021; Wen et al., 2019; Wen et
al., 2020; Wen et al., 2021s a small device clipped to the right side of spectacles. It can
measure viewing distance and duration via a laser ranging module, illuminance (lux) via an
illuminance monitoring module, and viewing angle via a thiaees acceleromete(Bhandari
et al., 2021; Hangzhou JingZhiJing Technology Qd.,n.d.). Two versions with partially
different features are internationally available for personal use (Clouclip P2) and for business
and research purposes (Clouclip M2angzhou JingZhiJing Technology Co. Ltd., h.d.
though similar sensors are used in both (HangzhogdimJing Technology Co. Ltd., personal
communication, 2022). If no movement is detected for 40 seconds, Clouclip M2 goes into
sleep mode until movement is detected again, but for at least 2 mingBfsandari et al.,
2021) Clouclip P2 ges into sleep mode after ¥20 seconds without movement (Hangzhou
JingZhiding Technologyo. Ltd., personal communication, 2022).

The FitSight fitness tracker (patent WO201515281,81Li et al., 2021; Saw et al.,
2015; Verkicharla et al., 201Wwas developed by researchefgerkicharla et al., 2017p
record, quantify, indicate, and motivate daytime outdoor activity. It includes a smart watch
with a custommade app and a smartphone app, and records ambient light illuminance (lux).
The smart watch app also consists of an accelerometer function. duteoors is calculated
by summarizing the time spent above an illumination threshand via Bluetooth, this
information is relayed to the smartphone app. A congratulatory message for reaching the
daily outdoor time target and motivational messages if the target is not reached at specific
times can be presented. One can also monitor pbgk activity in 3@minute epochs
(Verkicharla et al., 2017)

The HOBO Pendant Temp/Light data logger (Onset Computer Corp., Bourne, MA,
USA Alvarez & Wildsoet, 2013; Backhouse et al., 2011; Dharani et al., 20¥2;LSet al.,
2022; Moafa, 2019; Read, Vincent, et al., 2018; Schmid et al., 2013; Wu et glisz0$all
logger recording temperature and light intensity (lux) readings. Two versions have been used
in the identified publications, the HOBO Pendant t0A82-64 and the HOBO Pendant UA
002-08, which onlydiffer in their memory capacity (64 KB vs 8 ;KBnset Computer
Corporation, 201p

The Mumu(X. He et al., 2019; Xle et al.,, 2022; Ye et al., 2019eveloped by
researchers(Ye et al., 2019)is a smart watch containing a light sensor, a three -axis
accelerometer, and a GPS receiver. It can sample illuminance (lux) and ultraviolet (UV)
intensity, steps, and location data. Furthermore, weather and temperature can be
synchronized in real time,ral weather information is sampled as sunny/cloudy. Wearing
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status can be determined through light sensors in both front and back of the watelet al.,
2019) Parents can manage the device via an &pHe et al., 2019and there is a website
portal for teachers so that they,.@., can intervene if students wear the device improperly. A
next generation, more lightweight device with longer battery life has also been developed
and will eventually be put on the market (Xiangui He, personal communication, 2022).

The MyLyt(Dhakal et al., 20233 a prototype developed at the LV Prasad Eye Institute
(Hyderabad, India) to track rediime light exposure. It records illumination (lux) against real
time. A lightemitting diode can indicate data sampling (green) and low battery (red). Further
improvements, eg., a smartphone connection for data transfer or reducing size and weight,
are plannedDhakal et al., 2023)

The Vivior Monitor (Vivior AG, Zurich, Switzerlartd AT Og OAOAE AO- Al 8h
May 2 is small device clipped to the right side of spectacles via an adapter. It encompasses
two optical time-of-flight distance sensors directed forward and 30° downward, an ambient
light sensor with separate red, green, blue and infrared channels directedafd, a
combined UV and ambient light sensor directed upward, as well as motion and orientation
sensors (accelerometer, gyroscope, magnetometer). Thus, the dewsa@se record various
parameters, like viewing distance, head rotation, illuminance (lux), exposure to red, green,
and blue light, and UV exposure. The illuminance measure is derived from the ferward
oriented sensor as a mixture of the channels. Currentlg, apwardsoriented light sensor is
mainly used to quantify UV exposu¥ivior AG, n. d.)The device starts measuring when
attached to the adapter, and stops when detached or when the spectacles are tak@rapéf
et al., 2020)t can be used to creatgewing profiles with recommendations for glasses and
viewing behavior.

Additionally, we identified the Akeso eye care glasses (Beijing Akeso Technology Co.,
Ltd., Beijing, ChinaFan et al., 202R which have sensors installed in the right spectacle arm
and contain a skaxis sensor, @UV light sensor, and a proximity sensor. Time of wearing,
being outdoors, and near viewing can be recordedn et al., 2022Jan et al(2022)describe
56 XJ I O1,500@be Jecognized as outdoors, and UY er lux <1,500 asndoors. We
could not determine if the device can provide lux data, or if lux is only used to determine
outdoor time. Thus, the device is not includedTiable 31.

In summary, researching and developing devices to measure light exposure in the
context of myopia is a rapidly developing field of research, sexeral other devices are being
or have recently been developedge the LUMINGSD(Nishanth et al., 2022Jurthermore,
there are a number of other light meters that could theoretically be used for such research.
Hartmeyer et al(2022)present an overview of light dosimeters used in previous studies on
non-visual effects of light
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3.1.3.2.Analysis of Research Methods

We identified 18 journal articlefAlvarez & Wildsoet, 2013; Bhandari et al., 2022;
Dharani et al., 2012; X. He et al., 2022; Landis et al., 2018; L. Li et al., 2020; M. Li et al., 2021,
S-M. Li et al., 2022; Mirhajianmoghadam et al., 2021; Ostrin, 2017; Ostrin et al., 2018; Read
et al.,2014, 2015; Read, Vincent, et al., 2018; Schmid et al., 2013; Ulaganathan et al., 2019b;
Wen et al., 2020; Wu et al., 201&®ne dissertationFranklin, 202Q0) and one conference
poster (Backhouse et al., 2011\ detailal overview on their methodological aspects and
findings regarding LMA can be found @upplementary Table & For completeness,
publications within a similar context but not fitting the inclusion criteria for this analysis
(Abbott et al., 2018; Burfield et al., 2019; Fan et al., 2022; Flanagan et al., 2020; Ostrin, 2018;
4 A1 Og OAOAE A OMé&y R)@rdimeHtiongd ifSupplebnérifaty InféninatiorCL

In the following, the publications will be assessedarding selected methodological
aspects to illustrate their methodological variety in (1) general characteristics, (2) data
acquisition, (3) participant population, and (4) data analysis and interpretation. For the first
three topics, we also looked fopotential patterns regarding these aspects and the
-AAQOET 106 OAOOI OO OOPPI OOEI ¢ TO 110 006b
observed. This is not surprising, given the large number of factors potentially influencing the
results, the small nuimer of publications and the usually large methodological variability. The
absence of apparent patterns will thus not be discussed in detail for every aspect, but any
interesting discoveries will. Furthermore, it was not attempted to assess such patterns fo
data analysis and interpretation aspects, since (almost) no grouping of publications in terms
of these aspects was possible. Reanalyesdis et al., 2018; Read, Vincent, et al., 2@i8)
not generally included to not give a skewed impression of thtadIf they are considered, it
is explicitly stated. Lastly, there is a large overlap in the participants of two publicafesd
et al., 2014, 2015but since one is crossectional and one primarily longitudinal, they will be
considered separately.

3.1.3.2.1.General Characteristics
3.1.3.2.1.1.Time of Publication

To assess potential time trends regarding the publications or results on LMA, we
assessed them regarding their time of publication. The oldest publication stems from 2011
(Backhouse et al., 201,Xhe most recent one from 2025 -M. Li et al., 2022)he last year
included in the review. The number of publications has grown more rapidly in more recent
years, as six publications were published in the {ifdtarez & Wildsoet, 2013; Backhouse et
al., 2011; Dharani et al., 2012; Read et al., 2014, 201Hi&eh al., 2013and twelve in the
second half of said timefram@handari et al., 2022; Franklin, 2020; X. He et al., 2022; L. Li et
al., 2020; M. Lietal., 2021-8l. Li et al., 2022; Mirhajianmoghadam et al., 2021; Ostrin, 2017;
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Ostrin et al., 2018; Ulaganathan et al., 2019b; Wen et al., 2020; Wu et al., R0fi8gably,

the four oldest publications all report no LMAIlvarez & Wildsoet, 2013; Backhouse et al.,
2011; Dharani et al., 2012; Schmid et al., 2003 other four publications with no or only
few such evidence were published latéranklin, 2020; M. Li et al., 2021; Ostrin, 2017; Ostrin
et al., 2018)in between publications supporting LMA. Importantly, the four oldest
publications also share other features as will Biscussed below. Thus, no cleaut
conclusion can be drawn based on time of publication alone.

3.1.3.2.1.2Type of Study

Lingham et al.(2020)state that longitudinal, but not crossectional studies using
light meters found associations between higher average daily light exposure and slower eye
growth. This is not reflected in our analysis, as LMA have been found both-secsisnally
and longtudinally. Of the ten crossectional publications, five show support for LMA
(Bhandari et al., 2022; L. Li et al., 2020; Mirhajianmoghadam et al., 2021; Read et al., 2014;
Wen et al., 202Q)and five (almost) nonfAlvarez & Wildsog 2013; Dharani et al., 2012; M.

Li et al.,, 2021; Ostrin, 2017; Schmid et al., 20@8)the eight longitudinal studies, the
respective numbers are fiveX. He et al.,, 2022; $4. Li et al., 2022; Read et al., 2015;
Ulaganathan et al., 2019b; Wu et al., 20&8) three(Backhouse et al., 2011; Franklin, 2020;
Ostrin et al., 2018)though one of the latter longitudinal studies only encompassed three
months(Backhouse et al., 2011Bspecially considering this, longitudinal publications tend to
report LMA more often than crossectional ones. However, since one longitudinal
publication reporthg LMA (Ulaganathan et al., 2019@nd three crosssectional ones not
doing so(Alvarez & Wildsoet, 2013; Ostrin, 2017; Schmid et al., 2@A&) adult participants,
this pattern does not exist when only considering publications with children.

3.1.3.2.2Data Acquisition
3.1.3.2.2. 1Measurement Device

As various devices with different specifications (Sesble 31) have been used to
assess LMA, we considered potential associations between devices and wearing positions
and results on LMA. The number of publications per device are: HOBO Pendant Temp/Light
dataloggerz six(Alvarez & Wildsoet, 2013; Backhouse et al., 2011; Dharani et al., 2N12; S.

Li et al., 2022; Schmid et al., 2013; Wu et al., 2048)watch 2z four (Franklin, 2020; Read

et al., 2014, 2015; Ulaganathan et al., 201%puclipz three (Bhandari et al., 2022; L. Li et
al., 2020; Wen et al., 2020Actiwatch Spectrung two (Ostrin, 2017; Ostrin et al., 2018)
Actiwatch Spectrum Plug one (Mirhajianmoghadam et al., 2021FitSightz one (M. Li et al.,
2021) Mumuz one(X. He et al., 2022No publication with Actiwatch Spectrum PRO, MyLyt
or Vivior Monitor fit the inclusion criteria. Of the six HOBO Pendant Temp/Light data logger
publications, only two support LMAS-M. Li et al., 2022; Wu et al., 201& somewhat
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reversed pattern emerges for the Actiwatéy where three of the four publications support
LMA(Read et al., 2014, 2015; Ulaganathan et al., 2QIB publication with the Actiwatch
Spectrum Plus reports results in favor of LNMirhajianmoghadam et al., 2021yvhile the
two publications with the Actiwatch Spectrum either found Ostrin, 2017pr only little
(Ostrin et al., 20183upport. The publication with Mumu shows strong supp@ft He et al.,
2022) the one with FitSight only minimgM. Li et al, 2021) Finally, all three publications
with Clouclip strongly support LM@handari et al., 2022; L. Li et al., 2020; Wen et al., 2020)

The devices used entail differing wearing positions. While the HOBO Pendant
Temp/Light data logger is usually worn forwafacing at the chest or collar, it has been
mounted on a pedestal facing skyward in one cd8évarez & Wildsoet, 2013and one
publication does not report its wearing positigBackhouse et al., 2011¢louclip can only be
worn on the right side of spectacles, and all wrnsbrn devices were worn as intended in the
publications.

While there is no apparent pattern regarding the support of LMA, it is interesting that
the HOBO Pendant Temp/Light data logger was used in the four earliest publications, in
which no such support was fourfdivarez & Wildsoet, 2013; Backhouse et al., 2011; Dharani
et al., 2012; Schmid et al., 201B)pssibly, its technical specifications or ways of wearing may
play a role herg though the two more recent publications with this device do report LMA
(S-M. Li et al., 2022; Wu et al., 2018urthermore, tle publications with ClouclifBhandari
et al., 2022; L. Li et al., 2020; Wen et al., 2C2@)the only ones included that measured eye
level light exposure. All three of them supporting LMA may suggest that relevant differences
in light exposure are indeed best uncovered in this manner. Overall, while such hints may
suggest specific devices drtheir wearing location as better suited for identifying LMA, the
small number of included publications makes this assessment speculative at this point.

3.1.3.2.2.25ampling and Logging Interval

10O A [T AAOOOAT AT O MEOANOAT A U2mindkes OB bée® AT AT O
recommended for reliable ambient light and outdoor exposure measureméAtgarez &
Wildsoet, 2013; Ulaganathan et al., 202w reviewed this aspect. Importantly, sampling and
logging interval are not always the sanzesome devices log an averaged value of data
sampled at finer intervals. The measurement frequency was consistent with the above
recommendation in most publicatiws, with logging intervals between 10 secor{@dvarez&
Wildsoet, 2013; Backhouse et al., 2011MSLi et al., 2022and 2minutes (Bhandari et al.,
2022; L. Li et al., 2020; Wen et al., 20ZMe underlying samplingnterval was sometimes
even finer due to averaged logging. There are three publications with instantaneous sampling
intervals coarser than 2 minutez namely Sminutes z, two of which did not find LMA

(Dharani et al., 2012; Schmid et al., 2QX8)d one didWu et al., 2018)Furthermore Read,
Vincent, et al.(2018)resampled data fronRead et al(2014, 2015at Sminutes, and still
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found significantly lower outdoor light exposure in myopic than rogopic children in these
data. Generally, the absence of an apparent results pattern is not surprising since the
recommended measurement frequen¢plvarez & Wildsoet, 2013; Ulaganathan et al., 2017)
was almost always fulfilled.

3.1.3.2.2.3Measurement Duration

Similarly, almost all publications report a measurement duration of seven days or
i1 CAOR OEOO 1 AUET C xEOEET1wéE@lagénAtiah étiald1 A A A
2017) so the absence of a results pattern is again unsurprising. In one of the two publications
with a shorter duration, participants wore the device f®days, and no LMA were found
(Schmid et al., 2013)n the other one, participants wore the device 6xlays (three before,
three after an intervention), and LMA were foug8-M. Li etal., 2022) All other durations
varied between7 days(Bhandari et al., 2022; Dharani et al., 2012; L. Li et al., 2020; Wen et
al., 2020; Wu et al., 2018phd 1year(X. He et al., 2022)

3.1.3.2.2.4Geographic Location

AEA DOAI EAAQCEI T 08 AAOA xAOQ; Akatek & Wididodt, ET Ol
2013; Bhandari et al., 2022; Mirhajianmoghadam et al., 2021; Ostrin, 2017; Ostrin et gl,, 2018
Australia (four Read et al., 2014, 2015; Schmid et al., 2013; Ulaganathan et al.,)20l3%
Zealand (oneBackhouse et al., 20),1China (fourX. He et al., 2022; L. Li et al., 2020:\&.
Li et al., 2022; Wen et al., 20R0raiwan (oneWu et al., 2018 Singapore (twpDharani et
al., 2012; M. Li et al., 20Rland the UKone, Franklin, 202). We assumed two locations
AAOGAA 11 OEA A (BadkHo®© ét alAVELFE.ILEk GIE 20ROJhus, an
important result of this analysis is the grave lack of data for many parts of the world. Notably,
while there is a high myopia prevalence among school children in both East Asia and
Singaporeg(Ding et al., 2017xll five publications from East Asia (China & Taiwan) report LMA
(X. He et al., 2022; L. Li et al., 2020:M5.Li et al., 2022; Wen et al., 2020; Wu et al., 2018)
but either no(Dharani et al., 2012)r only few(M. Li et al., 2021)MA were found in both
Singgorean publications, all of which were conducted with schagéd children. No other

pattern regarding results on LMA was detected.
3.1.3.2.2.55eason

A relationship between season and myopia development has repeatedly been shown
Z for example, myopia progression and axial elongation in children is slower in summer than
winter, which may be related to children spending more time outdoors during sun{@er
et al.,, 2013; Donovan et al., 2012; Gwiazda et al., 28&3son therefore is an important
factor that may influence the strength or even presence of LMA. Thus, we assessed the
publications in this regard, though this is challenging for multiple reesd-or once, while
there are highly distinct seasons at many locations in the world, this is not the case for others.
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And even for locations with distinct seasons, aspects like weather or daylength and their
betweenseason differences are highly variable. We did not attempt to assess potential
patterns between season and results on LMA, as season is not usually systaipatic
controlled in the publications and many related aspects vary greatly between them: In four
publications, no information is available on the season of data acquigftiohi et al., 2020;

M. Lietal., 2021; Schmid et al., 2013; Wen et al., 2@2@)n another four, the analyzed data
was acquired during one season (summéiranklin, 2020; Mirhajianmoghadam et al., 2021
winter z Backhouse et al., 201 O1 E1 Ah gDha&tdnilet aQ AcAaPhriicipants irX.

He et al.(2022) wore the device forlyear, thus covering all seasons. In five further
publications, different participants participated in different seasof@dvarez & Wildsoet,
2013; Bhandari et al., 2022;-8. Li et al., 2022; Ostrin, 2017; Read et al., 2044jl in the
remaining fair, the same participants participated multiple times and across different
seasongOstrin et al., 2018; Read et al., 2015; Ulaganathan et al., 2019b; Wu et al.z 2018)
both cases, we sometimes presumed this based on measurement periods. While season was
analyzed with regard to light exposure in six publicatialvarez & Wildsoet, 2013; Franklin,
2020; Ostrin, 2017; Ostrin et al., 2018; Read et al., 2015; Ulaganathan et al.,, 2008t
investigated within LMA in only three: One reports seasondledénces on associations
between refractive groups as well axial lengthand light exposurgUlaganathan et al.,
2019b) one found seascindependent light exposure differences between refractive groups
(Read et al., 2015pand one detected seasonal light exposure differences, but no effect of
refractive groups upon therfOstrin et al., 2018)Due to the relationship between season and
myopia development, the large betweepublication variation regarding season of data
acquisition and whether it is systaatically controlled or even reported should be considered
as seasonal differences might influence LMA.

Measurement of refractive status and refractive group classification are also aspects
of data acquisition, but they are closely related to aspects regarding the participant
population as well, and will be considered in the next paragraph.

3.1.3.2.3 Participant Population
3.1.3.2.3.1Number of Participants

The publications show large variability in the number of (analyzed) participants,
ranging from twelve(Backhouse et al., 20119 6,295 (X. He et al., 2022)There may be a
tendency for publications with more participants to support LMA more often than not and
vice versa: Of the nine publications analyzing more than 80 participants, seven report results
in support of LMA(X. He et al., 2022; L. Li et al., 2020M\&.Li et al., 2022; Read et al., 2014,
2015; Wen et al., 2020; Wu et al., 20E8)d only two show little to no suppafDharani et al.,
2012; M. Li et al., 2021Qf the nine publications with feer than 80 participants, only three
present strong(Bhandari et al., 2022; Mirhajianmoghadam et al., 2021; Ulaganathan et al.,
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2019b)and six little to no suppotifAlvarez & Wildsoet, 2013; Backhouse et al., 2011; Franklin,
2020; Ostrin, 2017; Ostrin et al., 2018; Schmid et al., 2013)

3.1.3.2.3.2Participant Age

Only four publications investigated adult participan{élvarez & Wildsoet, 2013;
Ostrin, 2017; Schmid et al., 2013; Ulaganathan et al., 20¥@h)e 14 publications studied
children. Of the publications targeting adults, only o(i¢glaganathan et al., 2019Isupports
LMA, while nine of the publications with child data @handari et al., 2022; X. He et al., 2022,
L. Li et al., 2020; 9\. Li et al., 2022; Mirhajianmoghadam et al., 2021; Read et al., 2014,
2015; Wen et al., 2020; Wu et al., 2018 staed before, the only publication based on adults
reporting LMA is longitudinglUlaganathan et al., 2019bffurthermore, as can be seen below,
the three publications with adult data not reporting LMA are the ones with the highest
percentage of myopic participants in the sample. LMA might thus be more readily seen in
children, but more data is needed to confirthis potential pattern. In children, the
investigated ages spanzd8 years, the age rangewhere reportedz varying between one
(M. Li et al., 2021and nine year¢Bhandari et al., 2022)As can also be seenhigure 3,
there was no apparent pattern regarding participant age and reporting LMA.
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Backhouse et al. (2011)

Dharani et al. (2012) ——
Read et al. (2014) —O0—
Read et al. (2015) —_—0—t
Wu et al. (2018) O
Ostrin et al. (2018) —_—O—
Wen et al. (2020) —OH
Franklin (2020) —0—
L. Li et al. (2020) -
M. Li et al. (2021)
Mirhajianmoghadam et al. (2021) O
Bhandari et al. (2022) +OH
He et al. (2022) —O0—
S.-M. Li et al. (2022) HOA
0 2 4 6 8 10 12 14 16 18
participant age

Figure 32. Participant age distribution in publications with childrefhe bars present age
range of the sample, the circles and accompanying gray lines indicate meastandard
deviation. Since age range is usually stated in full years in the publications, we presented it as
including the year given as the upper limie.g., an age range of ¥24years is presented as
13%14.99years. Turquoise bars indicate that the publication (strongly) supports LMA, Orange
bars indicate no or only minor support for LMA. If available, the information is presented for
the analyzed sample otherwise, it refers to the enrolled sample or the sdmpompleting

the trial (prior data exclusn for analysis). As no information on mean and standard deviation
was available for the complete sample feead et al(2015) said information was taken from
Read et al(2014) with 101 of the 102 underlying participants being analyzeRead et al.
(2015)

3.1.3.2.3.3General Time Spent in Bright Light Levels

Suggestions have been made that high or low bright light exposure of the entire
sample may play a role in the results on LiAanagan et al., 2020; Gordgdhaag et al.,
2021; Read et al., 2012hus, we extracted information on the time the overall sample spent
in >1,000lux, which was most commonly used to estimate time in outdoor light. For four
publications, no such data exiéX. He et al., 2022; L. Li et al., 2020; Schmid et al., 2013; Wu
et al., 2018)The overall time spent in £000lux variedlargelyz from 0.5hours/day (mean
all; Bhandari et al., 2022to 1.67hours/day (mean myopes) and 1.B8urs/day (mean
emmetropes), respectivelijwen et al., 2020Eleven publications include data average lux
exposure (mean or mediarilvarez & Wildsoet, 2013; Bhandari et al., 2022; Dharani et al.,
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2012; Franklin, 2020; M. Li et al., 202EMB.Li et al., 2022; Mirhajianmoghadam et al., 2021,

Ostrin, 2017; Read et al., 2014, 2015; Wen et al., )2b20e, the values varied between

164lux (medianFranklin, 2020and 1669.46lux (mean Ostrin, 201Y.There was no apparent
relationship between time in 2000Ilux or average light exposure and results on LMA.
Importantly, measured time spent in £000lux and average light exposure may not only

OAOU ABA O OOAAI 6 A@bi ©dewvchk pechidins d wadringA OA C
position. Yet, findings such as Clouclip having been used in the publications with the least
(Bhandari et al., 2022s well as the mog\Wen et al., 20203 1,000lux exposure show that

such betweenrpublication differences are not only determined by device specifications or
wearing position. What may also potentially complicate comparisons is the fact that the

times during which lux data was analyzed vary betweebljgations. This will be discussed

further in the data aalysis and interpretation section, but regarding the light exposure

aspects discussed here, no systematic variation was apparent with regard to analyzed times.
Although we did not find a pattern regarding findings on LMA, the large variability in overall
exposure time to 14,0001 0@ AO xAi 1 AO AOAOACA 100 A@bi OO
light exposure might indeed be a relevant factor to consider when assessing LMA, and there

are many aspects that may complicate respective assessments.

3.1.3.2.3.4Assessment of Refractive Status and Refractive Error Classifications

There are various ways to assess refractive status and to classify refractive error, and
it can be assumed that the choice of method has an impact on the measured refractive status,
as well as on which and how many participants will be classified into the respective refractive
error groups. For example, nesycloplegic autorefraction has repeatBdbeen shown to
overestimate myopia compared to cycloplegic autorefraction, especially in younger children
(Grzybowski et al., 2020; Rudnicka et al., 20Hjrthermore, cycloplegic autorefraction has
been found to be more sensitive in measuring refragtdrror, and to measure a more myopic
spherical equivalent refraction (SER) compared to+uguloplegic subjective refraction, with
the betweenmethod difference decreasing with agelashemi et al., 2016)

In 13 publications, participants were classified into refractive error groups, which were
then used for analyses on light exposure. Classification was based on history and habitual
correction in one publicatio(Ostrin, 2017) and on a questionnaire indirectly assessing
refractive status in tw@gBhandari et al., 2022; Mirhajianmoghadam et al., 2024 the other
ten publications, SER was used, wherdblyarani et al(2012)do not state its kind. Apart
from that, either subjective, nortycloplegic refractn (Read et al., 2014, 2015; Schmid et al.,
2013; Ulaganathan et al., 20194r) cycloplegic autorefractiofX. He et al., 2022; M. Li et al.,
2021; Ostrin et al., 2018; Wen et al., 2020; Wu et al., 2048)measured. IK. He et al(2022)
the analysis regarding light exposure was not performed with the refractive groups per se,
but with incident myopia.Schmid et al(2013)further split myopic participants into stable
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and progressing based on their history. In four additional publications, refractive error groups
were not used for analyses on LMA, but were defined nonetheless based on autorefraction,
either without (Alvarez & Wildsoet, 2018) with (Franklin, 2020; L. Li et al., 2020:19. Li et

al., 2022)cycloplegia. LastlyBackhouse et a[2011)id not group participants via refractive
status, but report cycloplegic autorefraction measurements. Thus, 15 publications include
direct measurement of refraction: In enthe way of measurement is unspecifid@harani et

al., 2012) four report noncycloplegic subjective refractio(Read et al., 2014, 2015; Schmid

et al., 2013; Ulaganathan et al., 2019lmne noncycloplegic autorefraction(Alvarez &
Wildsoet, 2013)and nine cycloplegic autorefractiqiBackhouse et al., 2011; Franklin, 2020;
X. He et al., 2022; L. Li et al., 2020; M. Li et al., 20284. &i et al., 2022; Ostrin et al., 2018;
Wen et al., 2020; Wu et al., 2018)

SERcui ££O £ O | Ul BEAh OOOAI T U AEOEAO ADBDIE
were defined in 14 publications. The most liberal-offt was <0.25DSER(Ostrin et al.,
20188 4 EA T OAOxEAITET C 1 AET OEOU -0580SERDAdragiA AOET 1
et al., 2012; Franklin, 2020; X. He et al., 2022; L. Li et al., 2020; M. Li et al., 20R1L;i &t
al., 2022; Read et al., 2014, 2015; Schmid et al., 2013; Wen et al., 2020; Wu et al., 2018)
though as described, this was based on differemays of refraction measurements:
Subjective, norcycloplegic refraction, cycloplegic autorefraction, or a rgpecified
refraction measurement are reported in the respective publicatiddead et al(2014, 2015)
additionally specified at least one eye needing to exhibi0Z5D3 %2 ADAOO A£OT I Al
A OA OA ¢ A-0.308,EhdEranklird 2020)i -0.50DSER cubff needed to be fulfilled for
either eye. BotlreanalysegLandis et al., 2018; Read, Vincent, et al., 2§ A A -@BAR |
SER cuoff, with Landis et al(2018)also applying the additional criteria &ead et al(2014,
2015) In two publications, having used either naycloplegic subjective refraction
(Ulaganathan et al., 20199r non-cycloplegic autorefraction(Alvarez & Wildsoet, 2013)
more restrictive cull £/EO -0.V5BSER (Ulaganathan et al., 2019bA T A-1.00DSER
(Alvarez & Wildsoet, 2013)ere applied, respectively. There was no apgnt pattern
regarding LMA for both refractive status assessment and refractive error classification, but
as both display some betweestudy methodological variability, these aspects should be kept
in mind nonetheless.

3.1.3.2.3.5Percentage of Myopic Participants

The withinsample distribution of refractive status may also be of interest when
analyzing potential effects on refractive status. For example, possible differences between
myopic and noAmyopic participants or myopiselated associations with refractivetagus
might be difficult to detect if there are only few myopic or namyopic participants. Since
Ai 101 O ATA OUPA T &£ ET £ Oi ACETT 11 DAOOEAEDAI
publications, we present the percentage of myopic participantshe sample to investigate
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this aspect. Of course, aspects like range, mean, standard deviation or skewedness of
refractive status may also be relevaackhouse et al2011po not report a percentage of

i UT PEA DAOOEAEDPAT OOh OI-0.59FSERAybplaClioh @ Akat EO A A
variance in the proportion of myopic participants between publications is readily apparent,
ranging from 4.4%(Franklin, 20200 85.2% (Alvarez & Wildsoet, 2013When only
considering publications that specifically analyzed light exposurén wegard to refractive

groups, the percentage of myopic participants ranges from 13(@%irin et al., 2018p

67.3%(Ostrin, 2017)

It is interesting to note that while the publication with the lowest percentage of
myopia (4.4% Franklin, 2020did not find LMA, the publications with the second and third
lowest percentage (6.8%nd 10.53%X. He et al., 202and Wu et al., 2013did. Both were
intervention studies with many enrolled participants, namel2®b6 (X. He et al.2022)and
930 (Wu et al., 2018)The three publications with the highest proportion of myopic
participants (62.9%, 67.3% and 85.2%chmid et al., 20130strin, 2017and Alvarez &
Wildsoet, 2018 report noLMA, and their samples are all sized=85 or below. This might
point to large sample sizes being necessary to assess LMA in case of rather unevenly
distributed refractive error or status. However, assuming a pattern based on these few
observations is highly speculative, and it should also teathatthe three publications with
the highest proportion of myopic participants investigated adyldvarez & Wildsoet, 2013;
Ostrin, 2017; Schmid et al., 2013)ile those with the smallest proportion investigated
children(Franklin, 2020; X. He et al., 2022; Wu et al., 2018)

3.1.3.2.4Data Analysis and Interpretation
3.1.3.2.4.1]0-Cut-Off

As described above, the chosen-t0t-off is worth considering, especially since
1,000lux is commonly applied, but may not always be the best estimator to distinguish
indoor from outdoor light. In three publications, an-kit-off was either not neededL. Li et
al., 2020; Read et al., 201%®r not based on lux alon&. He et al., 2022)'he 1000lux 1O
cut-off was chosen in 14 publicatiorfdlvarez & Wildsoet, 2013; Backhouse et al., 2011;
Bhandari et al., 2022; Dharani et al., 2012; Franklin, 202Q;iMt al., 2021; V. Li et al.,
2022; Mirhajianmoghadam et al., 2021; Ostrin, 2017; Ostrin et al., 2018; Read et al., 2014;
Ulaganathan et al., 2019b; Wen et al., 2020; Wu et al., 201&reby Alvarez and Wildsoet
(2013)had originally determined 88Rix as IGcut-off based on own measurements, but as
the results did not differ compared tb000lux, they used the latter for consistencgchmid
et al. (2013)applied two IQcut-offs, one potentially including some bright indoor light
(500lux) and one definitely only including outdoor light (10,008). Thus, despite the use of
varying devices with different specifications, th@®Q@0lux IO-cut-off was applied in almost all
publications, including the reanalysélsandis et al., 2018; Read, Vincent, et al., 2018)
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3.1.3.2.4.2Basis of IGCut-Off

We examined the justification of the kut-off within the 15 publications using one.
Own premeasurements for itgletermination are only reported in three publications, two
(Alvarez & Wildsoet, 2013; Schmid et al., 20df3)hich used similar devices for these pre
measurements and data acquisition, and ofWwu et al., 2018ysed a luxmeter for the pre
measurements. In all other publications, usage of the chosenutoff is either not justified
or other literature is cited for it.

In some publications, other additional measurements with the devices are reported:
Correlations between devices and/or between the devices and a luxmeter were sometimes
investigated (Bhandari et al., 2022; Franklin, 2020; Ostrin, 2017; Read et al.,,2014)x
values were measured in various indoor and outdoor condit{@igrani et al., 2012; Ostrin,

2017) Additionally,Ostrin (2017ested the devices againsndJV sensor anéranklin(2020)

ET OAOOECAOAA EI x OEA AAOEé&Ameasur@ried@sA &gy, oAl T Ol
their reanalysesLandis et al(2018)A @Al ET AA OEA AAOEAAOGS OAT OEOI
and Read, Vincent, et a[2018)determined the comparability between HOBO Temp/Light

data logger and Actiwatch 2. In summary, while the-d@-off of 1,000lux is generally

accepted and used for various devices and settings, in the vast majority of cases its
appropriateness for the given situation is not verified.

3.1.3.2.4.3Analyzed Times for Light Data

Differences in analyzed times could complicate betwegarblication comparisons or
a consideration of the overall picture. In fact, the publications differ greatly in the times
during which light and/or outdoor data is analyzeéRlead et al(2014, 2015analyzed light
data from 6:00R18:00h, eg., for the calculation of daily light exposureRead et al(2014)
but 24hours/day are considered for aspects like the daily light exposure patiad et al.
(2015)kstate that the mean light exposure duringealexcluded times was uniformly low. Some
publications used 7:000:9:00h for analysi@Dharani et al., 2012; Franklin, 2020; X. He et al.,
2022; M. Li et al., 2021lincluding one reanalysiéRead, Vincent, et al., 2018)Ven et al.
(2020)analyzed light data from 7:00B0:00h, stating that a vast majority of light exposure
lay within this timeframe Alvarez and Wildsoef2013)analyzed light data from sunrise to
sunset, andNVu et al(2018)only analyzed deviceneasured light data during #school times,
as the wearing compliance was considerably lower out of schBb&ndari et al.(2022)
considered data from wake to bed time. Comparably, waking hours were considerte
second reanalysid.andis et al., 2018)

In the remaining publications, times included in the analyses are not explicitly stated
(Backhouse et al., 2011; L. Li et al., 2020MSLi et al., 2022; Mirhajianmoghadam et al.,
2021; Ostrin, 2017; Ostrin et al., 2018; Schmid et al., 2013; Ulaganathan et al.,, 20499
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a device wearing or recording time is specified in all but @eckhouse et al., 2011 five
cases, Z2dours/day wearing or recording is reportedS-M. Li et al., 2022;
Mirhajianmoghadam et al., 2021; Ostrin, 2017; Ostrin et al., 2018; Ulaganathan et al., 2019b)
As a wristworn device was used in four of these publications, it is likely that this continuous
data was also included in the analysis. In one publication, however, the device was pinned on
clothing, so it may not have been worn continuougiythough the analysis description
indicates that data from 2#ours/day was in fact analyze{S-M. Li et al., 2022)
Furthermore, daily recording time was specified as 7:3000h on the following day in this
publication (S-M. Li et al., 2022)In the last two publications without explicit mention of
analyzed times, the device wearing time is reported as waking h@ekmid et al., 2012)nd
throughout the day(L. Li et al., 202Qxespectively.

As (most of) daytime is included for analysis in all publications, the between
publication differences in analyzed times are probably not so problematic for comparisons
regarding bright/outdoor light exposure but for aspects like mean light exposure time
overall sample, betweemublication comparisons are difficult if varying times are analyzed,
and even more so if the analyzed times are not completely clear. Thus, present differences
might indeed conceal potentially relevant associations that might lnecovered when
considering more than one publication.

3.1.3.2.4.4Exclusion and Replacement of Light Data

Like analyzed times, exclusion and replacement of data is important to consider, and
again we found high betweepublication variability. Thus, the procedures of light data
exclusion and replacement will be reported in detail. While they are reported ist mo
publications, the type and amount of information provided varies. Information on the
respective details stated is presented Supplementary Table & Here, we focus on (1)
criteria for exclusion and/or replacement of specific invalid data, (2) criteria for exclusion of
complete days and/or data sets, and (3) reported amount efamd excluded data. The
procedures applied in the two included reanalggkandis et al., 2018; Read, Vincent, et al.,
2018)are considered here was wellthough asRead, Vincent, et al2018)refer to the
publications describing the acquisition of their reanalyzed data for analysis procedures
(Dharani et al., 2012; Read et al., 2014, 20thig reanalysis will only be mentioned in case of
additional information.

(1) Data was sometimes excluded as invalidAih O A 15mifites of complete
inactivity and/or darkness during daytime (indicating covered light sensors and/or device
removal Franklin, 2020; Read et al., 2014, 2015; Ulaganathan et al., 2@@breplaced if
certain criteria applied: IrRead et al (2014, 2015for any diaryAT AOI1 AT OAGE OM@i6 AL
times, light levels were estimated as the average ohibutes before and after removal if
consistent with the diary as indoors or outdoorsO0lux 10-cut-off). InRead et al(2014)
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inconsistency only occurred for diangcorded outdoor activities, in which case the mean
outdoor light level over the same time averaged across all other days was used for estimation.
Ulaganathan et al(2019b)estimated light levels for excluded data as the average light level
5minutes prior device removal, if consistent with the diargported activity. If not, the
respective data was removeé#franklin(2020)substituted excluded datg on valid days only,

see below with the average for the same tim@eriod from valid days. Reanalyzing data from
Read et al(2014, 2015)Landis et al.(2018)describe that the activity diary was used to
estimate illuminance for notwear times.

(2) Often, criteria were defined for excluding days and/or data detsrani et al.
(2012)excluded days with all light measure480lux, assuming nofwear of the deviceRead
et al.(2014,2015) T 1 U ET Al OAJ0% of Adlididata to BedeEming average daily
minutes in >1,000lux. Ostrin (2017)and Ostrin et al.(2018)excluded days with device
removal for 5301 ET OOA O 1T O UAOI 30miauieE during @agligh®) &nd dight&l O
if the device had been removed for any part ofiten et & (2020)only considered days with
AAOA 889l of theJrequired wearing time and data sets encompassing at least three
weekdays and one weekend day (one week measurement period) as Fedidklin (2020)
only included days including 90% of valid data during daytime and data sets with at least five
(out of nine) valid days. Data was excludedinLi et al.(2021)if at least one weekday and
one weekend day of device wear was missing from theldy measurement period, or if wear
AAUO EAA AT AOAOAQAKX dr énGiesOf 0k fod Ad%BEaDdAri dt &6 |
(2022)AT 1T OE A A O A A8 hdurs bf Gataxd EriGigBvake time as valid, and required at least
3valid weekdays and valid weekend day (one week measurement period) for including the
participant.S-M. Li et al(2022)did not include measurements with fixed illumination values,
assuming norwear of the device. Finally, in their reanalyskandis et al(2018)eliminated
days with device removal of 0%, andRead, Vincent, et a(2018)only included weekend
data from children whdiad participated during school vacation Bharani et al(2012)for
comparability. As can be seen, there is substantial betwpahlication variability regarding
exclusion practices.

(3) Information on the amount of inand excluded data is given in most of the
publications reporting respective procedures, and is presentethinle 32.
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Table 32

Amount of Data lnand% @Al OAAA OEA OEA O0OAI EAAQEI T 06

days included for

data set®  analyzed data sets
publication excluded (M£SD additional information
42 days
3xl4daymeasurement; 18
Ostrin et al.(2018) n/a 13.9+2.9 (per Hday days excluded over all
session) .
sessions (2%)
28 days
26.2+3.1 (overall)
Read et al(2015) n/a 13.4+1.5 (session 1.  2x14day measurement
13.1+1.7 (session 2
. 2x14day measurement;
Read, (\ggfg)n t etal. n/a 25.4+£3.3 reanalysis oprior data
(Read et al., 2014, 2015)
2x14day measurement;
Landis et al(2018) n/a 23.51+0.34 reanalysis of prior data
(Read et al., 2014, 2015)
Ulaganathan et al 0 (winter) 13.5+2.0 (winter)
: o e 512,
(2019b) 6 (16.2%; 13.3+1.8 (summer) 2x14day measurement
summer)
14 days
no exclusion procedure for
data sets specified, but 1
participant excluded due to
Read et al(2014) 1 (1%) 13.4+1.5 only 7h of valid data overall
6+11% of total data invalid,
ca. 2% of analyzed data
estimated (see (1))
. 13.2+1.4 (days)
Ostrin(2017) n/a 14.2+1.3 (nights)
2x7-day measurement;
o : .
Wu et al(2018) n/a n/a 96 /0 wearing compllance
during inschool times at
study end
M. Li et al(2021) 93 (16.1%) n/a
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Table 3.2z Continued
Amount of Data lnand% @Al OAAA OEA OEA 0OAI EAAQEIT T 086 woA

10 days
Mirhajianmoghadam 7+1 weekdays no exclusion procedures
n/a 2.4+0.7 weekend o
et al.(2021) specified
days
9 days
54 (36.2%j; some participants wore the
. after device multiple times; 1.1%
Franklin(2020) exclusion of not reported of the analyzed data
39.7% days substituted (see (1))
7 days
Read, Vincent, et al. reanalysis of prior dat
(2018) n/a 6.60.7 (Dharani et al., 2012)
not 3.98+0.36nveekdays
Wen et al(2020) 1.13+0.11 weekend
reported
days
Bhandarietal. g 34 (o) 6.640.7

(2022)

Note. A cell is marked n/a if the associated exclusion procedure is not described as having
been done in the respective publicatiotA data set describes data from one measurement
sessionz in some cases, there are are data sets than participants due to multiple
measurement sessions per participant.

While for most publications, the mean days included in analysifter potential
exclusion of complete data setsare at maximumniday fewer than the measurement period,
there is some betweeipublication variation in the amount and proportion of included days.
With regard to the exclusion of complete data sets, a varying percentage was excluded in the
publications. Apart from aspectfike participant age, devices or circumstances of data
acquisition which may influence compliance and data quality, theyimarin- and exclusion
procedures are a potential factor underlying these differences. For example, in the
publications where a criterion to exclude complete data sets had been applied, the
percentage of excluded data sets is generally rather high ¢B6.4%), while no such
procedure had been applied in many other publicatign® most of which it was indeed
apparent from the data that no complete data sets were excluded. In general, given the
various applied data mand exclusion procedures, the appatemariation between
publications with regard to the amount of excluded data is not surprising, though
comparisons are inherently difficult due to the various approaches.
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3.1.4.Discussion

We identified ten wearable light meters from studies on light exposure and myopia in
humans, and included 20 publications in our analysis of research methods, two of which were
reanalyses. The devices show large differences, for example in how they angavdneir lux
measurement range and spectral sensitivity. In the following, aspects related to the devices,
as well as publications and research methods will be discussed and put into context. For the
considerations mainly related to light meter characistics, the devices will be grouped
based on how they are usually worn. We will conclude by presenting a list of aspects that, in
our opinion, should be considered when investigating LMA.

3.1.4.1.Light Meter Characteristics Devices Attached Over Clothing

The HOBO Templ/Light data logger is generally worn over clothirgy, attached with
a pin, and was used in the earliest publications. Its spectral sensitivity strongly deviates from
the photopic luminous efficiency function, with the manufacturer stating that the light sensor
measures a much wider wavelength spectrum thianhumanly visiblgOnset Computer
Corporation, 2018 ) | BT OOAT 01 Uh 11 00 T OEAO AAOEAAQDG
photopic luminous efficiency function, albeit they sed¢mdeviate less strongly. Wearing the
HOBO Temp/Light data logger may be more laborious compared to other light meters, and
as it is usually worn forwarthcing on clothing, it may easily be coveredg.ewith a jacket.
Also, the device can probably be worn during fewer activities than some other devices. For
example, it is impractical to wear at nightthough this is presumably not a large problem
when investigating bright lighz and even though it isvaterproof, showering or swimming
with it would be dffficult due to its usual ways of wearing. Comparable considerations also
apply to MyLyt, which, however, was not used in any of the publications included in the
analysis of research methods. Aspects like these might have played a role in the four earliest
publications not finding LM/A though the two most recent publications with the HOBO
Temp/Light data logger did find LMA, both including a large number of participé®. Li
et al., 2022; Wu et al., 2018&urthermore, in both publications, teachei/u et al., 2018)r
teachers and parentéS-M. Li et al., 2022)vere instructed to monitor device wear, anslu
et al. (2018)only analyzed irschool times regarding objective light exposure. In general,
there are some challenges regarding the wearability of devices attached over clothing, and
for the HOBO Pendant Temp/Light data logger, one may also want to consider the spectra
sensitivity function strongly deviating from the photopic luminous efficiency function.
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3.1.4.2.Light Meter Characteristics Devices Worn on Spectacles

Clouclip and Vivior Monitor are spectaadorn and thus measure eyevel light
intensity z on the other hand, their way of wearing as well as the fact that neither one is
waterproof restrict potential activities. No publication with Vivior Monitor is udgd in the
analysis of research methods, but interestingly, all three publications based on Clouclip data
report LMA(Bhandari et al., 2022; L. Li et al., 2020; Wen et al., 20@8asuring of eydevel
light intensity may thereby play a role, as light entering the eye is probably more relevant for
myopia (development) than general ambient illumination. Another potential limitation of
spectacleworn devices is that myopic and nanyopic participants are subject to different
alterations during data acquisition, since the former mostly do and the latter do not wear
spectacles in real life. Indeed, in a study wi-graders wearing Clouclip, myopic
participants reached the required weag time more often than emmetropic participants
(Wen et al., 2019)TEA AOOET OO0 AEOAOOO 1| POEI Eumy ¢ OEA
constructing it as an earphon@Ven et al., 20195omething comparable has, for example,
been implemented in the Daysimeter, a device designed to measure circadian light
exposures: The photosensors of the Daysime®eare positioned at the plane of the cornea,
but no spectacles are necessary for wearfRgueiro et al., 2013pverall, the possibility of
measuring eydevel light intensity provided by spectachorn devices may be especially
relevant when investigating LMA, while other aspects of these devices pose important
challenges for field research.

3.1.4.3.Light Meter Characteristics Devices Worn at Wrist

Wrist-worn devices, if waterproof, can be worn at almost all times. We identified six
wrist-worn devices, five of them labelled waterproof per IPX7 (the Actiwatches) or IP68 (Sony
Smartwatch 3 used for FitSight). Ydtranklin(2020)found the Actiwatch 2 seals prone to
leaking in 40°C water and thereafter advised participants not to shower, bath, or swim with
the device, remarking that the water resistance recommendation is based on a cold water
test (Franklin, 202Q)Wristworn devices may be covered bblothing, and how problematic
this might be likely depends on circumstances like the weather. Light exposure at wrist has
been shown to substantially deviate from that at eleel z more strongly than light
exposure measured at chest or at the cofAarts et al., 2017; Figueiro et al., 2Q01Bjus,
wrist-worn devices do not seem to measure dgeel light intensity, while measurements
near the chest appear to match the latter more closgtiartmeyer et al., 2022)Systematic
variations have even beendad, eg., wrist measurements tending to overestimate el@vel
light exposure in indoor conditions and to underestimate it in outdoor conditi¢ietmeyer
et al., 2022) All these aspects may influence light measurements, and confound comparisons
between measurements with devices worn at different body locations. Thus, while the easy
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wearability and (in most cases) water resistance of wistn devices post clear advantages
for field studies, aspects like accidentally covering them or their measurements deviating
from that of devices positioned closer to the eyes are potential chgksrwhen measuring
light exposure.

3.1.4.4.Time of Publication

The earliest publication included in the analysis of research methods stems from 2011
(Backhouse et al., 201,130 this field of research is relatively young. Noticeably, the four
oldest included publications do not support LMAlvarez & Wildsoet, 2013; Backhouse et al.,
2011; Dharani et al., 2012; Schmid et al., 2008 may speculate whether aspects such as
the lack of established procedures or experience regarding compliance enhancement or
exclusion of data play a role. For example, as compared tstmther publications, no or only
few data preprocessing was conducted. However, said publications also share other criteria
like the light meter, and no conclusion regarding LMA can be drawn based on time of
publication alone.

3.1.4.5.Type of Study

The finding of longitudinal, but not crossectional, studies using light meters
reporting associations between higher light exposure and slower eye gr@vitigham et al.,
2020)is not reflected in our analysis, as results supporting LMA have been reported in both
types of investigations. The fact that LMA have been found cismsionally may suggest
OEAO A PAOOI 180 AOEGCEO | ECE GQadi@mayingedaykdaE O OF |
role in whether or not myopia had developed earlier in their. I the other hand, these
crosssectional results could also be explained by myopic participants being more likely to
spend time indoors than emmetropic participants.

3.1.4.6.Sampling Interval and Measurement Duration

I OAIl Pl ET C2ninutésfabddek & Wildg&et,12013; Ulaganathan et al., 2017)
AT A A T AAOCOGOAT AT O AluQahadar dt al. | 2@ have bedn Aropesdd E
to ensure reliable (outdoor) light measurements. These settings should be considered when
planning measurements, as,@, Ulaganathan et al(2017)note that differences in these
aspects may be one factor underlying betwestudy differences in findings regarding
personal ambient light exposure though since the recommendations are fulfilled in most

151



Study 4

publications included here, it is unsurprising that no pattern regarding results on LMA was
apparent.

3.1.4.7.Geographic Location

Data onobjectively measured light exposure with regard to myopia is missing for
most parts of the world as the publications originate from only six countries. Interestingly,
some LMA in schoedhged children were discovered in all five East Ag¥arHe et al., 2022; L.

Li et al., 2020; SM. Li et al., 2022; Wen et al., 2020; Wu et al., 2048) not(Dharani et al.,
2012)or only minimally(M. Li et al., 2021ih both Singaporean publications, despite the high
myopia prevalence in school children in both regidqisng et al., 2017)Here, one may
consider the overall time spent in bright light. For exam@ead et al(2014)speculate that
Dharani et al(2012)may not have found a difference in time outdoors between myopic and
emmetropic participants because some of the latter were already on their way to becoming
myopic due to low overall light exposure. They also note the consistency of this with the high
myopia prevalence in SingapofRead et al., 2014)n the Singaporean publicatioiPharani

etal, 2012M. Lietal.,202h) 1T OAOAIT 1T |1 AAT 1 B@BIGwerdréddidedd AT A
compared to the one East Asian publication with this information available (for more than in
school timesWen et al., 202 As participants in the latter were on average older than in the
Singaporean publications, one would rather expect a reverse pattern. Even though this is
speculative and based on few data, it is worth to keep an eye on. Also, data from other parts
of theworld is needed for a more comprehensive pigwf LMA.

3.1.4.8.Season

Due to the relationship between myopia development and seafoui et al., 2013;
Donovan et al., 2012; Gwiazda et al., 201the latter may potentially influence the
measurement of LMA. Yet, seasons were not only very diverse between publicatieis
acquisition was also often not controlled in this respect, and only three publications
investigated season with regard to LMAyielding mixed results. It would be advisable to
control and investigate season more thoroughly in research on LMA, a firstlstemm to
always specify the time and season of data acquisition. Also, one should control season with
regard to participant groups, for example by matching participants from different groups to
simultaneously wear the light meter aRead et al.(2014)did. Importantly, season and
geographic location are of course intertwined.
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3.1.4.9.Participant Sample Size and Characteristics

There is large betweepublication variability in sample size and participant age.
Publications with a larger sample tended to support LMA more often than others-vige,
there were only four publications on adults and 14 on childrevith one and nineof them
supporting LMA, respectively. Due to the low number of publications with adult data,
comparing adult and child publications regarding the proportion of publications (not)
reporting LMA is not that informative. As axial myopia usually appears dwimldhood and
youth (Morgan & Rose, 2005t does make sense that the focus lies primarily on these ages.
Furthermore, with the large age (range) variance between publications with children, it is not
surprising that no pattern emerged regarding age and results on LMA. However, age should
be inwestigated further with respect to potential protective effects of light exposure: Since
myopia development does not happen in the same way across all of childfdohan &
Rose, 2005)more knowledge on relevanages for the influence of light exposure may
improve the development of preventive measures. With respect to sample characteristics,
homogeneity regarding relevant behaviors may also be of interest. For exarBpidield et
al. (2019)speculate that due to similar schedules, their sample of emmetropic and myopic
young adult university members may have been too homogeneous in light exposure and
sleep wake patterns to uncover associatiopd this case, primarily regarding light expasu
and diurnal rhythms. Of the four included publications investigating adults, three had a
university student sampléAlvarez & Wildsoet, 2013; Schmid et al., 2013; Ulaganathan et al.,
2019b)and one had a sample with unspecified occupatiphsit with amean age of 3years
(range: 2%z64), participants were probably not (exclusively) studgi@strin, 2017)While this
point is indeed interesting, four publications are not sufficient to analyze whether such
homogeneity in adult participants may play a role in the results. However, it should be kept
in mind, especially since lack of diversity in samples cara llarge problem for analyzing,
interpreting and generalizing results, as is well known in psychological resédesirich et
al., 2010)In any casewyhile there is no clear picture as of yet, potential associations between
participant age and LMA may become clearer with more data in the future, and aspects such
as sample homogeneity in relevant characteristics should be considered.

3.1.4.10.General Time Spent in Bright Light Levels

The overall time participants in a sample spent in bright light has been suggested to
affect LMA by concealing them due to an overall low expog&tanagan et al., 2020; Read
et al., 2014)or by the protective effect of light exposure on myopia reaching a ceiling effect
in case of overall high exposuf@ordonShaag et al., 2021We discovered large between
DOAI EAAOQET T OAOE A APIOEX)ahd dérag®lighdIévals. importanty GtE O 6
is difficult to determine how much of this is ke on variability in actual light exposure versus
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on measurement differences,.@, due to device specifications or ways of weargipough

findings such as Clouclip having been used in both the publication with the(Bhahdari et

al., 2022)and the most reported 1,000lux exposurgWen et al., 20203uggest that the

device is not the only factor responsible for such variability. More research is warranted to
detangle these aspects also including betweespublication differences in analyzed times

and whether different devices are comparable regaglithe measurement of time in
>1,000luxzAT A AOOAOO OEA EI Pl EAAOCEITO T &£# A pPi bOI A

3.1.4.11 Assessment of Refractive Status as Well as Classification and Proportion of
Myopic Participants

Some betweenrpublication variability was also discovered regarding the assessment
of refractive status, and the classification and proportion of myopic participants. While in
most publications, direct measures of refraction were used to assess refratdittes ssome
applied indirect measures. For an SB&ed myopia classification, the commed.50D SER
cut-off was mostly used, and the underlying refractive status measurements were either non
cycloplegic subjective refraction, cycloplegic autorefractianio one case, unspecified. The
percentage of myopic participants ranges from 4.4%anklin, 20200 85.2%(Alvarez &
Wildsoet, 2013petween publications. Notably, of the three publications with the lowest
(Franklin, 2020; X. He et al.,, 2022; Wu et al., 2C&) highest proportion of myopic
participants(Alvarez & Wildsoet, 2013; Ostrin, 2017; Schmid et al., 2008) those with a
very large sample size strongly support LNDA He et al., 2022; Wu et al., 201Bpwever,
whether this observation is ganingful cannot be determined with the few included
publications. In any case, it is important to consider that measurement, definition and
distribution of participant characteristics may influence analyses and results.

3.1.4.1210-Cut-Off

One extremely relevant aspect when assessing light and outdoor exposure isthe 10
cut-off. In all but ongSchmid et al., 2013)f the 15 publications using an 4€t-off, it was
set at 1000lux. Own premeasurements to determine sai@-cut-off were only mentioned
in three publicationgAlvarez & Wildsoet, 2013; Schmid et al., 2013; Wu et al., 2618)
although 1000lux is widely accepted as 1€ut-off even beyond this specific research field, it
is indeed questionable if it is always appropriate for the given circumstances. In fact, other
|O-cut-offs have been applied before,ge, 800lux with CloucligWen et al., 2019r 200lux
with the Actiwatch Spectrum(Refinetti, 2019) Two aspects in particular are important,
namely (1) whther 1000 lux is an accurate coff to distinguish indoors from outdoors, and
(2) how comparable measurements ofOQ0lux are between different light meters.
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Regarding (1), one study,@, reported measurements of £000lux not only outdoors, but

also indoors near a window even with a calibrated photométwell et al., 2021)Although
perfectly distinguishing indoors from outdoors via any one solelydaged IQcut-off is most

likely impossible, such findings do call into question wheth@®0QIux is in fact the ideal O
cut-off in any given situation to classify environments as accurately as possible. For example,
as lighting conditions are darker innter than in summer, different I@ut-offs may be useful

in different seasong with the same IGcut-off, time outdoors may be overestimated in
summer and underestimated in winter. Regarding (2), it hag,, @een found that despite a
generally high correlation between lux measurements of Clouclip, Actiwatch 2 and a
photometer, the lux values corresponding tg0Q0 lux as measured with the photometer
were 533.151x for Actiwatch 2 and 85dix for Clouclip(Howell et al., 2021)importantly,

these values ADOAOAT O OEA AAOEAAGE 100 1 AAOGOOAIT AT (
measured 000lux and not their best I&ut-off z but the finding does underline the notion
OEAO AEAEAEAAOAT O AAOGEAAOGG 100 I AAOCOOAI AT OO AA]
This is also represented in the fact that the Actiwatch 2 underestimates lux compared to a
photometer, while the opposite is true for the Actiwatch Spectryfigueiro et al., 2013;
Howell et al., 2021; Markvart et al., 201%urthermore, our own research (Honekog&
Weigelt, unpublished dat8) suggestghat even when worn at exactly the same time, some
light meters are better at correctly recognizing indoor than outdoor time and vice versa with
the 1,000lux IG-cut-off. Furthermore, other IGcut-offs, which varied between devices, were
more accurate. These findings also suggest that (@pQlux is not always an accurate-O
cut-off and (2) 1000lux measurements are not necessarily comparable between devices.
1,000lux not always accurately separating indoor and outdoor locations may partly explain
the often poor correlation between objective ansubjective outdoor time estimations
(Mahroo et al.,, 2013)Iin fact, other IGcut-offs have sometimes been found to better
correspond to subjective measuré®harani et al., 2013; Wen et al., 202%hat needs
consideration here is if one actually aims to assess time spent outdoors vs indoors with this
IO-cut-off, or if one rather wants to investigate time spent in brighter vs less bright light
ET OAT OEOEAOh O OCEIHAE AOCA GbiHiAEEBBICA GICEOATTTADAI (
particularly interested ithe environment participants were actually in. The former mag, e

be the case if one is (also) interested in influences other than higher light intensity that
outdoor environments may have on myopia developmédbwell et al., 2021)or example,
different chromatic spectra of indoor and outdoor light may play a role, as the spectral
composition of light has been found relevant with regard to emmetropization, ocular growth
and myopia development in animal moddErench et al., 2013; Muralidharan et 2021)

5The data in question isrpsented inStudy5 (footnote not included in the published paper).
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In the latter case,.&., if one primarily wishes to distinguish time spent in brighter vs
less bright light intensities, (1) is less relevartut it would still be problematic to compare
data from different devices if,000lux measurements were not comparable between them
as described in (2). If one actually wants to best distinguish indoors from outdoors, one could
consider including other measurements. For example, Vivior Monitor can additionally
measure UV exposure, whicould be used instead of twgether with lux data. The latter is
described for the Akeso eye care glasg¢ean et al., 2022)andYe et al.(2019)used lux, UV
and step data measured by Mumu in their model for indoatdoor discrimination.
Generally, more methodological assessments are needed with regard to implications of the
|IO-cut-off, and it is advisable to consider and test which-d@-off is best for an

ET OAOOECAOET 1860 AEOAOI OOAT AAOS

3.1.4.13 Analyzed Times for as Well as Exclusion and Replacement of Light Data

We detected large variability between publications regarding analyzed times of light
exposure and other data exclusion and replacement procedardss is especially relevant
for comparing results of different publications. Usefulness and feasibility atemtial
procedures thereby depend on various factors like when the device can be worn,
circumstances of data acquisition, or outcome measures. Thus, while unification of
procedures would certainly be beneficial in some regards, it would presumably fiildifo
achieve. Yet, it is important to at least thoroughly report procedures as well as rates of data
exclusion and replacement, and to consider them when assessing or planning investigations.
For the sake of comparability and consideration of the @lgpicture, it might also be useful
to always report certain values.(g, mean lux during waking hours or between sunrise and
sunset), which can then be compared between publications, even if the specific study focuses
on other values.

3.1.4.14 Selected Relevant Aspects in the Study of Lightyopia Associations

We will conclude with a list of aspects which we believe are relevant to the study of
LMA with wearable light meters. Importantly, this list should not be considered exhaustive.

1 Choose the light meter to suit theircumstances of data acquisition.@e, regarding
battery life, water resistance, body position, wearability), thereby also considering
whether any device specificatiorzor not knowing theny are problematic.

1 Report the geographic location of data acquisition for comparability reasons.
Furthermore, it would be desirable if investigations on LMA were conducted in more
parts of the world than they are now.
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1 Likewise, report the season of data acquisition, and ideally consider it in study design
and analysis because of its potential influence on LMA.

1 Thoroughly report potentially relevant details of the participant sample, especially
those that the international community might not be aware ofde school entry age),
and keep in mind that sample homogeneity in relevant aspects might be problematic.

1 Thoroughly report the assessment of refractive status as well as the classification of
refractive error groups.

1 Choose the I&ut-off based on the circumstances of data acquisitiorg(edevice,
weather) and what is to be achieved with itde actual outdoor and indoortime vs
OET ATEERG AT AEDADOAIEICEOET ¢ AT OEOIT 11 AT 60N
investigations). Ideally, conduct prmeasurements for its determination and explain
your choice(s).

1 Consider which times to include in the analyses of light data, and which pre
processing procedures to apply.¢e any data exclusion and/or replacement), and
thoroughly report the procedures.

1 In this context, also report the amount of excluded and replaced data.

3.1.5.Limitations

Naturally, this review is subject to limitations as we were not able to cover all
interesting aspects with regard to the investigation of LM#for example, the differentiation
between autorefractor measurement methods (for the models used in each pulditatee
Supplementary Table 8, other visual assessments than that of refractive status and/or
myopia classification,statistical procedures to assess LMA or to jprecess data like
logarithmic transformation(Hartmeyer et al., 2022)r the variability in measurements of the
same light meter type (for device calibration and additional lux measurements reported in
each publicationseeSupplementary Table & Markvart et al., 2016

As per the dedicated focus of the review, we only investigated publications regarding
white light exposure (lux). Aspects like the spectral composition of light were not considered,
but z as pointed out earlieg are in fact very interesting regarding th@otective effect of
time outdoors on myopigFrench et al., 2013; Muralidharan et al., 202)d some light
meters can and have been used to measure the spectral composition of Agbbtt et al.,
2018; Harb et al., 2016)
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3.1.6.Conclusion

Various light meters have been used to assess the relationship between myopia and
light/outdoor exposure. These differ in various technical specificatipnet all of which are
publicly availablez and in aspects like wearability or how they are worn. ¥égewed the
literature on LMA with regard to general characteristics, data acquisition, participant
population, as well as data analysis and interpretation of the publications, discussing several
aspects that warrant critical consideration, for exampihe tcommon use of the,Q00lux 10
cut-off. We found very high betweepublication variability for many methodological
aspects, and extremely limited for others. This makes it conceivable that some of these
methodological aspects may contribute to betweguublication variety in the esults. The
between-publication variability in methodological aspects often being very high or barely
present may also impede the ability to find patterns between these aspects and results on
the association between myopia andjfit exposure. The considered aspects were usually
described thoroughly within the publications. Sometimes, information was missing, which
would have been important to comprehensively assess and compare the respective
publications. Missing information als@ccurred with regard to relevant light meter
specifications like their spectral sensitivity, and in some cases, it was not possible for us to
obtain them even after contacting manufacturers and/or authors.

In general, we demonstrate the wide variability between devices used for research on
myopia and light exposure and discuss the implications thereof. We additionally identify and
discuss relevant methodological aspects of the publications, highlightingssmehere more
research is needed and outlining factors that should be considered when planning similar
investigations.
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3.2.Study5:

Comparing Simultaneously Worn Light Meters: Light Exposure
Measurements, IndociOutdoor Distinctions and Implications for

Myopia Research

Abstract: Research on the association between objective light exposure and myopia uses
various light meters, which raises the question of comparability. Thus, we compared
measurements of different, simultaneously worn light meters, namely HOBO Pendant UA
002-64, Actiwatch2, Actiwatch Spectrum PRO, Clouclip M2, and Vivior Moni©ne
experimenter simultaneously wore five light meters that have previously been used in
research on light exposure and myopia foridirs thereby positioning the light meters as
they had been in prior investigations. We assessed the comparability of lux values|as
sensitivity and specificity of the common 1,0 indooroutdoor cutoff and of each light

i AOA 08 Ooffddtedriinedvid ROCurveanalyses. Furthermore, as some light meters
xAOA xT 01 11T Ox1 AAUOh xA AAI AOI AOGAA OAT OEC
indoor-outdoor cutoff. The light meters measured a similar light exposure pattern, but
varied substantially in their abdate values. All light meters exceeded 1,008 substantially
more often outdoors than indoors, but times drirequencies of correct classification by this
cut-off varied between them, as did the associated sensitivities and specifidiiest ofthe
determined best cuoffs were substantially different from the 1,00@0x cutoff and their
sensitivities and specificities outperformed those of the latt€he same was true for the

I OEAO AAUBJ O A Aofishh@limést afcdsesAu dde cArdd assume between
device comparability in lux measures or the 1,000 cutoff. Furthermore, an individually
calculated indooroutdoor cutoff determined in similar weather and lighting as during the
actual data acquisition mght improve classification. Térefore, when comparing results on
light exposure and myopia or translating them into practice, one should consider the light
meters and practices with which they were obtained.

This study is joint work with Sarah Weigelt.
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3.2.1.Introduction

The rising prevalence of myopia worldwide is concerr(ifglden et al., 2016hich
makes examining its pathogenesis all the more important. Increasing evidence from
investigations with wearable light meters indicates that light exposure may be an adjustable
environmental factor of myopia development: Bright light as well as outdiogght exposure
have repeatedly been associated with reduced myopia, sometimes even reduced myopia
progression(X. He et al., 2022; Mirhajianmoghadam et al., 2021; Read et al., 2014, 2015; Wu
et al., 2018)Not all investigations detect these associatiofizharani et al., 2012; M. Li et al.,
2021) however, and more research is also needed regarding the aspects that determine if
and to what extent bright (outdoor) light exposure is protective against myopia.

It is therefore important to compare investigations with varying characteristics
regarding times spent in different light intensities or indoorgrsus outdoors (most
commonly distinguished via a 1,00 cutoff; Dharani et al.,, 2012; M. Li et al., 2021,
Mirhajianmoghadam et al., 2021; Read et al., 2(Had potential associations with refractive
status. These investigations often differ in the light meters used. Thus, the question arises
how comparable measured light intensities are between differenavadble light meters.

Two devicerelated potential sources of variance in light measurements arelitite
metersghemselves and thejposition on the bodBetween devices, measurements may differ
due to different technical specifications such as spectral sensitivities. Their position on the
body may affect measurements because the sensors are oriented differently at different
wearing locations. There alrely is some research on both these factors individually, as well
as when wearinglifferent light meters at different bodgsgitions

Regarding thelight metersthemselves, it has repeatedly been shown that lux
measurements with different light meters deviate from those with a calibrated photometer
Z with the deviation being linear for individual light meters, but the absolute deviations
varying between thengfFigueiro et al., 2013; Howell et al., 2021; Joyce et al., 2D29)ations
in measurements between different light meters worn at the same body position have also
been found before. For example, comparing measurements of two light meters (Aatiwat
Spectrum and Daysimeter) simultaneously worn at wrist revealed significant betvidesice
differences in hourly geometric mean lux levels for most of the daytiRigueiro et al., 2013)
The respective figure (Figure Figueiro et al., 20)3hows that the differences were rather
large (often >100lux) in relation to the range of hourly geometric mean lux levels (all
<400lux for Actiwatch Spectrum & 200Ilux for DaysimeterFigueiro et al., 2013

7EOQOE OAODAA Opofition od Ehé bod\skv@ral Athd2$ report differences
between lux measurements of similar light meters worn simultaneously at different
positions. For exampleFigueiro et al.(2013)found significant differences between lux
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measurements of Daysimeters located near the eye and at wrist, but not between a device
near the eye and devices worn as a pin on the torso or a pendant around the neck. Using four
identical light sensorsAarts et al(2017Yeport illuminance measurement inaccuracies of 11
27% for measurements at wrist,-5/% for measurements at chest, and8% for
measurements on the side of glasses compared to measurements between the eyes.
Furthermore Wen et al(2021)discuss that lux measurement variations betweémigar light
sensors placed on different parts of the body increase with ambient illuminance. When
measuring 23,000ux in a skyward orientation, they measured 15,0@0at the line of sight

with a slightly upward face, 4,6d0x at chest and 2,300x at wrist(Wen et al., 2021)

Thus, it is not surprising that there can be deviations in measurementiffgrent
light meters at different body locatignfhough someevidence also suggests that the
differences may not be that pronouncedardim et al(2011)compared measurements at
wrist (ActiwatchL) and eyeevel (Daysimeter) in hospitalized, pesperative patients. In
light levels <5,000lux, the mean betweesdevice difference was ¥0lux, with an increased
difference in higher light levels. Importantly, the genetghting was rather dim with an
average light level of 156 (246)x measured at eyevel and 128 (118)x measured at wrist
for ICU (cardiac ward) participants, and only 0.3% of-leyel measurements exceeded
5,000lux (Jardim et al., 2011%enerally, data from this setting may not be generalizable to
normal, reaflife conditions(Hartmeyer et al., 2022)Aiming to compare the results of two
investigations on light exposure and myopia conducted with two different devices (HOBO
Pendant UA002-64 and Aciwatch 2),Read, Vincent, et al(2018)asked ten adults to
simultaneously wear both devices for &tinutes. While their data was highly correlated
(r=0.79 for mean light exposures10.95 for minutes of outdoor exposure atl;000lux) and
the betweendevice difference regarding minutes of outdoor exposure was MhSD =
0.4+1.1minutes, there was a significant difference df{677+11,048ix for mean light
exposure, again with the largest differences at high light levels. Mean light levels were
overesimated with the HOBO Pendant UB02-64 as compared to the Actiwatch(Read,
Vincent, et al., 2018)Van Duijnhoven et al(2017)had participants simultaneously wear
multiple light meters for4-8 hours. While comparing betweedevice light measurements
was not a focus of the investigation, large deviations in the measurements of six devices can
be seen in the figures with exemplary data, with, for example, differences of multiple hundred
lux at times z even when all devices measuredL00lux (van Duijntoven et al., 2017)
Comparing measurements over multiple dayghandari et al(2021)found systematically
lower illuminance measures by Actiwatch Spectrum Plus than Clouclip, with significant
AEEEAOAT AAOG ET 1 AAOGOOA A000IuR)GAd dailplighd ExpoBute. Ih | ET O
summary, differences between devices worn at different body positions have been found on
several occasions, but few studies have specifically focused on systematically measuring and
examining this over a longer period oifrte.
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Keeping all this in mind, the comparability of the common 1,000indooroutdoor
cut-off between different light meters is questionable, even in similar conditions. In some
cases, different cubffs were in fact used or discussed. For examplearani et al(2012)
used the 1,00ux cutoff in their investigation on diaryand light metermeasured time
outdoors and light levels in Singaporean children. Yet, it was later pointed out that a higher
cut-off may have been reasonable inste@idahroo etal., 2013) andDharani et al(2013)
agree, stating that 1,50ux would be the best cubff for evaluating indoor grsusoutdoor
activities.Howell et al.(2021)empirically derived 533.16x and 850ux as corresponding to
photometer-measured 1,00Qux for Actiwatch 2 and Clouclip M2, respectively. In general,
findings such as these underline that 1,008 is not necessarily the best indeoutdoor cut
off in all situations.

Here, we measured light exposure (IBixyith several, simultaneously worn light
meters that have been used in research on light exposure and myopia. Importantly, this is a
pilot study involving one subject and one device per type to obtain a sense of the magnitude
of betweendevice variability n lux measurements and the precision of indamnrtdoor
discrimination based on lux cudffs, as both factors are important for interpreting and
comparing results on the lightnyopia association. Through an activity log accurately kept
by the experimenter \uile wearing the light meters, we were able to thoroughly examine
their indooroutdoor discrimination ability. Prior investigations have shown differences in
light intensity measurements between various light meters and body locations, usually
comparing asmall number of devices, or measuring for only a short period of time, or not
specifically analyzing the data in this respect. In this study, we assessed light measurements
with five different light meters and six wearing locations from prior investigagiam light
exposure and myopia in an exemplary réifd field setting from morning to evening
(22hours).

3.2.2.Methods

Five different light meters were included in the study. We identified the light meters
and ways in which they have been worn in previous studies by conducting a literature search
for human studies on myopia and light exposure (lux), measured with weadaviees. We
could not include all identified light meters or ways of wearing. For example, we excluded
devices that were not commercially available as well as ways of wearing that were not clear

6 As generally done inesearch on myopia and light exposumee focused on the measurement of illuminance

(lux), whichz if not otherwise specifieq is defined as irradiance weighed by the photopic luminous efficiency

function \j )¥(Rijueiro et al., 2013; Ohno etal.,2020) 9 AOh EO OEI O1 A AA EADPO EI 1 ET /
AOOGEI AGETT EO 1106 Al xAUuO AAAOOAOAR AO OEAEdero@AAOOAI
al., 2013; Joyce et al., 2020)
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to us from the report. Devices that were only used in studies that were published after our
literature search were also not included@able 33 presents an overview of the included

devices, their technical specifications, the chosen body positions and logging intervals, as

well as the studies referred to for choosing these parameters. In cases we were not able to
obtain all relevant (technical) /&l Of AOET 1T &£01T i OEA OOOAEAO 1T 0O ¢
we contacted the manufacturers. We report instances as n/a if we were unable to acquire the
appropriate information. For devices with an adjustable logging interval, it was set as the
smallest oneused in prior studies with the same devices for our data acquisition.
Furthermore, a finer (inute) than default (minute) logging interval was chosen for the

6EOEI O -TTEOT O O Al AA1 A 2oiAudkeA fordbt&dnagysid (e AT 1T
Table 33& chapter3.2.2.). Ethical approval was obtained from the local ethics board at TU
Dortmund University, and the study adhered to the tenets of the Declaration of Helsinki.

One experimenter (AH) simultaneously wore the light meters in a field setting during
the day. Since both Clouclip and Vivior Monitor are worn on the right side of spectacles, we
could not include both devices in the same data acquisition. Thus, data vgasred on two
days, with Clouclip worn on the first and Vivior Monitor on the second day. All other devices
were worn on both daysrigure 33 displays how the devices were worn. Data acquisition
started prior to 08:30h and ended after 20:30h on both days. During data acquisition, the
experimenter logged the start and end of all activities as well as the timesafonment
changes from indoor to outdoor and vice versa. Furthermore, she always kept the devices
uncovered and it was prdetermined that at least three hours (i.e., 1/4 of the time between
08:30h and 20:30h) would be spent outdoors on each day during at leastditferent
occasions prior to sunset.

The data acquisition was conducted on September, 5, 2022 (Clouclip worn; day 1) and
September 6, 2022 (Vivior Monitor worn; day 2) in the City of Dortmund, Geym@n day
1, it was sunny, with temperatures between 18 and¢@90n day 2, it was sunny with minimal
clouds, with temperatures between 20 and 3D(Time and Date AS)Sunrise and sunset
times were 06:50h and 20:06h for day 1, and 06:51h and 20:04h for day 2, respectively
(sunriseand-sunset.com)
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(@) (b)

Figure 33. Light meter positions on (a) day ha (b) day 2 of data acquisitidDevices: i.
Actiwatch2, ii. Actiwatch Spectrum PRO, iii. HOBO Pendant-QUR-64 (attached on
pedestal), iv. HOBO Pendant U#02-64 (attached on collar), v. Clouclip M2, vi. Vivior
Monitor.
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3.2.2.1.Data Analysis

Data analysis was performed in Jupyter Notebook with Python 3.9.12. Data from
08:30nr20:30h was analyzed. Analyses were initially conducted at different logging rates:
/I'TAAR xEOE OEA 1T A OOCAA £ O AAOA AANOEOEOET T
at 2 minutes as a measurement frequencyminutes (or finer) has been found to provide
the most reliable outdoor lighexposure measures in an investigation using the Actiwatch 2
(Ulaganathan et al., 2017Jo stay in line with the respective deviod x AU | £ OAI bl EI
with instantaneous light logging were resampled by using evéhyogging entry. Those with
data logged as an average from a higher sampling frequency were resampled by averaging
the values oveR minutes each. Since little differences were detected between the analyses
of the original and the 2ninute logging rates, only the latter are reported here. Results of
the analyses with the original rates are includedSupplementary Table BD3. We did not

conduct any further data prgrocessing like artifact removal.

For day 1, Pninutes (0.3%) of data from four different timepoints are missing for
Actiwatch Spectrum PRO for the original logging, anchButes (1.1%) of data are missing
for the resampled logging. For Clouclip, Aftnutes (5.8%) of data from 13 different
timepoints data are missing for both logging rates. While we do not know why the Actiwatch
Spectrum PRO did not record light data for these brief periods of time, the missing Clouclip
data was most probably caused Ithe device going into sleep mode. &utilized version of
Clouclip (M2) does so if no movement is detected forsd@ondsz until movement is
detected again, but for at leastr@inutes(Bhandari et al., 2021No other data is missing for
any day or device.

Meansand standard deviations per day were calculated for all devices overall, and for
protocolled indoor and outdoor times separately. We determined sensitivity (i.e., percentage
I £/ AAOOAT 1T OOAT T O OELiodoluxd andspdcifiodyi (ile., ferbelthgd &f £E A A
actual indoor time correctly identified by X¥X000lux) of the 1,000ux cutoff for
discriminating indoor and outdoor environments for all devices, again for both days.
Furthermore, via ROQeceiver operating characteristicurve analysisthe best cutoff for

each device and day was determined by maximizing the sum of sensitivity and specificity.

3.2.3.Results

3.2.3.1.Variability of Mean Lux Values Between Devices and Days

Mean and standard deviation of the measured lux values are presented per device per
day inTable 34, both overall and split into protocolled indoor and outdoor times. These
values varied greatly between devices: lexample, the overall mean ranged from 9Bk
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(Actiwatch Spectrum PRO) to 6,92ix (HOBO Pendant UA02-64 attached on collar) on
day 1, and from 42Rix (Actiwatch Spectrum PRO) to 8,0B& (HOBO Pendant UA02-64
attached on pedestal) on day 2. Similarly, the devices differed substantially with regard to
their indoor and outdoor mean values.

Furthermore, therewasvariability in the mean values between the two days for the
four devices worn on both. This is not surprising, since weather conditions as well as activities
and outdoor times were not similar between days. Interestingly though, the devices worn on
both days vaied in their differences between the dayBor both Actiwatches, the overall,
indoors and outdoorsnean valuesverelower on day 2 than day 1. Albeit by a much smaller
magnitude, the samavastrue for the indoor means for bottHOBO Pendant U&A02-64
devicesz but their overall and outdoor mean valuesere higher on day 2 than day 1. Thus,
xEETA TTA x7TOIA ETEZO £EOI I OEA ' AOExAOAEAOQC
exposed to brighter light on day 1 than day 2, one would come to the opposite conclusion
when considering the HOBO values.

3.2.3.2.Indoor Versus Outdoor Mean Lux Values

As expected, the mean values measured outdoors were always higher than those indoors,
although the magnitude of difference varied greatly between devices. Also, all indoor mean
values lay below the commonly applied 1,d0Q indooroutdoor cutoff and all outdoor
mean values but that of the Actiwatch Spectrum PRO on day 2 exceeded T {dxe 34).

170



Study 5

Table 34

Means and Standard Deviations of Lux Measurements per Device per Day

device overall indoors outdoors
day 1
Actiwatch 2 1,319 674 2,829
(4,215) (3,036) (5,877)
Actiwatch Spectrum 934 827 1,186
PRO (3,449) (3,973) (1,623)
HOBO Pendant 6,921 997 20,799
(collar) (23,227) (3,365) (38,755)
HOBO Pendant 5,762 782 17,429
(pedestal) (16,476) (2,985) (26,311)
Clouclio M2 1,303 405 3,331
P (3,239) (835) (5,166)
day 2
Actiwatch 2 929 274 2,403
(3,034) (990) (4,959)
Actiwatch Spectrum 422 175 970
PRO (595) (254) (749)
HOBO Pendant 8,011 955 23,902
(collar) (28,166) (1,783) (46,992)
HOBO Pendant 8,039 732 24,495
(pedestal) (30,383) (2,009) (51,011)
Vivior Monitor 15 154 1,959
(1,221) (150) (1,581)

Note. All values are given as mean (standard deviatie®f(PpBO Pendant refers to

HOBO Pendant UA02-64.

3.2.3.3.Variability of Maximum Lux Values

No ceiling effect in the measurements was detected for the devices with a known
measurement range (se€able 33), since none of them reached its upper endespite the
very bright weather conditions on both days. On day 1, the maximum values varied between
35,39dux (Clouclip) and 176,3kix (HOBO Pendant UA02-64 attached on collar). On day
2, they ranged from 3,598x (Actiwatch Spectrum PRO) to 198,40% (both HOBO Pendant
UA-002-64 devices). The low maximum value of the Actiwatch Spectrum PRO on day 2
compared to the other devices as well as day 1 (44,692 lux) is noticeable. Data inspection
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revealed that the Actiwatch Spectrum PRO seldomly measured valBS00lux on day 1 as

well, doing so only on a few occasions in the afternoon and early evening: As can e.g. be seen
inFigure3¢h T T1T U OTT A T &£ OEA EECEAOO PAAEO AAOxA/
data exceeded said value. The Actiwatch 2, which was worn adjacent to the Actiwatch
Spectrum PRO, also recorded a lower maximum value on day 2 (2Bx)58ersus day 1
(41,584lux), but the extent of the difference is much smaller. Generally, it seems unlikely that

this surprisingly low maximum value of the Actiwatch Spectrum PRO on day 2 was a result of
measurement complications, especially since the experimenter made sureeé&p khe

sensors uncovered at all times. The overall rather low lux measurements of this device will be
discussed further ichapter3.2.4

3.2.3.4.Patterns and Absolute Values of Lux Measurements Over Time

The lux measurements of all devices on both days are displayed owneritiFigure
34, revealing that while the measured values of the individual devices feltbavgenerally
similar pattern, theraverehuge differences between their absolute values, which sometimes
even considerably exceed 100,000ux.
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Figure 34. Lux measurements oflbdevices plotted over time for both measurement days

Gray (white) background indicates protocolled indoor (outdobrif AAOET T 8 %WAAE AAL
displays the complete range of measured lux values. The respective bottom plot displays the

lower lux values (®,000lux) at a higher resolution, as indicated by the black arrow between

the top and bottom plots.

3.2.3.5.Visual Assessment of the 1,000 Lux COXff

417 AAOOAO OAPOAOGAT O OEA AAOGEAAOGS 1 AAOOOA;
lux levelswe present their lux measurements for each day on a log scale, both for the devices
separately as well as together. Whitegure 35 provides examples for the classification of

indoors versus outdoors by the ayr horizontal line indicating said cubff, Figure 36 and
Figure TP OAOAT O OEA AAOEAA @dy1bndl A @&épechvlly. | O OAIT OAC
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- \)/\/7 (b)

(d)

Time

Figure 35. Exemplary correct and incorrect
indoor and outdoor classifications fdtigure
36 and Figure 37 (cut-out from Figure 36).
The red line indicates measured lux values,
gray (white) backgroundndicates protocolled
indoor (outdoor) location. The gy horizontal
line is drawn at 1,00lix. The exemplary
classifications by the 1,000x cutoff are as
follows: (a) correctly classified as indoors, (b)
correctly classified as outdoors, (c) incorrectly
classified as outdoors, (d) incorrectly classified
as indoors.

Therein, 1 is readily apparenthat the readings of all devices exceeded 1,000
substantially more often outdoors than indoorsbut also that the times and frequencies at
which classification would be correct based on this -ofit vary between devices.
Furthermore, the figures show that a correct classification of all measuradesdased on a
single lux criterion is hardly possible: For each device there were values recorded indoors that
exceeded values recorded outdoors. As would be expected, this is prinzabiyt not
exclusivelyz the case when having been outside towards evening (last outside time on both
days) or for indoor activities near windows. For example, on day 1, the experimenter spent
time near a window from 15:24h5:56h and from 18:00lb8:29h. The same was true for
17:58kR19:19h on day 2. Ignoring such periods would markedly reduce the amount of these
overlaps, but would hardly be realistic for a normal daily routine.
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Figure 36. Log-scaled lux measurements plotted over time for day. Gy (white)

background indicates protocolled indoor (outdoor) location. Thaygnorizontal line is drawn

at 1,000lux. This cuoff results in a correct classification of the environment whenever the
AAOEAAGO COADPE ££AI1 1 O afbAdkdrownd énd ExCeeds E in #ontlbfla A£OT 1
white background.
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Figure 37. Log-scaled lux reasurements plotted over time for day. 2Gay (white)
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3.2.3.6.The 1,000 Lux CHOff Sensitivity and Specificity: Magnitude and
Variability

Sensitivity (correct classification of actual outdoor time as outdoors) and specificity
(correct classification of actual indoor time as indoors) of the 1|08@utoff for each device
and day can be seen ifable 35. Over all devices and both days, the sensitivitiesedr
between 35.7% and 96.3%, and the specificities between 72.0% and 99.6%. Furthermore,
some devices shogd a higher sensitivity than specificity, and others vice verdlaus, some
werebetter at correctly recognizing outdoor time than correctly recognizing indoor time and
vice versa. For example, both Actiwatches extelisensitivities of $0% and specificities of
>90% on both days. Thus, with the 1,00& cutoff, more than 50% of the time spent
outdoorswas incorrectly classified as indoors, while only less than 10% of the time spent
indoors was incorrectly classified as outdoors. Conversely, the HE&@lant UA002-64
(collar) hal a sensitivity of 91.2% and a specificity of 72.0% on day 2, thereby exhibiting a
reversez albeit less extreme pattern. Potential betweendevice differences like this should
be kept in mind when comparing indoor and outdoor times measured with different devices,
evengz or especially if the cutoff was kept the same.
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Table 35
Sensitivity and Specificity of the Environment Classification With the 1,000 1@ &
AAE $AOEAAGO ©AOAOI ETAA "AOO #00

1,000 lux cutoff best cut-off
device sensitivity  specificity cut-off (lux) sensitivity specificity
day 1
Actiwatch 2 49.1% 91.7% 460 79.6% 86.6%
Actiwatch
0, 0) 0, 0,

Spectium RO 40-6% 90.4% 260 81.1% 74.0%
HOBO Pendant g4 o, 83.0% 1380 91.7% 90.9%
(collar)

HOBO Pendant o 5, 88.9% 1050 96.3% 89.7%
(pedestal)

Clouclip M2 69.2% 92.8% 840 71.1% 91.5%

day 2
Actiwatch 2 45.0% 97.2% 370 75.7% 88.8%
Actiwatch
0 0 0, 0

Spectum PRO 357% 97.6% 310 83.0% 85.1%
HOBOPendant g, g4, 72.0% 2590 81.1% 93.6%
(collar)

HOBO Pendant o 4, 78.0% 1900 83.8%  96.4%
(pedestal)

Vivior Monitor ~ 72.3% 99.6% 550 90.2% 98.4%

Note. The best cutoff was determined for each device and day by maximizing the sum of
sensitivity and specificity via ROC curve analyses. HOBO Pendant refers to HOBO Pendant
UA-002-64.

3.2.3.7.Best CutOffs From Maximizing Sum of Sensitivity and Specificity

Table 35 also presents the best cuiffs for each device and day, calculated by
maximizing the sum of sensitivity and specificity via ROC curve analyses. There are, of course,
other approaches to obtain the best coff as well, and choosing one ideally depends on
what is deemed important. For example, if one wants to identify as much outdoor time as
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possible, even at the cost of misclassifying more indoor times as outdoors, one should choose
a cutoff with a high sensitivity while accepting a lower specificity.

The determined best cubffs varied substantially between devicds. many cases,
both the cutoff value and the associated sensitivities and specificitiba deviceexhibited
large differences between the 1,00@x and the best cubff. Strikingly, the sensitivities for
the Actiwatches on both days increased fronb8% for the former to ¥5% for the latter.
Logically, the associated specificities decreased somewhat, but by a much smaller
i ACTEOOAAY 7EEI A OEA | AOE x A O% &ndl &763% GidghkrdoE OE O E ¢
the best cutoff than for 1,000 lux, the specificities were only between 9.3% and 21.5% lower.
Generally, despite the fact that a clear cut between indoor and outdoor environments
based on light intensity alone is hardly possible, it is apparent that high sensitivities and
specificities can be achieved for the given environmental conditions: Fob#st cutoffs, all
sensitivity and specificity values were/0%. Three out of five devices on day 1 and four out
of five on day 2 exhibited 80% for both measures, and HOBO PendantQ¥2-64 (pedestal;
day 1) and Vivior Monitor (only used on day 2)regehibited >90% specificity and sensitivity.
In comparison, the only cases with both measured0% for the 1,00Qux-cut off were the
HOBO Pendant UA02-64 devices on day 1.

The best cutoffs also varied between days for the devices deployed on Qatkien
given the relatively similar weather and outdoor light conditions on both days. Importantly,
AOGAT A OAOEAO 1 AOCA AE AEAAIRAdiwedh daydioesd@ fnpO AT A A
that the best cutoff calculated for one day would necessarily have low specificity and/or

OAT OEOEOEOU ET Al AOOEAUET ¢ OEA 1T OEAO AAUBO A

3.238Cut-Of f Sensitivity and Speci fiOfi ty Usii
Table 360ET xO OAT OEOEOEOU AT A OPAAEMEoAdBEOU xEA

AAU O1 Al AOGOGEZAU OEA 1T OEAO AAUBO AAOA £mEI O OE!

sensitivity and specificity were still rather high for all four devices: Agairyadlles were

>70%, most of them even 80% or 00%.Alsch OOET ¢ T T A [ AAOOOAI AT O

cut-l ££ OT Al AOOE AWendralhfled tod&tdr Gengitiditled add spekifizifies

(when aiming at maximizing both measures) than using the 1]080cutoff. This was

especially the case for the two Actiwatch devices. For the HOBO Pendlsi02-64 devices,

OEA 1T OEAO -Afperfodedditér Ghanki@ @,00ix cutoff in three out of four

casesas well, though only slightly soOnly for the HOBO Pendant UA02-64 device

mounted on a pedestabn day 1, the 1,00@x cutoff exhibited a slightly higher sum of

sensitivity and specificity than théay 2best cutoff.
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Table 36

Sensitivity and Specificity of the Environment Classification of Each

$ A OE A A 8 -Off for A& GthettMe@surement Day

device sensitivity  specificity
day 1
i Al AOOEAEAA xEOEOfAAOEAR
Actiwatch 2 80.6% 85.0%
Actiwatch Spectrum PRO 76.4% 78.4%
HOBO Pendant (collar) 83.3% 94.1%
HOBO Pendant (pedestal) 89.8% 92.1%
day 2
i Al AOOEAZEAA xEOEOfAAOEAR
Actiwatch 2 71.2% 90.8%
Actiwatch Spectrum PRO 83.9% 81.0%
HOBO Pendant (collar) 85.6% 78.8%
HOBO Pendant (pedestal) 90.1% 80.4%

Note.HOBO Pendant refers to HOBO Pendant{082-64.

3.2.4.Discussion

In analyzing data from light meters simultaneously worn from morningtening in
Al AgAi pl Au ZEAI A OAOOET ¢ch xA I O1T A OEAO x
generally similar temporal pattern, their absolute values as well as overall, indoor and
outdoor mean values varied substantially. The latter was also #ee dor the maximally
measured lux values. Thereby, no ceiling effect was found in the devices of which the
measurement range is known to us. Furthermore, the devices worn on both measurement
days varied in their betweedays differences: Actiwatch 2 andc#watch Spectrum PRO
measured higher overall, outdoor and indoor mean lux values on day 1 than day 2, but for
both HOBO Pendant UM02-64 devices, the opposite was true for overall and outdoor mean
lux values. Possibly, betweettevice differences in thetechnical specifications may underlie
this pattern, for example regarding their differing spectral sensitivities (Bakle 33).

AEA 1 AOCA AEOAOADPAT AEAO AAOxAAT OEA AAOGEA
the low values of the Actiwatch Spectrum PRO particularly stand out, especially on day 2.
Since we only had one device per type, we cannot exclude with certainty that samyettas
defective on individual devices. However, in our opinion, a number of things suggest that the
measurements may well have been accurate. For example, the relative variations in intra
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device measurements over both measurement days are very similar for all devices, and there
are e.g. high differences between the lux values of the HOBO Pendar2024%4 devices

and all other devices, not only the Actiwatch Spectrum PRO. With respect éaoHBBO
Pendant UA002-64 devices, it should be noted here that their spectral response differs
considerably from the other devices in that it ranges much more into both the ultraviolet and
infrared spectrum, with a peak sensitivity in the latter. This doexkplain the extremely high

lux measurements of said devices compared to the others in outdoor settings, as the
wavelengths of sunlight extend into both these spectra. With regard to the Actiwatch
devices, both of them measured markedly lower lux valuasday 2 than on day 1. While
there is not much data on the Actiwatch Spectrum PRO or other devices of the same series,
(large) measurement differences between the Actiwahand other devices have been
found before. For example, the Actiwatéhhas exhilied a lower empirically derived cgff
corresponding tophotometer-measured 1,00Qux than the Clouclip (533.15« vs. 850ux;
Howell et al., 202)las well as a 4,677+11,048 mean difference in light exposure compared

to the HOBO Pendant UA02-64 in data from ten adults who simultaneously wore both
devices for one houiRead, Vincent, et al., 2018)ctiwatch?2 also (linearly) underestimated

lux compared to a photometer, especially in high light intensittewith the Actiwatch2
output being about 30% of the photometer output under LED illumination (Fegzat inJoyce

et al., 2020 and about 4660% for sunlight measurements (Figure 3fJmyce et al., 2020
Joyce et al., 2020 The Actiwatch Spectrum Plus, which is mostly similar to the Actiwatch
Spectrum PRO and includes the same light sensor, measured a systematically lower light
exposure (mean: 216x) compared to the Clouclip (mean: 34X), when both were worn by
adults for a week(Bhandari et al., 2021)Visual inspection of data published by their
manufacturer shows that Actiwatch Spectrumthe predecessor model of the Actiwatch
Spectrum PROz and Actiwatch2 measurements not only deviated from photometer
measurements in different lighting conditions, but also from each other, with the direction
and intensity of deviations varying between various lighting conditions. In sunlit and outside
situations, both deices measured lux values that wegesometimes considerably lower

than the values measured by a photome{&oninklijke Philips N.V., 2008Jhus, while faulty
measurements of individual dewes can of course not be ruled out with certainty, the
presence of large deviations between all devices and prior data suggest that the generally
large differences in lux measurements we found are, in fact, valid.

For all devices, a large distinction between the measured indoor and outdoor mean
lux values is apparent, though the magnitude of this distinction varies between devices. Still,
all indoor mean lux values lay below the commonly applied 1l00@utoff to distinguish
indoor from outdoor environments, and the opposite was true for all outdoor mean lux values
except that of the Actiwatch Spectrum PRO on day 2. Also, the lux measurements plotted
over time inFigure 35andFigure TOET x OEAO Al 1l AAOEAAOGIud AAOGDOO
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substantially more often outdoors than indoors and vice versa, but times and frequencies of

a correct indooroutdoor classification with this cubff again varied between devices. The

OAi A APpPI EAO O OEA AAOEAA Gdf: SOkeldeyieed &xiiiit€d U AT A
a higher sensitivity than specificity, others vice versa. The relation of sensitivity and
specificity also relates to whether a device generally everunderestimates outdoor or

indoor time, which is, for example, relevant whdnOOA OOET ¢ DPAOOEAEDAT OO
outdoors or indoors. However, this estimation of time spent in either environment not only
depends on correctly, but also incorrectly classified times, so whether there is a general over

or underestimation of timespent outdoors or indoors additionally depends on the relation of

time actually spent in either environment. Thus, in addition to sensitivity and specificity, it is
important to consider the (expected) actual time participants spend in either environment

when attempting to estimate whether one is more likely twevestimate or underestimate

total time indoors or outdoors with a particular device.

Due to all this, it is not surprising that the best @fts, calculated by maximizing the
sum of sensitivity and specificity, vary between devices and from 1p00and e.g. even lie
below 500ux for both Actiwatches on both days. This is not the first time that rather low lux
values have been found to be the best-aits for distinguishing indoorsersusoutdoors. For
example, two investigations measuring light levels in qyshool children with a hiworn
ActiGraph GT3X+ device determined 248 (Flynn et al., 2014and 11Qux (Tandon et al.,
2013)as best cuboffs. Even though both measurement settings and devices in these
investigations differed from those dhe present study and we are not aware of any myepia
related investigations with light meters worn at hip, it is interesting to consider these findings
together, especially since placement at hip and wrist may not be that different for activities
like walkng, which was the main outdoor activity performed in our study. Regarding the
individual cuti ££08 DBAO&I Oi AT AA ET 1T 00 O00O0AUh OEA O¢
markedly higher for the determined best cuwaiffs than for 1,000ux z the former exhibiting
very high sensitivities and specificities for some devices. Vivior Monitor even exceeds 90% for
AT OE 1 AAOGOOAOGS8 )i i OOAT Ol U h-ofixfét thé devic€sthavipg OE A 1
been used on both days, both sensitivity and specificitg amapart from one case still
increased compared to the 1,000 lux @ff8 4 EA AAOAT OACA 1 AofEA 1T O
over the 1,000ux cutoff is especially marked for both Actiwatch devices. It was also present,
albeit only slightly, in three outfdour cases for the HOBO Pendant {082-64 devices.

Our data demonstrates that at least for some devicedwaindoor-outdoor cutoff
calculated via maximizing sensitivity and specificity from measurements under similar
circumstances as the actual data acquisition can substantially outperform the common
1,000lux cutoff. Thus, vinen wanting to distinguish indoor from outdoor environments via
lux measurements, inaybe helpfulto conduct additional measurements with the respective
(type of) device under similarconditions than during the data acquisitiohis could be
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achieved by conducting the additional measurements at the same t@me with a similar
deviceas the actual data acquisition. Based on these additional measurements, one could
calculate the best cubff for the given device and circumstances, either by maximizing the
sum of sensitivity and specificity or focusing on whichever measure one deems more
important. Then, instead of using the 1,00 cutoff, which is frequently applied without
prior testing for the given device and environment and only judtifees having been used in
other investigations (which were often conducted with different devices or in different
environments), this calculated best coff could be used to classify the actual datkere, we
found that this approach can be especially helpful for data acquisition with the Actiwatch
and Actiwatch Spectrum PR®ore methodological researcis neededo assess for which
other devices and circumstances of data acquisitibis mightalsobe the case

Even though high sensitivities and specificities have been achieved with a calculated
best cutoff for a number of devices, it is hardly possible to choose a lwoftuyterfectly
classifying indoor and outdoor environments and it may be helpful to takeso{additional)
measurements into account. Even when only considering daytime, in every data acquisition
lasting for more than a few hours there will most probably be times at which the indoor
illuminance is higher than the outdoor illuminance at somhbeattime. This can, for example,
be seen irFigure 36 and Figure 37, and as is described ohapter 3.2.3 times spent near
windows or outside close to the dark are especially critical with regard to-bde&d cutoff.

If one aims for an indoeoutdoor distinction based on wearable device measurements that

is as accurate as possiltefor example, becausere is interested in aspects of outdoor
exposure other than bright light exposure that may be relevant regarding myopia
development(Howell et al., 20213, one may thus consider using other measures instead of

or in combination with lux, for example ultraviolet (U\ight exposure. Of the devices

included here, only Vivior Monitor measures Wyht. Similar analyses as for lux revealed a
sensitivity of 93.8% and a specificity of 90.3% for the bestight cut-off z showing that UV

light may indeed be a pmising measurement to differentiate indoors from outdoors.

(T xAOAOh xEEI A OEAOA OAI OAOG AgAAAA OEIT OA 1 &
OO0OOAUh OEAEO OO0i AT AO 110 AgAAAA OEAO 1 £ OEA
(98.4%) forits best lux cuoff. Combining lux and UYfght data may especially be useful to

achieve an even more accurate distinction. In fact, there have recently been efforts in this
regard. For example, the Akeso devi@ean et al., 20229pparently classifies ttoors \ersus

outdoors based on both lux and Uight data, and for a device named Mumu, the support

vector machine algorithm for said classification is based on luXjghv, and step datdYe et

al., 2019) In general, including other measures such as ligkit in the indooroutdoor

distinction seems to be a promising approach that is implemented more and more.
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On the other hand, if one is rather interested in times spent in brighteswsless
bright environments, roughly corresponding to outdeaand indoorlike light, it is not as
important that any given lux cubff might incorrectly classify the environment sometimes.
What would be problematic in either case though is to assume thatteasurements from
different devices, or the same cuiff for different devices (anénvironmentg, will mean the
same.This is especially the case because it seemsitithtldrenspenda lot of time outdoors,
Aobl OOOA O1 11 AAOAOA,000EQE DO0GK Ohdasucel GtlHARD | £ A8
Pendant UA002-08) may be sufficient for the protective effect of light exposure on myopia
development(Wu et al., 2018)Findings such as this can have practical implicatitors
recommendations suggesting that direct exposure to bright sunlight may not be necessary
for myopiaprevention In order to investigate such quantifications with different devices, it
is important to be aware of the potential limits to the comparability of their lux
measurements. In this regard, it has notf T1 U AAAI OET x1T OEAO AE
measurements differently deviate from those of a photome(&igueiro et al., 2013; Howell
et al., 2021; Joyce et al., 202@Gut we have also seen that while measured lux patterns over
time are generally similar between various light meters, the absolute values are not, and
sensitivity and specificitpf the 1,00dux cutoff, for examplecanvary substantially between
devices. For example, with this coff and in our measurements, especiallgtivatch2 and
Actiwatch Spectrum PRO exhibited low sensitivities of 49.1% and 40.6%, respectively.
Respective betweerdevice differences might play a role in the sometimes contradictory
results of studies on the association between light exposure and myopia. Such considerations
should therefore be taken into account when comparing data collected wifleidint devices
or attempting to derive practice recommendations from such data regarding spending time
outdoors or in certain light intensities for myopgaevention purposes.

AT AOAT T Uh xEET A OITT A T/&2£ OEA 1T AOGAOOAA AA
measurements in the present study may be due to the devices themselgsuch between
device differences have been shown before for several light mdfeigueiro et al., 2013;
Howell et al., 2021; Joyce et al., 202@) substantial portion of the observed betweelevice
differences might also be attributed to the wearing position. Thereby, one may want to
consider what kind of illuminance one (wants to) estimate(s) witbhrsmeasurements. For
example, illuminance reaching the eyes may best be measured with devices mounted near
them and oriented at the line of sight. To measure the illuminance in the general orientation
of the individuum, devices positioned at the chest annted straight ahead may be useful.
Wrist-worn devices probably measure ambient illuminance in varying orientations depending
IT OEA 1 OEAT OAGEIT 1 &£ OEA ET AEOEAOOI 80 AOI N
example, be measured with devices moedtwith the light sensor oriented upwards. In fact,
there are various reports of substantial light measurement deviations between different
positions(Aarts et al., 2017; Figueiro et al., 2013; Wen et al., 2@)e of them, however,
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indicate that measurements at chest and eyes do not deviate as strongly from each other as
measurements at wrist and eyes. For example, significant differences were found between
lux measurement near the eye compared to at wrist, but not compared to abtor a device
worn as a pendant around the nedlFigueiro et al., 2013)and larger illuminance
measurement inaccuracies compared to a reference position between the eyes have been
reported for measurement at wrist than at the chdgtarts et al., 2017 orrespondingly, in

a review on light dosimetry in field research of raisual effects of light, placing the device

at eyelevel for precise measurements, or alternatively at the chest, was recommended
(Hartmeyer et al., 2022)

Beyond the focus of this investigation, it is important to note that potential influences
of device specifications and position on light measurements are of course not the only
relevant factors when interpreting data from or planning investigations usuegrable light
meters. For example, depending on geographical and climatic conditions,-wosh sensors
could pose the risk of being covered by clothingspecially because participants might easily
forget that they are wearing them due to their low msiveness. On the other hand,
spectacleil T OT OAA AAOEAAO i Au AEEAAO DAOOEAEDAT 006
whether or not they usually wear spectacles. In a study Withgrade students wearing
Clouclip, myopic participants did indeed reach the required device wearing time more often
than emmetropic participantgWen et al., 20193 and while a betweesgroup difference in
being used to wearing spectacles is not confirmed as the (only) underlying factor for this, it is
rather conceivable theit may have played a large role. Therefore, the applicability of devices
and wearing positions for the given situation should also always be critically assessed.

There are some limitations to this investigation. For one, we tested a rather restricted
field setting, in which situations like using public transport or cars or being in supermarket
lighting were not included; instead, data acquisition was restricted being at home or
outside. In the future, investigating other locations, outdoor light conditions, and settings
would be informativez since, for example, traveling in vehicles is discussed regarding the
indoor-outdoor differentiation as being difficulta identify via light sensaiFlynn et al., 2014)
Issues like accidentally covering sensors with clothing that may arise in a real field setting
were also not included as we created a setting with a perfectly compliant participant. As
mentioned earlier, we only included one device per type. Since betwbsvice variations are
known to exist for devices of the same model (e.g., for the Actiwatch SpecfMankvart et
al., 2015)and the Actiwatch Spectrum PR(WNagra et al., 202)) and devices may also
malfunction, ideally, more than one device per type should be included in future
investigations. The main objective of this investigation was to investigate and illustrate the
general betweendevice variation in lux measurements and indamrtdoor distinctions.
4EOOh xA AAI EAOA OEAO OEA OOOAUBO £ET AET CO
Ai 1 OAgOh EO EO EIi PT OOAT O O ET OAOPOAO OEA 00O
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best indooroutdoor cutoff values per deviceand demonstratedtheir betweendevice
variability, deviations from 1,00ix, and the differences in sensitivity and specificity
between them and the 1,00@ix cutoff. These cutoffs should, however, not be interpreted

as being the ideal ones for the respective device types and under any circumstances, just
AAAAOOA OEAU UEAI AAA OEA AAOGO OAOGOI 6O 4A#i O
Like fordevices, it would also be interesting to include m@aticipants to e.g. investigate

how much of a difference the varying caffs make in a larger sample although if the
participants do not consist of trained experimenters meticulously logging all activities, one

s o~ A 2 s oA 2

would not have as reliable informatono OAEA AAOEOEOEAXinddor-r AOOA O«

outdoor cutoffs as we did. Lastly, we only investigated differences and similarities of various
light meters regarding their general light measurements as well as ingabdoor cutoffs.
Further steps may be to convert measured light data to mak®mparable to a photometer
and/or between devices. This has already been done for some devices, for example by
adjusting cutoff criteria for light exposure categories to align with that of a photometer for
Actiwatch 2 and CloucligHowell et al., 202)1 or by using a linear regression model to correct
lux output from GENEActiv and Actiwatéhto represent that of a photometgdoyce et al.,
2020) Despite these limitations, we gained interesting insights into the comparability of lux
measurements from different devices, which should be expanded in the future. Interestingly,
one recent dissertation investigated lux measurements from three weardeMces on a
larger scalgPhan, 2022) Amongst others, the author compared relife measurements of
Clouclp M2, HOBO Pendant UB02-64, and Actiwatct2 from 59 participants. Due to the
nature of the experiment, other than ours, this study e.g. did not include the calculation of
indoor-outdoor cutoffs based on an accurately kept activity log$ut with regard to lux
measurements, the results also shdavge betweendevice differences, with particularly the
HOBO Pendant UA02-64 greatly differing from the other devic€®Phan, 2022)Results like

this show that our findings of large measurement variability ween different devices do
seem to generalize to a more reaforld setting with many participants.

We demonstrated that various light meters worn simultaneously in an exemplary field
setting measured a generally similar pattern of light exposure, but varied substantially in their
absolute values. Furthermore, while a large portion of all measured outdoor (indoor) lux
values lay above (below) the common 1,000 indooroutdoor cutoff, the respective
sensitivities and specificities were substantially different between deviceslicating that
one cannot assume betweedevice comparability for this cudff. The calculated best cut
offs generally varied between devices andften substantiallyfrom 1,000lux, and their
sensitivity and specificity values sometimes considerably exceeded those of thelty000k
off. Furthermore, the sensitivity and specificity values of the indoor-outdoor cutoff
calculated as ideal for measurements undmilar weather conditionsalso outperformed
those of the 1,00Qux cutoff in almost all cases, sometimes substantially so
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While more research is needed with regard to other devices and data acquisition
circumstances we therefore recommendo considercalculating thebest indoor-outdoor
cut-off from data acquired with a similar device and under similar circumstances as in the
actual data acquisitionto achieve the best Iubased indooroutdoor distinction
Furthermore,aspectsof lux measurement comparabilityhouldalwaysbe carefullyassessed
when planning or interpreting results from research on the association betweednt lig
exposure and myopia conducted with wearable light meters.
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3.3. Study 6:

A Feasibility Study on the Development of a Wearable Device for

Investigating Light Myopia Associations

Abstract: There are various research applications for wearable devices, onvehh is
measuring environmental factors involved in myopia development, especially light intensity.
To investigate the feasibility of developing and deploying a custmade device tailored to
iTAE0 OOBAU OANOEOAI Al OOR Ehdréskdich df lightdydp A AT A A
associations in humans wadsvelopedand tested Five device prototypes were built and used

for various data acquisitions: device comparison measurements to comieralevices
against each other, category and test measuremetiatassessheir performance in different
environmentsas well apotential lux and UVight indoor-outdoor cutoff values and a fday

field test with six participants to test the devices in a sttlithg scenarioWe preprocessed

and analyzed the field test data with methodology commonly used in myopia research to
evaluate if this methodology can be applied to our devicead&verall, the measurements

and analyses performed demonstrated the device's feasibility for data acquisition and
analyses in reladin to light-myopia association researchlowever, there weresome issues
regarding mechanical properties and device handling. Actual investigations oftigylapia
associations would benefit from further device improvement to resolve said issues as well as
to potentially improve device comparabiligywhich was gearally satisfactory, but could still

be improved.Thus, as there are currently a number of devices commercially available for
light-myopia research, using @nof those might be more convenienttliere is no need of
specific measurements that none of these devices offéfowever, ar research
demonstrated that itcan be a viable optioto develg and use a custormade device for

field studies with humans. Developing acustdmA AA AAOEAA & O 11 A0 OA
of special relevance for research areas with fewer (or no) commercially available devices
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3.3.1.Introduction

There are many applications of wearable devices in field studies with human subjects
(for reviews, seeAbboushi et al., 2022; Perry et al., 201®ne of them being the
measurement of environmental factors that are relevant with regard to myopia
development. Initially, an association between myopia and the amount of outdoor activities
had been reported in several studies, mostly indicating a pribteceffect of these activities
against myopia developmer{tlones et al., 2007; Rose, Morgan, Ip, et al., 2B@8e, Morgan,
Smith, et al., 2008)Further research, including human studies with wearable devices, then
indicated that the amount of time outdoorg and not sporting activitieg seems to be the
(more) relevant factor with regard to myopia developmd@uggenheim et al., 2012; Guo et
al., 2013) As of now, multiple characteristics of outdoor environments have been discussed
to play a role in myopia development. While there are e.g. hypotheses regarding the
relevance of vitamin D levels or the spectrahtposition of outdoor light, there is strong
evidence for bright light exposure being a key protective factor in myopia development
(Morgan et al., 2021)

When studying the involvement of environmental factors in myopia development, it
is thus especially important to measure light intensity (lux) with wearable devices. As other
factors may also be of relevangee.g., regarding the protective effect of timeutdoorsz,
using wearable devices not only to measure light intensity, but also to quantify time spent
indoors versus outdoors is of interest. The latter is often done with the help of light intensity
measurements namely, by defining a cubff lux valee to distinguish indoor from outdoor
locations. Said cubff is usually set at 1,000x across studies and devices without prior
validation. This may, however, be problemat&ince factors like device specifications or
seasons of data acquisition might influence whether 1,000s indeed the best discriminator
(Study4 z Honekopp & Weigelt, 2093In some investigations, the indoarutdoor lux cutoff
is chosen or validated with own measuremefdvarez & Wildsoet, 2013; Schmid et al., 2013;
Wau et al., 2018)Especially if one is interested in indoor versus outdoor exposure (rather than
simply exposure to less bright versus brighter light), an approach such as this may generally
be advisable. In this regard, measuring UV (ultraviolet) light may help inmhisaiing indoor
from outdoor locationg either as a singular factor or in combination with other factors. For
example,Fan et al(2022)describe how a combination of UV light and lux datased with a
device named Akeso eye care glasses to recognize indoor versus outdoor exposure. Lastly,
although physical activity is mostly discarded as a factor in myopia development, measuring
movement or position change with a wearable device may s#lluseful in terms of data
guality control, e.g. to identify times at which the device had not been worn. Recently, step
data has also been used alongside UV light and lux data to discriminate between indoor and
outdoor locations(Ye et al., 2019)Thus, masuring light intensity, UV light, and device
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movement and/or position can be relevant in investigating ligigopia associations with
wearable devices.

One can of course employ already existing devices in studies on-rigbpia
associations. In fact, there are multiple commercially available options that may be or have
been used in this regar&{udy4 z Honekopp & Weigelt, 2093However, a purchased device
iAU 1170 AT OEOAT U Z£ZEO A OOOAUBO OANOEOAI Al O«
measurements, or they might need to employ a workaround like using different devices
simultaneously. For exampl&handari et al(2022)asked participants to wear two devices
when investigating associations between myopia and multiple behavioral factors. Research
might benefit from having all relevant features combined in one device created to fit the
needs of an investigatiorz not only regarding possible measurements, but also other
functionalities like deviceexperimenter communication. Gathering more information than
TARAAA £ O A OOOAUBO DPOODI OA T AU AA DOl Al Al
participants wear the device in their private life. Using commercially available devices that
measure more than needed may thus also be undesirable. Lastly, in commercially available
devices, not all potentially relevant parameters are always disclosed, and ractonérs
might change device specificationStudy 4 z Honekopp & Weigelt, 2023; Markvart et al.,

2015.

Therefore, we developed a wearable device targeted for the research ofriglopia
associations in humans. The device was developed paralltigdliterature)research for
Study 4 (Honekopp & Weigelt, 2023nd Study 5. We first defined requirements for the
device. Then, five device prototypes were developed and built by @leatrical engineers.
Subsequently, the prototypes were used for various data acquisitions: We performed device
comparison measurements (DCM) to compare our five devices against each other. Then, we
carried out category measurements (CM) and test measurements (TM)AOA OO T 600 AAC
performance in different environments, and to assess potential lux andlight indoor-
outdoor cutoff values. Finally, we deployed the devices in a sedayfield test with multiple
participants to test them in a studijke scenario.

With this study, we wanted to investigate the extent to which it is possible to develop
A xAAOAAT A AAOGEAA OAEI T OAA O1 T1TA60 OAOAAOATE
this study are (1) describing the development of our device prototypeq2nassessing their
usability for research on lighinyopia associations. For the latter, we assessed their between
device comparability as well as eaff values for indoowoutdoor distinction as described
above. We also prprocessed and analyzed the lfietest data with methodology commonly
usedinlighi UT PEA OAOAAOAE OiI AOAI OAOA EAZA OEEO 1 A
data, and assessed the general usability of our prototype based on the results.
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3.3.2.Methods

The study was approved by the ethics committee at TU Dortmund University and
followed the tenets of the Declaration of Helsinki. All participants provided written informed
consent prior participation.

3.3.2.1.Device Requirements
The requirements we set for the device development were as follows:

- able to measure the following:
o visible light (lux)
o UV light, ideally close to the range of 2d00nm
0 movement or position

- wearable in dally life
o ability to withstand a fall from circa chest height

o small and lightweight enough for atlay wear, ideally while not being too
noticeable

- able to log data with a timestamp, ideally every $@onds minimally every
2 minutes

- splashproof

- charging connectionaccessible from outside so that participants can charge the
device

- battery life minimally 24hours, but ideally multiple days, as participants might forget
to charge the device overnight or the charging might malfunction

- ability to communicate relevant data to the experimenter, e.g. if the device has not
been moved for a specified time during data acquisition

- enclosed in a case without sharp edges
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3.3.2.2.Device Components and Technical Specifications

Five device prototypes were developed, manufactured and programmed by two

electricalengineers, Sean Dalton and Stefan Slooten, as part of a collaborative project. For
in-depth information on the device components and technical specifications, please refer to
the Github project’! The device version from this study is referred to as revision 1.1 therein.
Briefly, the following device components are crucial for our investigation:

(&) An ambient light sensor (BH1750FMR, ROHM Semiconductors included to

measure light intensity. The manufacturers specify a lux range-@6,535ux (16bit
sensor,ROHM Co., Ltd., 2034However, as the raw dafeom this sensor needs to be
divided by 1.2 to receive the lux val(ROHM Co., Ltd., 2014)he default maximum
valueg which was also the setting for our devices,54,612ux. The measurement
range can be adjusted to detect a minimum of Oibd and a maximum of 100,000x

when adjusting sesor sensitivity(ROHM Co., Ltd., 20144 EA OAT O1 06 O
sensitivity is ca. 40020nm with peak sensitivity at 580m (Fig. 1 iROHM Co., Ltd.,
2014), thus approximately matching that of the human eye.

(b) An UMA sensor (GUVA12SD, Genicom Co., Ltd.) with a spectral sensitivity range of

240-370nm (Genicom Co., Ltd., 2018 used to measure UV light. The output of this
sensor is photocurrent in nanoamperes (nA). This output can be transformed to e.g.
UV index. However, since this would reduce data resolution, and measurements can
also be compared regarding intensity ingHormat, we kept it as photocurrent in this
study.

(c) For motion detection, the device includes aa&is module combining a-8&xis

accelerometer and a-axis gyroscope (MPB050, IvenSense InclyenSense Inc.,
2013.

(d) Timekeeping and timestamping data is enabled via a4téak clock PCF8563S/5;

NXP Semiconductors N.V.).

(e) A 16 GB Micro SD card is used for data storage. It can be removed by the experimenter

to transfer the acquired data. With an SD card of this size and the current device
components, many weeks of data can be stored, even at a measurement interval as
fine asl s.

(f) A Universal Mobile Telecommunications System (UMTS) Module (SIM800L; SIMCom

Wireless Solutions Co., Ltd.)) and a M3tV card are budin to enable data
transmission via cellular network. While the acquired data is generally stored on the
SD card and rehout by the experimenter after data acquisition, we e.g. use the

7 https://github.com/S34m1n4t0Or/health_sense
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cellular network to send redalme information about the initialization success to
experimenters (see below).

(g) A rechargeable lithiurpolymer battery (3.%; 1,100nAh) with a charging
connection accessible from outside ensures that participants can charge the devices
during data acquisition. With the current device components and specifications (see
below for firmware aspects), one day of data can easily be acqamddwo days are
also possible, but the battery needs to be charged overnight to reliably record data
over multiple days.

The components were mounted on a printed circuit board and enclosed in a case
(1552C3BKHammond Manufacturing) with a customade routed opening above the
sensors, fitted with UV light permeabler@m transparent casted acrylic glass (Acrylglas GS
2 mm, Kunststoffplattenonline GmbH). Since the case was black, we pasted it over with white
tape to reduce the risk of overheating.

The device firmware was written in Arduino. While the full code can be accessed
online?, the following aspects with regard to firmware and device functionality are especially
relevant for this study:

(a) After connecting the battery, the device setup starts. An SMS is sent to the
experimenter phone if the setup is completed correctly.

(b) In case of problems with either date acquisition or the SD card during device setup, a
respective SMS is sent to the experimenter phone.

(c) The device was programmed to measure and log the following data evesgc@hds
Year, month, day, hour, minute, second, lux, UV light (nA), gyroscope values (gx, gy,
gz), battery voltage.

(d) If there is no movement recorded forh®ursbetween 8:00h and 20:00h, an SMS is
sent to the experimenter phone. No movement is inferred if the sum of the absolute
values of gx, gy and gz is below the threshold 600D, which we set via prests. We
aimed at choosing a value high enough to ensure that minimal movements (e.qg., if the
device was not worn, but slightly moved while lying somewhere) would not reset the

counter for the time without movement, butalsolovi T OCE O1 AADPOOOA

movements if they were relatively still for longer periods of time (e.g., during desk
work).

8 https://github.com/S34m1n4t0Or/health_sense
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For data acquisition, the device was mounted into a soft mobile phone case that can
AA xi1 Ol AOT OT A OEA AOi AT A EO ET OAT AAA O AA
acrylic glassAT OAOAA T PATET C 1T £ OEA AAOEABIGOheAAOAR
mobile phone case. We also equipped participants with arselfle extension for the mobile
phone case band so that it could be worn over heavy clothggire 38 shows the device as
it is worn on the upper arm.

Figure 38. Device worn on the
upper arm

3.3.2.3.Device Comparison Measurements

We carried out the DCM to assess thej§
AT i PAOAAEI EOU 1T £ OEA £[EE
this end, we mounted the devices next to each other onff
a wooden board (seeFigure 3), and obtained
simultaneous measurements in several static and one
moving condition(s). Comparable procedures have
been reported beforgOstrin, 2017; Read et al., 2014; §
Wen et al., 2021Puringsetup prior to as well as switch
off after the DCM the devices were filmed together
with the time measured by an atomic clock to

externallyvalidate the recorded date and time.

 AAOOOA]

Figure 39. Devices mounte
on the wooden board fc
DCM
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For the static DCM, we placed the board in four different conditions with the sensors
oriented upwards:

indoorsz with (artificial) light

indoorsz without (artificial) light

outdoorsz (on enclosed) balcony

outdoorsz (under) free sky

We obtained five minutes of measurements per condition while simultaneously
i AAOOOET ¢ xEOE A 1 0@0i AOAO8 41 1 AOE OEA 1 AAOGO
cloth over all devices simultaneously and kept it there for at least one minute priando
after each measurement.

For the moving DCMVaNn experimenter heldhe board with the sensors facing straight
forward, and carriedt around outside for 30 mirtesto test theA A O Ecdnfp@ability under
more realistic conditionsAgain, the beginning (end) of the measurement was marked by
simultaneously uncovering (covering) all devices with a clBtirthermore,we omitted the
first and last minute of data to ensure that only data while walking was analy?ésl used
the results of the DCM to choose three devices for further ngke study (seehapter3.3.3.

3.3.2.4.Category Measurements

As stated above, we only used three devices for the CM and all following
measurements. Procedures comparable to our CM have also been reported [{Bioaeani
et al., 2012; Franklin, 2020Again, the devices were filmed together with the atomic clock
measured time during setup and switch off. Each device was worn by a different
experimenter for 12 minutes in the followinye-defined ategories

outdoorsz free: outdoors, under the free sky

- outdoorsz covered:.outdoors, not under the free skyut e.g. under trees or a canopy
- indoorsz open window: indoors, oriented towards open window

- indoorsz closed window: indoors, oriented towards closed window

- indoors z towards window: indoors, oriented towards closed window without
standing directly in front of it, e.g. sitting and reading in a chair facing a window

- indoorsz regardless of window: indoors, moving in a room with closed window(s)
xEOET 60 Ai 1 OEAAOET ¢ 11 A60 1T OEAT OAOEI T h As
- indoorsz away from window: indoors, oriented away from closed window

197



Study 6

- indoorsz no window: indoors, in a room without windows
- indoorsz artificial light: indoors, after sunset with normal room illumination
| DAOO AEOIJACCEIAEIAEAG 1 ECEOOS h twigdhonc@ioh & Al |
sunny and once on a cloudy day, thus resulting in 17 measurement categories. Furthermore,
we began each measurement at the earlieshdlrs after sunrise and ended them at the
latest 2hours prior sunset.As we conducted the CMotinitially assess indoesutdoor
discrimination with lux and UV light valuese carried theCMout in May 2021, amidsthe

two fieldtest data acquisition periaglto bestmatch weather and light@anditions of alffield
test data acquisition periods

3.3.2.5.Test Measurements

The TM were carried out by the same experimenters as the CM, with each
experimenter using a different device than in the latter. The devices were again filmed
together with the atomic clockmeasured time during setup and switch off. Each
experimenter woreheir device for one day, from getting up in the morning until going to bed
at night, while manually logging each change from indoor to outdoor and vice versa, as well
as any times where the device had not been worn or concealetiféminutes. Therebywe
aimed at creating natural control measurements to assessaftivalues for indootoutdoor
AEOAOEI ET AGETT ET OEA EEAI A OAOO8 4EA 4- xAO
acquisition periods.

3.3.2.6.Field Test

3.3.2.6.1 Participants

Six university students (3 female, 3 malaped 20.187.46 yearsN = 24.03 SD=
2.98) participated in the field test. All participants lived in Dortmund or an adjacent city.
During each of the two datacquistion periods (seehapter3.3.2.6.2, three participants
took partduring the same days.

3.3.2.6.2Design and Procedure

Preceding data acquisition, participants attended a pretest at TU Dortmund
University, where they answered an online ggeestionnaire on demographic data and
ocular history and completed a visual assessment. The latter entailedcgoloplegic
autorefradion (Vision ScreenePlusoptix A12R, Plusoptix GmbH, Germany), monocular
best-corrected visual distance acuity (LEA symbobs)3a covering test to exclude manifest
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strabismus, ang if applicablegil AAOOOAT AT O T £ OEA PAOOEAEDPAT O
4171 AU "T A(Ch " AOi ATugs 3ETAA EO EO EOOAI AOAI
not reported here. Lastly, we informed participants about corrdetvice usage and safety

(e.g., to avoid the device being damaged or underwater and to immediately report any such
incidents), and handed out the devices and additional material such as the case band
extension and a safety bag for charging. The device s&sup by an experimenter prior to

the pretest, which was again filmed together with the atomic claukasured time.

0
0

Each of the two data acquisition periods covered seven consecutive days (five
weekdays and two weekend days). The first period was 24/04£30204/2021, and the
second period 26/05/20201/06/2021. We instructed participants to wear the device from
getting up in the morning to going to sleep at night, except when in water or other situations
they had been asked to avoid, and to charge it overnight. The device was worn on the upper
arm, with the sensors oriented forward (segure 33). We further asked participants to note
any device removal or covering periods bt5minutes and report on them in their study
diary. Said diary consisted of an online questionnaire that participants were to complete
every night, asking about the following:

- bedtime of the previous day
- time of getting out of bed of the present day

- times at which the device had been concealed or not wornJfdbminutes on the
present day

- if they still had the device
- if the device had been instuation they had been asked to avoid
- any devicerelated concerns

If participants indicated one or more periods of device +va@ar or concealment, they
were asked to specify time, location (indoor/outdoor), activity, and reason. If participants
indicated that the device had been in a situation they were to avoid or ems; the
guestionnaire contained further instructions. Each morning, one experimenter assessed the
DOET O AAUBO AEAOEAO OACZe@AEd martichanihad sfatkda £l O
concern or did not fill in the diary.

Following the final day of their data acquisition period, participants completed an
online postquestionnaire. Therein, we asked what they thought the device measured, if and
how much they had changed their daily routine due to the device, if they hattemtthe
device in their daily routine, about their sun protection usage (hats/caps and sunglasses, see
Read et al., 20D4if the device had been in any situation they had been asked to avoid, and
the comparability of their life during data acquisition tioree months ago and pr€ovid19
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pandemictimes, since data acquisition took place amidst the pandemic. Finally, participants
met with an experimenter to return the device and discuss any open questions, and an
experimenter switched the devices off, again filming it together with the atomic clock
measured time.

3.3.2.7.Data Analysis

3.3.2.7.1Device Comparison Measurements

First, we calculated mean and standard deviation for both lux and UV light per device
AT A AT TAEOEITT AT A OEOOAI T U AOOAOOAA OEA AAOE
this basis, we chose three devices for further use. We then calculatectledsacorrelation
coefficients (ICCs) for the moving condition as well as the static conditions for the three
chosen devices. ICCs are measures of reliability reflecting both correlation (i.e., consistency
of position) and agreement (i.e., absolute simiteas) between sets of ratings or
measurementgBruton et al., 2000; Koo & Li, 2086) " AOAA 11 OEA 1T AOOOA 1|
can choose from multiple ICC models. We selected the-ivay mixed effects, absolute
agreement model for a single measuremefMcGraw & Wong, 1996We chose absolute
ACOAAIT AT Oh OET AA xA xAOA ET OAOAOOAA E1 OEA A
not only if they were consistent in order and spacing (i.e., with potential systematic
measurement differences). The mixed her than random effects model indicates that the
devices were not selected from a larger population, but were the only devices of in{&@st
& Li, 2016) Thus, the result cannot be generalized to other, similar devices. Due to the
devices being assembled by hand and not within a larger production series, we believed the
mixed effects model to be more suitable. However, since the formulas for computinig bot
models are similar if the other model parameters are kept the same, the betweedel
difference isa question of interpretation, not calculatiofikoo & Li, 2016)Lastly, we chose
OEA OEIT CI A T AAOOCOAI AT O )Y## OUDPA O AOOAOO OCF
device per participant is used in data acquisition.
3.3.2.7.2 Category Measurements

From the CM data, we again computed mean and standard deviation for both lux and
UV light for all three devices and all categories. We used this as well as visual data assessment
for an initial evaluation of indoor versus outdoor discrimination with adukV light cutoff
value.
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3.3.2.7.3Test Measurements

We used the TM data for ROC curve analyses to identify the ideal lux and UV light
indoor-outdoor cutoff values by maximizing sensitivity (i.e., percentage of actual outdoor
time correctly identified by the respective cuiff value) and specificity (i.epercentage of
actual indoor time correctly identified by the respective @ft value)z similar to the
procedure inStudy5z for all three devices together. All analyses regarding potential indoor
outdoor cutoff values were performed so that a measured value equal to or greater than the
cut-off value indicated outdoors. We did not include TM analyses for each individual device
because we wanted to define one coff for all devices, and we assumed there was too few
outdoor data from each individual device to reliably calculate sensitivity and specificity. We
included times between sunrise and sunset in this analysis. We also edgéssfrequently
used 1,000ux cutoff.

Prior to the ROC curve analyses, we excluded times during which a device had not
been worn forJ 15minutes according to experimenter protocol. We further removed the
data one minute prior to and one minute after each protocolled transition from indoors to
outdoors or vice versa, to account for potential time measurement differences in the
protocolled vesus deviceaecorded time. Lastly, we excluded data from situations that were
unclear with regard to being indoors or outdoors to not include ambiguitycurt-off
calculationsz for example, times where experimenters were situated on an enclosed balcony
or driving a car.

3.3.2.7.4Field Test
3.3.2.7.4.1Participant Questionnaire Data

To evaluate the feasibility of our devices for field data acquisition, we firstly assessed
DAOOCEAEDPAT 008 AAAAAAAE Al-diesttodnbirg dnd codver&akomsOi AT O
with the experimenters. This includes information on whether the deviad been in any
situations that were to avoid, change of daily routine due to the device, noticing the device
during daily routine and any devil@ Al AOAA 1T PAT ATiT 1 AT OO A0 x
assessment regarding the similarity of their current daily roatcompared to prgpandemic
times.

3.3.2.7.4.2Missing Data

With regard to the device data, we first assessed all data for completeness, and found
that some data was missing for three participants due to technical device failures. For two
participants, the devices had stopped measuring and had started again dateng data
AANOEOEOEI T h AOO xEOE A OAOiIi i use AAOA AT A OEI
acquisition in the device setups during data acquisition. For the third participant, this was also
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the case, but with additional problems regarding the date acquisition in the initial device
setup prior data acquisition. With the help of the videos of time measurements at both the
AAROEAAOGE OAOOD AT A OxEOAE 1 AE/&h ndwdaligritidtde AAT A
correct date and time. For one of the respective participants, we were able to recover all
relevant data. For another one, the last day of data acquisition as well as the lasnhGtes

from the secondto-last day are missing. For tHast participant, we could only recover the

last four days of data acquisition. For tbay with the missinglata in the30 mirutes prior to

bedtime, we wanted tosubstitutethe missing lux and UNght data with the averaged values

of the sameparticipantin the same timé&ame. This procedure has been used Franklin

(2020)for data excluded as invalid. However, there was only one day of data in which the
participant had still been awake during said timeframe. Thus, we estimated lux and UV light

data forthe missing 30 ET OOAO xEOE OEA 1 AAT AAOA 1T &£ OEE
Overall, wethus generated analyzabldata for the complete data acquisition perioom

four participants as well as data from six and four consecutive days for one participant each.

3.3.2.7.4.3Pre-Processing

From this data, we excluded times with a lux measurement of zerd fidgminutes
during daytime from analysis as we assumed that the device had been concealed or not worn
during this time, hence rendering the data inva(léranklin, 2020; Read et al., 2014, 2015;
Ulaganathan et al., 2019b)Ve defined daytime as the time between sunrise and sunset
during which the participant was awake, thus combining approaches from other
investigations (Alvarez & Wildsoet, 2013; Bhandari et al., 2022; Landis et al., 2018&)
initially planned on performing a similar exclusion procedure fotiorodata (i.e., excluding
times without movement forJ 15minutes as invalid), as this procedure has been described
for both lux and activity data befor@-ranklin, 2020; Read et al., 2014, 2015; Ulaganathan et
al., 2019b)For this,web1 AT T AA T motind E 1 dntli@ @ maementif the sum
of the gyroscope values (gx, gy, gz) was equal to or above our movement threshold of 2000
(seechapter3.3.2.2 and no movement if that was the case. However, we found that when
using said criterion, a large amount of time would be excluded, and manual data inspection
revealed that there seemed to have been movement during a number of the respective times,
despiteOEA OI 1 OEI 16 OAlI OA ET AEAAOET C 1 OEAOxXxEOAS
on motion data is theoretically possible with data from our devices, we did not do it here, as
we presumed that we had set the motion threshold too high for this procedarenly (or
primarily) exclude invalid data. We therefore only excluded data with a lux measurement of
zero forJ 15minutes as invalid. Some of this data could be replaced based on the study
diaries, if the overall day was considered valid (see below).
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We then used thestudy diariesto assess participanindicatedtimes of device non
wear or concealment{non-wear period) for J 15minutes. We manually checked the data
aroundthe indicated nonrwear periods, and it showed that the device had (most likely)
been concealed anot worn for a longer period than indicated in the diary, we expanded the
respective noawear period. For this, WO OAA OEA AAT OAT AT GET T AA OI 1
our finding that it was most likely not triggered in case of little movement (e.g., when working
at a desk) and our subsequent decision not to exclude times during which the threshold had
not been reached fod 15minutes, stronger movements such as putting the device back on
after nonwear would certainly be enough to reach the threshold. Thus, if the participant had
indicated that the device had been placed somewhere and not moved during thevean
periodx A POEI AOEI U OOAA OEA Oi1T OETT06 OAI OA O E
non-wear periodz since we assumed that the device would need to be moved considerably
when removing it or putting it back on. On the other hand, if the participard hadicated
that the device had been carried around in a bag during the-wear period, we primarily
used lux data to assess the nwerear periods. Specifically, we expanded the participant
indicated period to include adjacent times with a constant measueat of O lux, if there
were any. While we did expand navear periods based on manual data assessment as just
described, we did not shorten them if the data indicated that a participant might have
protocolled a longer notwear period than there had actually beeneWid not do this, as the
presence of movementwithin a protocolled non-wear period with the deviceplaced
somewhere) or of more than 0 luwihin a protocolled norwear period with the devican a
bag) does not necessarily imply that the desibad actually been worpwhile on the other
hand, the absence of movement or lux measurement does imply that the device had not been
worn or exposed to light. Similarly, we manually assessed the data around the participant
indicated timepoints of gettindd® AT A Ci ET ¢ O1 AAA AT A AgbPAl AA.
zi.e., the time between said timepoinsE £ OT 1 OACAh Oi 1 OEiI 16 OAlI OA
value showed that the device had not been worn for a longer than indicated time. Specifically,
we asgssed if the voltage values indicated that the device had still (already) been connected
to the charger after (prior to) the participasnibdicated time of getting up (going to bed), and
if the first (last) movement of the device was after (before) the ¢atkd time of getting up
j cieEtrc O AAAQs )1 OEAOA AAOGAOh xA AgbPAT AAA
500AT 1 Uh OEA O11 OACA AT A OiTOETT06 OAI OAOG AT
device had been removed from or connected to thergjga. Over all participants, there were
two cases with unclear results of this manual data assessment, and we did not expand the
sleeping time in these casgsvhich, however, only accumulate taninutes. We again chose
A AT T OAOOAOEOA APPOI AAE AT A AEA 110 OET O0OAI
that it might have been shortehan protocolled as we could not be sure if changes in voltage,
OITOETT6 10 1 0603 OAIl OAO xAOA AAOOAI T U ET AEAAOQ
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For data analysis, we only included days wit®0% of valid daytime datéRead et al.,
2014, 2015)Thereby, we defined a day as the time from the participant getting up in the
morning to going to bed at nigtg if the participant went to bed after midnight, the time after
midnight would be counted for the previous day. For included days, if possigleeplaced
data from participantindicated nonrwear periods. Similar tRead et al(2014, 2015we used
the average value of therdinutes prior to and dér the nonwear period if consistent with
the diary regarding indoor or outdoor location. In case the +vegar period occurred directly
after (prior to) the participant getting up (going to bed), we only used average data of the
5minutes after (prior to) the notwear period. We used the ideal lux indemutdoor cutoff
determined in the TM to check for consistency. In case of inconsistency, the data was
removed(Ulaganathan et al., 2019b)

3.3.2.7.4.4.Typical Analyses in the Study of LighMyopia Associations

We then conducted and assessed typical analyses in the study ofnighpia
associations. Firstly, we calculated the time spent indoors versus outdoors during daytime
based on the lux and U\ght cut-off derived from the TM as well as the 1,00 cutoff, with
outdoors being operationalized as lux/UV light values equal to or above theftutime
spent indoors grsusoutdoors was calculated over alagicipants as well as per individual
participant. Furthermore, we plotted lux and UV light data otiare for exemplary days and
participants.

3.3.3.Results and Discussion

Importantly, we conducted this study to assess the feasibility of our devices for data
acquisition, preprocessing, and some typical light data analyses regarding myopia research.
The data was, however, nosed for an actual evaluation of lightyopia associations. Thus,
some procedures may seem unnecessary, since the respective data was not always used
further. Yet again, the goal of this investigation was to assess the feasibility of the device for
myopia research, including data analysis procedures,iclhis why we performed the
respective steps nonetheless.

3.3.3.1.Device Comparison Measurements

Table 37 presents means and standard deviations for all DCM conditions and devices
for both lux and UV light measurements. The DCM revealed an issue with the UV sensor of
device 2: In the absence of light, UV light measurements were logged, whilgpihesite was
true whenever the device was exposed to light. This can be ge€igure 310and Figure
3.11, displaying lux and UV light readings of all devices for the static and moving DCM on a
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logarithmic scale, respectively. The same data is presented with linear scating
Supplementary Figure Eand Supplementary Figure E We thus removed device 2 from
further measurements.

Table 37

Lux and UV Light Mean (Standard Deviation) Values of the Device Comparison Measurements

condition measure device 1 device 2 device 3 device 4 device 5

lux 365.1 411.6 427.5 437.0 450.3
indoorsz (59.6) (71.0) (75.2) (76.7) (78.5)
with light gy light 0.0 0.0 0.0 0.0 0.0
(nA) (0.0) (0.0 (0.0) (0.0) (0.0)
nd lux 346.0 394.3 419.4 407.1 411.8
Indoorsz (52.9) (60.3) (55.8) (56.4) (52.4)
without .
light UV light 0.0 0.0 0.0 0.0 0.0
(nA) (0.0) (0.0 (0.0) (0.0) (0.0)
i 206.2 217.2 214.5 220.2 221.1
outdoorsz (4.5) (4.9) (3.9) (4.3) (4.4)
balcony UV light 0.0 0.0 0.0 0.0 0.0
(nA) (0.0) (0.0) (0.0) (0.0) (0.0)
Iux 11,407.6 12,1385 12,381.1 12,2505 12,212.2
free sky UV light 56.3 0.0 57.9 51.6 55.9
(nA) (1.3) (0.0 (1.3) (1.5) (1.3)
lux 3847.5 4342.9 4525.0 4501.1 4463.8
Voui (1687.9) (1961.6) (2017.2) (1873.8) (1919.2)
ovin
J UV light 13.7 0.0 15.1 10.7 14.1
(nA) (8.1) (0.0) (8.0) (7.2) (7.5)

Note. The UV light data from devices 2 and 4 is marked gray due to (suspected) faulty
measurements.

Device 4 demonstrated problems with the UV light measurement as gveill pilot
tests, we had observed large afréquent fluctuations between low and high UV light output
in situations where it should in fact be constant (and was for the other devices). These
fluctuations were not as frequent during DCM, but device 4 still had lower UV light
measurements than devieel, 3 and 5 (s@&ble 37), and its UV light output dropped to zero
multiple times during the moving DCM when that of the other devices did not [Sgare
3.11). Especially as we did not know whether the latter was simply due to device 4 measuring
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lower UV light than the other devices in general and whether its previously seen UV light
measurement fluctuations would reoccur, we removed device 4 from further measurements
as well.

Also, it is apparent ifable 37 (and Figure 310for the indoor conditions as well as
Supplementary Figure Hor the outdoorsz free sky condition) that lux measurements from
device 1 are slightly lower than those of the other devices. However, there was some
OAOEAAEI EOU AAOxAAT A1l AAOGEAAOGSE 10 1 AAOGOO.
with device 1 wee identified. As one aim of this study was to investigate usability and
comparability of (functioning) custom prototypes, we did not remove device 1 from the next
parts of the study and chose devices 1, 3 and 5 for further use.
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Figure 310. Lux and UV light data from the static device companisneasures plotted over

time on a logarithmic scalé'he devices were covered with a black cloth prior and after each
measurement. In the outdoorgfree sky condition, it is visible in the plot that some devices
measured some light despite being covered. Beginning and end of each measurement are
still easily recognizable for all conditions. In the UV light measuremehé&smalfunction of
device 2 is evident, as it always logged UV light measurement when the devices were
covered, but not when they were not. Furthermore, a slight offset between the devitbs w
regard to start and end of measurements can be seen in all conditions. This is due to the fact
that their measurement times are not perfectly aligned. Due to thes@fondsmeasuring
interval, a betweerdevice offset of up to 38condsis possible. Lastly, the time intervals
between the individual plots (i.e., measurement conditions) vary, and there is a slight overlap
between the first two plots since the respective measurements were taken in close temporal
proximity.
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Figure 311 Lux and UV light data from the moving device comparison measurement plotted
over time on a logarithmic scalén the UV light measurements, the malfunction of device 2
is evident in that it did not measure UV light at all. The (potential) malfunction of device 4 is
also evident, as its UV light measurements dropped to zero multiple times when those of the
other devices did not.

We calculated the ICCs for these three included devices. They were 1.00 for the static
and 0.76 for the moving DCM for lux, and 1.00 and 0.77 for the static and moving DCM for UV
light, respectively. According to rules of thumb suggestedKgo and Li(2016) the ICCs
thereby indicate good reliability in the moving DCM and excellent reliability in the static DCM
for both measurements.

Wen et al.(2021) report a similarly high ICC (1.00) for illuminance for static
measurements with Clouclip, whilRead et al(2014)report a higher ICC (0.99) for moving
measurements with Actiwatch 2 devicedstrin(2017)glso conducted measurements similar
to our DCM, but does not report ICC values. However, nelilien et al(2021)nor Read et
al. (2014)indicate the ICC model used, so we cannot with certainty assume comparability
between our and their results. As described in Data Analysis, therenatiple ICC models.
Their selection involves making assumptions, and results and interpretations vary between
ICC models applied to the same ddtéoo & Li, 2016)or example, had we chosenultiple
measurementsinstead ofsingle measurement on the basis of being interested in the
general agreement betweedevicesinstead of specific measurements of individual devices
Z, our moving DCMwould have resulted inCCsof 0.90 and 0.91 for lux and UV light,
respectively.Likewise, consistency models, allowing for systematic differences between
ratings (i.e., devices), yield higher ICCs than absolute agreement m@dets & Li, 2016)
Had we chosen a consistency instead of an absolute agreement assessheemipving DCM
ICCs would have been 0.92 (lux) and 0.91 (UV light).
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Overall, our data shows good reliability for the moving and excellent reliability for the
static DCM for both lux and UV light. Regarding lux, the static DCM results are similar to
measurements with ClouclipWWen et al., 2021)The moving DCM results indicate reduced
reliability compared to Actiwatch 2 measuremer{Read et al., 2014)though due to lack of
knowledge regarding the calculation of the latter, we do not know the magnitude of the
difference. Lastly, it is important to consider the presencenwéthodological differences
between the studies, e.g. with regard to the number of devices or exact measurement
protocol, further restricting comparability.

3.3.3.2.Category Measurements

Means and standard deviations for all CM are presentélhirie 38 and Table 39 for
lux and UV light, respectively. A large betwedavice variability for the same categories is
readily apparent for both lux and UV light data, which presumably largely depends on the
circumstances of data acquisition. The slight deviation in lux measents that was
detected in the DCM for device 1 is likely not the (main) reason for the CM variability: Device
1 often displays higher mean values than the other devices, and there is similar variability in
the UV light data.
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Table 38

Lux Mean (Standard Deviation) Values of the Category Measurements

device 1 device 3 device 5
category sunny  cloudy  sunny cloudy sunny cloudy
outdoors 54,612.0 4,963.7 4,684.4 12,3239 11,702.0 12,838.1
Zfree (0.0) (2,484.8) (364.0) (4,130.1) (12,787.4) (4,538.8)
outdoors 52925 9758 2,441.8 507.5 709.7  2,219.1
Z covered (360.4) (62.2) (165.3) (93.1) (7,504.0) (1,436.6)
indoors 34,806.0 7,710.9 1,152.4 1,020.6 52,730.8 5,367.1
zopen window (9848.0) (668.6) (174.6) (141.5) (7,504.0) (884.3)
indoors 24,037.4 5,084.9 3,256.8 903.8 53,577.3 1,274.6
Z closed window (9,499.7) (295.8) (372.4) (417.3) (1,490.9) (233.6)
indoors 878.5 138.9 240.4 429.1 43,3934 3331
Z towards window (280.4) (13.6) (337.1) (92.4) (7,136.2) (155.4)
indoors 1,669.5 60.05 491.2 246.6 626.2 381.0
Zregardless of window (1,508.2) (102.9) (51.8) (255.8) (727.8) (456.5)
indoors 167.7 131.6 19.1 26.5 85.5 79.8
Zaway from window (15.4) (17.5) (6.5) (2.8) (21.2) (20.3)
indoors 7.0 1.7 2.8 9.7 15.2 1.8
Zno window (6.3) (0.9 (1.3) (2.0) (10.3) (1.5)
indoors 14.0 2.1 26.6
Z artificial light (0.0 (1.8) (17.6)

Note. OET AJAIODE AEAEA]I 1 ECEO6 xAO 111U AANOEOAA

the measurement was completed after sunset and with artificial illumination.
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Table 39

UV Light Mean (Standard Deviation) Values of the Category Measurements

device 1 device 2 device 3
category sunny  cloudy  sunny cloudy sunny  cloudy
outdoors 318.8 21.2 31.7 71.4 16.6 51.2
Zfree (14.2) (11.9) (0.8) (17.9) (7.0) (15.1)
outdoors 39.5 1.6 14.5 1.9 1.2 6.3
Z covered (3.3) (0.5) (0.7) (0.6) 1.7) (5.7)
indoors 112.2 35.9 1.55 2.0 220.8 19.7
zopen window (48.6) (4.2) (0.5) (0.7) (34.1) (2.9)
indoors 20.4 5.3 5.5 0.4 76.2 1.2
Z closed window (17.4) (0.4) (1.4) (0.5) (2.8) (0.7)
indoors 0.0 0.0 0.2 0.0 36.5 0.0
Z towards window (0.0) (0.0) (0.5) (0.0) (14.0) (0.0)
indoors 0.9 0.0 0.0 0.0 0.1 0.1
Zregardless of window  (1.8) (0.0) (0.0) (0.0) (0.4) (0.2)
indoors 0.0 0.0 0.0 0.0 0.0 0.0
Z away from window (0.0) (0.0) (0.0) (0.0) (0.0) (0.0)
indoors 0.0 0.0 0.0 0.0 0.0 0.0
Zno window (0.0) (0.0) (0.0 (0.0) (0.0) (0.0)
indoors 0.0 0.0 0.0
Z artificial light (0.0 (0.0) (0.0)

Nott8 56 | ECEO OAl OAO ANBROECAEYEAIET EICERD 6 OKIAKL 1
regardless of weather conditions, as threeasurement was completed after sunset and with
artificial illumination.

Furthermore, the data shows the impossibility of correctly classifying indoors versus
outdoors with one cubff value, due to large overlaps between indoor and outdoor
i AAOOOAT A1 608 wOPAAEAIzI DADEAERADAG dbkeAO OBGE,
wel ATl xé6h xEAOA OEA A@bAOEI AT OAOO xAOA zAEOAAC
and UV lightz values similar to those of the outdoor rather than the other indoor categories.
Given that standing directly in front of a window, especially if it isrgpgenerally resembles
being outside more than being inside regarding aspects like light exposure and viewing
behavior, this result is not necessarily surprising. In fact, one would probably want to consider
OOAE OEOOAOQETT O AO Aquisiod due io dércchatadterisbics. A hisA A A (
did not consider both these categories in our assessment regarding an iralddoor cut
I ££ OAlI OA8 $AOEAA Y Al O AEODPI AUO A@OOAI Al U
201 xAOAO x ETeibrisdas dorAparéd®the other devices. As reflected upon
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earlier, this is likely due to different circumstances of data acquisition, e.g. the experimenter

being directly in the sun or it being an extremely bright, sunny d@t, we keptconsidering

this category as indoor$ecause it does not possess the same outddar characteristics as

OET AZTTBARAG xET AT x 6zAATI DAREIXENTAOG 6h AT A OEI EI AO
in a field study as well.

However, there are also overlaps between indoor and outdoor measurements of other
categories, especially for lux. This has been reported from comparable measurements before
(Dharani et al., 2012and can also be seen Figure 312 displaying the number of lux
i AAOOOAIT AT 6O PAO 1 Oz OAI OAO &A1 O OEA #- 1 0AO
21T DAT xET AT x 0z ANTTAOAGE TxAETTAG Ogd ODE AE Ruhichwas BQE 06
also excluded to avoid overloading the dige panels, as it was acquired after sunset and the
measurements were thus uniformly low. The extremely high lux values (between ca.
30,000lux and 55,000 O @q OEAO AAT AA OAAT ET OEA PIiiT1T O O
All OO0AT EOFDT OEBA DEARITATOOC | AAOOOAT AT 6O Al O
to Table 38. But even apart from these extreme cases, many overlaps between indoor and
outdoor lux measurements are clearly visible, demonstrating the difficulty of choosing one
lux cutoff value for indooroutdoor discrimination.Visually,good lux cutoff values cannot
be easily determined due to said overlaps, especiay080lux. As already described, we
will arithmetically determine a lux (and UV) eatf value for these devices for the TM data via
ROC curve analyses (seeapter3.3.3.3.
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while the lower plots show the data up to 10,008, as indicated by the gray background.

Figure 313 presents the number of measurements per UV light value for the CM.
Again, there is some overlap between indoors and outdoors, but considerably less so than for

lux. Thus, the indoeoutdoor distinction using a single cuff value seems to be more clear
cut with UV light than lux in our data. Specifically, in the overwhelming majority of indoor
measurements, we measured no UV light at all, while this was the case for almost all outdoor

measurements. This is also well visibleTable 39 7z again, except for the already discussed

AAOACT OEAIOPAOETAETI A x g ART BABEKET RDx o

EECE

56

I ECEO ONIxOMOA OEIxCETGH 1xihi XEEAE Al

light values measured indoors igure 313
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Figure 313 Number of UV light measurements over all devices per category from the
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AAUOGEI A 1 AAOOOAI AT OO EO OET x1 4l PAAA AOED AEIxG
OET A3AIOGOAA xET Al x68 4EA OPPAO P11 00O OEI x
while the lower plots show the data up to BA, as indicated by the gray background.

3.3.3.3.Test Measurements

Overall, we had to remov&8 minutes (one instance) of deviggn-wear. We also
removed Zhours and 18ninutes of data that were within the -thinute timeframe of a
location transition, and hours and 14ninutes of data due to an unclear location with regard
to indoors versus outdoors. This led to a total oh®drs and 54ninutes of included data
from all three devices.

When maximizing the sum of sensitivity (percentage of actual outdoor time correctly
identified by the respective cubff value) and specificity (percentage of actual indoor time
correctly identified by the respective cuff value), ROC curve analyses @aled 850ux as
the best lux cuoff for indoor-outdoor discrimination. For 85lux, the sensitivity was 90.2%
and the specificity 89.2%. Interestingly, these sensitivity and specificity values are
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comparable to those of commercially available deviceS$indy 5, showing that our device
prototypes generally performed comparably well in discriminating indoors from outdoors
with via a lux cubff. Unlike what we found for some devicesStudy5, the commonly used
1,000lux cutoff yielded an almost similarly good sensitivity (88.7%) apécificity (90.5%)

in the TM.

ROC curve analysis for UV light readings yielded\ 2s the best indoeoutdoor cut
off, exhibiting a sensitivity of 91.7% and a specificity of 99.7%. Thus, as already speculated
from the visual assessment of the CM resufgy(re 313, the UV light cuoff performed
better than the lux cuff in indooroutdoor discrimination. If one aims at discriminating
indoor from outdoor exposure from wearable device data with a single value, it nay
depending on the device and data acquisitioimcumstances thus be helpful to consider
using UV light rather than lux data. Btudy 5, we also found UV light to perform well in
indoor-outdoor discrimination for the one device that measured it (Vivior Monitor), although
in this case, the best lux cutff performed slightly better than the best UV light coff.

3.3.3.4.Field Test
3.3.3.4.1Participant Questionnaire Data

According to their selreport in the postquestionnaire, none of the six participants
had changed their daily routine due to the device. When asked about how much they had

noticed the device (from30) AEA 110 11 OEAA 7z6Gd nétice itintny AAET U
AAET U O1 OOCET A AT A EO Al OEAOAA T A A 1106qgqh Ox
AAET U O1 OOET A AOO EO AEA 110 Ai OEAO 1 Aoqgnh Al

daily routine and it bothered me a littted8 4 EOOh OEA [ AET OEOU 1T £ PA
to be a little bit disruptive, but none more than that. Furthermore, all participants stated that

there had been no situation with the device that they had been asked to avoid (e.g., being
underwater)

With regard to the devices, participants indicated the following: Two participants
stated that they had almost forgotten they were wearing the device in many situations as it
was not really disruptive. One participant specified that especially when wegdhe device
outside over a jacket, they did not notice it. On the other hand, one participant indicated that
the device can in fact be disruptive in daily life activities, and another one described that the
device had been least disruptive outdoors, buainsetimes annoying indoors, and that its
disruptiveness had very much depended on the situation. Regarding wearing comfort and
complications, one participant described difficulties with wearing the device over a jacket
because using the extension had beemmplicated. They suggested a generally longer band.
Another participant stressed the importance of using the extension with the currently used
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case as it would not have fit over a jacket otherwise. One participant stated that wearing the
device directly on the skin (in hot weather) had been unpleasant, especially for longer periods
I £/ OEIi A8 4EAOA xAOA Al O O i AtioA Fordxdhpl@@o i T OE
participants stated that the device had sometimes shifted on the arm (e.qg., sliding to the side
or downwards), and that it might be helpful to use an elastic band or another way of fixation.
Furthermore, noticeability was mentionetivice, suggesting a smaller and less noticeable
device for the future, including a darker color. One participant specified having felt watched
when wearing the device. They elaborated that this might have been less problematic during
the Covid19 pandemialue to being among others less often, but that participants would
probably take the device off more often in other circumstances due to its noticeability. Lastly,
some comments were made with regard to device handling. One participant explained that
they had often needed to be careful to not accidentally cover the sensors, e.g. when lying on
the couch. It was also mentioned that an outside charging indicator would be helpful as
participants could not see whether the charging had been successful. One ipartic
AAOAOEAAA OEAO OEA AAOGEAA8O AAOA EAA AAAT Ol
For example, the Velcro band at the back had almost been detached, the front foil had been
somewhat discolored, and they would have preferred to be able to washcase after
wearing it on bare skin. Interestingly, participants in another study made similar comments
regarding a device worn the same way as ours, e.g. criticizing the armband as well as both
wearing the device around the outermost layer of clothing oold days and when only
wearing tshirts(Phan, 2022)

We had asked participants to estimate the comparability of their current daily life to
their daily life prior to the Covid9 pandemic on a scale from 0 (completely different) to 100
i AGAAOI U OEA OAI AQqs O0AOOEAEDAINMeH 6f 4R30AHEAsA OA O
also been mentioned by a participant in the open questions (see above), this indicates
limitations in the comparability of data acquisition during the pandemic versus at other times.
The situation regarding the Cowtl9 pandemic demostrates the restricted comparability to
non-pandemic times as well: Data acquisition took part amidst a lockdown, including varying
restrictions and recommendations with regard to e.g. social gatherings, the entering of stores
and restaurants, remote worknd university classes, and nightly curfews. It is obvious that
for most people, measures such as these severely impact dailyfllieexample, time spent
in social situations, during which they might feel setinscious about the device, is likely
decreased compared to noipandemic times. All this should be kept in mind in evaluating the
present data, e.g. regarding newear of the device or their usual daily activities.
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3.3.3.4.2Pre-Processing and Data Quality

As described ithapter3.3.2.74 days of field test data overall were missing due to
device failure. Furthermore, 3fiinutes that were also missing were replaced by data from
the same time andocationat another dayof the same participanand thus kept in.

From their selreport, participants mostly removed the devices when they could not
be worn, e.g. while showeringrom the 3@ays with available data, 3®urs and 2@ninutes
were missing due tself-reported nonrwear periods at 29 instances, including both dagpd
nighttime. 15hours and 2%ninutes (23 instances) of this were missing while the participants
were indoors, and 1Bours and 55ninutes (six instances) while they were outdoors. Reasons
for indoor nonrwear were mostly body care and/or showering (20 instances). Outdoor non
wear usually occurredbecausethe device botheed the participants, especially in social
situations (four instances). Most missing data due toveearz 18hours andlL minute z stem
from one participant, who repeatedly removed the device for longeriods outdoors.
Specifically, said participant spent héurs and 24minutes of norwear time outdoorsand
was responsible for five of the six instances of outdoor device-wear. Furthermore,
36hours and 5ininutes of overall data was invalid due to periods 6flux measured for
J 15minutes during daytime.

Nine of the 30 available daysere removed because of 90% valid daytime data,
leaving 21days for analysisThe latter encompassed 18 se#ported nonwear periods
(10hours and 3ninutes), of which we were able to replace data for 15 peri@isours and
11minutes) as described irthapter3.3.2.7 This accumulates to 2.3% of the total included
data being replaced. Approximately the same percentage of data was repladeead et al.
(2014) However, the aforementioned absence of data exclusion due to missing motion
should be noted here. As this exclusion procedure was performeBdad et al(2014)in
addition to the luxbased exclusion that we also used, it is likely that the amount of excluded
data in our study would surpass theirs, had we also included this procetineeremaining
self-reported nonwear data were excluded from analysas were the times identified as
invalid data due to zero lux during daytime that were not coveredwitselfreported non
wear period, accumulating to Hours and 3ninutes of data excluded from analysis for the
included days.

The amount of days removefdr too much invalid data is rather high in comparison
to investigations of lighimyopia associations (se&able 32 in Study 4 z Honekopp &
Weigelt, 2023. Importantly, 4 of the 9 days that were removeds invalid stem from the
aforementioned participant, who often removed the device for longer periods of time. When
analyzing such data with regard to contepe.g., to investigate lightmyopia associationg,
it would most likely be advisable to exclude participants waich unreliable wearing
behavior (as well as those with several days of technical device failure) from analysis. In fact,
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some investigationsloinclude a criterion foexcludingcomplete data sets, usually by setting

a minimum number of valid days needed to be included for ana(&sndari et al., 2022;
Franklin, 2020; Z. Liu et al., 2021; Wen et al., 200 did notusea respective criterion,

becauseours is a feasibility study and not an investigation in which the content of the

measured data is gdarticularrelevance.

3.3.3.4.3Typical Analyses in the Study of LighiMyopia Associations

For the included days, the overall outdoors (indoors) time during daytime was
81hours and 1Iminutes (26Gours and 3ninutes) forthe TM-derived ideal lux cutoff
(850lux). We also calculated outdoor (indoor) time for the 1,000cutoff as well as the ideal
UV light cutoff (2nA), which was 7Bours and 20ninutes (267ours and 54ninutes) and
69 hoursand 56minutes (27ours and 18ninutes) respectively The proportion of time

spent indoors versus outdoors according to the three-offt is visialized inFigure 3147
showing that the differences in indoayutdoor classification are very small between them.

& o)) 0
o o o
1 1 1

N
o
1

percentage of time
spent in either location

[ outdoors
1 indoors

850 lux

1,000 lux

UV light (2 nA)

indoor-outdoor cut-off

Figure 314. Percentage of time spent indoors and outdoors according to theaftg used

Table 310 presents the respective data per individual participant. The successful

calculation of time spent indoors versus outdoors with severalaftivalues demonstrates

I &0 bOi 61 OUPAEO AAEI EOU Oi

DOl AOAA A dsédA

for further analyses on lighinyopia associations. Furthermore, large betweparticipant

differences in the time spent #rand outdoors are clearly visible, but will not be analyzed

further at this point.
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Table 310
Time Spent Indoors and Outdoors per Participant According to DiffererfitsCut

participant

cut-off location 1 2 3 4 5 6
outdoors 31:47 01:43 06:41 22:04 07:01 11:53
850 | (44%) (5%) (9%) (26%) (25%) (23%)

ux
Indoors 40:18 30:22 68:14 62:21 21:29 40:19
(56%) (95%) (91%) (74%) (75%) (77%)
outdoors 30:32 01:30 06:15 20:35 06:37 10:50
1.000 | (42%) (5%) (8%) (24%) (23%) (21%)
, ux

Indoors 41:33 30:35 68:40 63:50 21:53 41:22
(58%) (95%) (92%) (76%) (77%) (79%)
outdoors 28:16 01:25 05:23 19:20 06:26 09:05
UV light (39%) (4%) (7%) (23%) (23%) (17%)
(2 nA) Indoors 43:49 30:40 69:32 65:05 22:04 43:07

(61%) (96%) (93%) (77%) (77%) (83%)
Note.Time is given in hours:minutes (%). Importantly, the dbs®times are not comparable
between participants since differing numbers of days were included in the analysis.

The data show very similar calculated time spent indoors and outdoors between the
1,000lux and the 85Qux cutoff, with only 1% fewer outdoor time classified with the former.
Considering the small difference in their sensitivity and specificity in the TM, this is not
unexpected. Thus, our analyses suggest that for our prototype and the given data aaguisiti
environment, the 1,00Qux cutoff is usable as well. Interestingly, comparable results were
found by Alvarez and Wildsoe(2013)using the HOBO Patant UA002-64, who had
originally determined 882ux as the best indoeoutdoor cutoff for their data from pre
measurements. However, the results did not differ from those with the 1]08@utoff, and
they thus used the latter in their analyses for comparability with other rese@idvarez &
Wildsoet, 2013)In our study, the UV light ctdff results also do not differ much from those
of the lux cutoffs: The former classifies 2% (3%) fewer outdoor time than the 1,000 [@60)
cut-off. In the TM, theUV light cutoff had a higher sensitivity and specificity than both lux
cut-offs, and the 850ux cutoff had a slightly higher sum of sensitivity and specificity than
the 1,000ux cutoff. However, both the aforementioned numbers andable 310
demonstrate that in the field test, the UV light cafff differs slightly more from the 85[ux
than the 1,000ux onez potentially indicating some environmental variation, e.g., regarding
lighting conditions, betweerthe TM andthe field test.
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Finally, Figure 315 visualizes one day of lux and UV light measurements for two
different participants. Among others, the figure shows which timeframes would be classified
as indoor and outdoor with the considered eoftf values, which are also plotted. The

interpretation ofthe data with regard to the plotted cubff lines is thoroughly described in
Figure 35 (Study5).
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3.3.3.5.0verall Considerations Regarding Device Usability
3.3.3.5.1.Technical Considerations

Firstly, as it is to be expected with prototypes, we encountered some issues regarding
mechanical properties and device handling that should be addressed in future vegsions
encompassing actual technical failures as well as opportunities for improvenfenthe
development and irdepth description of the hardand firmware is not the topic of this study,
these issues will only be addressed briefly here according to their relevance for data
acquisition. For example, in some cases, the UMTS module needbd xchanged prior
data acquisition due to malfunctions. Also, date and time were sometimes not recorded
correctly because of this, which entailed problems with timekeeping that are described in
chapter 3.3.2.7 and this did not always trigger an SMS to the experimenter phone as
intended. Another issue relates to theharging of the device. During field test data
acquisition, the devices did not always charge overnight, leading to some missing days of
data due to device shubff. Since the prototypes do not include a charging light visible from
the outside and the parttipants indicated that they had charged their device each night, it is
likely that at least some of the missing charging can be attributed to the cable not having
been correctly plugged in. This could be overcome with a charging light visible from the
outside.

Another opportunity for improvement is to increase the running time of the
rechargeable battery, which would especially be relevant in case a participant forgets to
charge the device overnight or the charging does not work correctly. However, in théary, t
current running time is sufficient for the use case, and some of the problems with regard to
the battery might be solved with an outside charging light as described above. Furthermore,

OEA ODPPAO 10600 TEIEO T £ OEA AodeBAG1BuX) WassCEO O/
reached for all participants during data acquisition. For analyses such as Hodtdwor

distinction or of time spent in different light intensities below said limit, this circumstance

should not be an issueit would, however, be problematic whesg. analyzing cumulative

or average lux exposure (e.dhlvarez & Wildsoet, 2013; Mirhajianmoghadam et al., 2021

which would be underestimated due to the sensor saturation. With regard to the measured

light values, it is importantto ke@ ET [T ET A OEAO OEAU AOA 110 C
Depending on the spectral sensitivity of the ambient light sensor, measures may differ from

those of a calibrated luxmeter (or photometer), and depending on the overall device, other
aspects might ao alter how much lux is measured. In our case, this e.g. refers to the lux
sensor being placed in a case behind acrylic glass, which likely reduces the lux measurement.

As demonstrated byloyce et al(2020)for two commercially available devices, one agse a

AT OOAAQGET 1T ZEAAOI O OI OAAAI AOI AGA A AAROGEAAGO
a calibrated photometer. As mentioned earlier, the UV light measurements are currently
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given in photocurrent (nA) and would need to be transformed to UV index, if one wants to

assess a unit such as this. Furthermore, the UV light senstsasocated in a case behind

acrylic glass which likely, despite its UV permeability, reduced measurements. Thus, to

i AOAE OOAAI 6 56 1 ECEOh A Al OOAAOGEIT1T ZEAAOI O x
The prototype has since beagevisedET OOOAAT 006 AAAAAI EA OEA

describedissues, for example the outsidghargingindicator, have already been improved

therein. Yet, again, as theA A O E #&ohriic@ development is not the topic of this

investigation, this is not discussed furthdrere. Generally, the prototypes performed

adequately andinclude the required technical specifications to study lighyopia

associations

3.3.3.5.2 Advantages and Disadvantages Compared to Commercially Available Devices

In comparison to commercially available devices, our prototype has some advantages
Z for example, it includes exactly the sensors we wanted, we are aware of all specifications
AT A AAT AEAT CA ARAOOAET AOPAAOO ADoxPBRAI HAAEI O
timing and content of as well as triggers for SMS sent to the experimenter phone.
Commercially available devices, on the other hand, could be removed from the ngasait
happened with the Actiwatch devices at the end of 2023, whictoften used in lightmyopia
research (e.g.Mirhajianmoghadam et al., 2021; Ostrin, 2017; Ostrin et al., 2018; Read et al.,
2014, 2015; Ulaganathan et al., 20)9Burthermore, manufacturers may not report all
specifications that might be relevant for the research purposssudy 4 z Honekopp &
Weigelt, 2023, and may change specifications without notiddarkvart et al., 2015)

On the other hand, selmade devices also have disadvantages compared to
commercially available ones. For one, our prototypes were assembled by hand rather than in
serial production. Resulting (slight) betwealevice differences, e.g. in the exact placeme
of the opening above the sensors, might account for some of the variability that we e.g.
encountered in the DCM. Betweedtevice variability in light measurements has, however,
also been found in commercially available devices of the same (ylakvartet al., 2015)
Furthermore, unlike many commercially available devices, prototypes such as ours do not
have external certifications, e.g. regarding the level of water resistance. Furthermore,
especially with selmade devices, one needs to ensure that participantsabke to handle
the device correctly. For example, participants need to be made aware how to safely handle
a device powered by a lithiwwpolymer battery, which likely excludes children as participants
when using a device at this development@ta Rechargeable lithiuapolymer batteries have
the advantage of a high energy density, making them ideal for portable devices. They are
thus often used in devices such as mobile phones and have also been used in wearable devices
for research purposes befe (e.g.,R. Williams et al., 20)9Yet, it is important to be aware
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how to safely handle devices including such a battery, for example by avoiding overheating
or any battery damage.

3.3.3.5.3Summary of the Findings from Data Acquisition and Analyses

We were able to perform all planned data acquisitions and analyses with our devices.
The DCM showed technical problems with two devices that were thus excluded from
subsequent measurements. Overall, ICC analyses showed excellent and good reliability for
the static and moving conditions, respectively. While for the latter, a higher reliability is
reported byRead et al(2014)for the Actiwatch2, betweenstudy comparability with regard
to the ICC analyses cannot be assumed with certainty. Overall andtdethl@d good and
excellent betweerA AOEAA OAT EAAEI EOUh OEA $#- OEI xAA (
measurements. Thus, actual investigations on lighyopia associations may benefit from
further improvement of betweerdevice comparability. Respectivealibration procedures
have already been suggested for other devi@@srkvart et al., 2015)

As expected, there was an overlap between the CM indoor and outdoor conditions for
both lux and UV light. This has been reported from comparable measurements with other
devices as we(Dharani et al., 2012and overall demonstrates the limits of using a univariate
indoor-outdoor cutoff. The CM also showed that UV light might be a promising candidate
for indoor-outdoor classification.

From the TM data, we were able to calculate an ideal inemadoor lux cutoff
(850lux) for our device and the given data acquisition circumstanvi@fOC curve analysis
which performed well compared to those calculated for commercially available devices in
Studyb5. At the same time, the commonly used 1,008 cutoff also performed well with our
device in the given environmental circumstances. As suspected from the CM data, the UV
light cut-off showed better sensitivity andpecificity than both lux cubffs.

, AOOIl uh OEA #ZEAI A OAOO CAT AOAOAA OAI OAAI 4
AOI I DPAOOEAEDAT OO6 AOOAOQOI AT OO8 |/ OAOAIT I h DPAC
and not too disturbing. Yet, they also offered some ideas for improvement,ef@mple
regarding device noticeability. The latter is especially important since data acquisition took
part amid the Coviel9 pandemic, and participants indicated that their daily life differed from
pre-pandemic times. Presumably, this includes fewer sbcmntact, and it thus stands to
reason that potential issues regarding device noticeability and associategtsefciousness
may be larger in noipandemic times than in the present study. Overall, the chosen pre
processing procedures could be performediwour data. Only the attempted exclusion of
data with no movement forJ 15minutes was not performed, as we discovered that the
OEOAOEIT A &£ O OEA OiTOEIT6 OAI OA xAO APPAO
though, this procedure can be performevth data from our device as well, as it is possible
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to change the threshold if one identifies a more suitable one. Data quality was generally
satisfactory. We had to remove a rather high amount of d&ysut of 30) due to 0% valid
daytime data, but four of these days stem from the one participant who did not wear the
device very reliably. For the included @dys, we were able to replace the majority of Ron
wear time (8hours and 1ininutes), which accumulates to 2.3% of the total included data,
and only 4hours and 3ninutes of data had to be excludedom analysis. The analyses
performed to test typical data analysis regarding lightyopia associationg calculating the

time spent indoors versus outdoors and data visualization over ymere also successful.
The former showed that the three cutffs tested for this study the lux (850ux) and UV light
(2nA) cutoffs calculated as ideal for this study and the commonly used 1i00@utoff 7
yielded quite similar results. This indicates the suitability of the 1J08@utoff for the data

from our AAOEAA ET OEA OOOAUBO AT OGEOIT I AT OAI
demonstrated that typical pregprocessing and data analysis procedures for investigating
light-myopia associations can be performed with data from our device. However, due to the
rather low upper lux limit of the ambient like sensor, there are currently restrictions to
analyses that we did not perform, such as calculating cumulative lux exposure.

Especially with regard tdie field test data, it is important to note that there are many
options available for prgrocessing and analysis. The methodology differs greatly between
studies on lightmyopia association, and is not always described in detaildy 4 z
Honekopp & Weigelt, 2093 For this study, we selected options we deemed representative
for the field and also useful for our data and the feasibility assessment of our device.

Generally, other options are also possible with our device, such as analyzing the data with

anotherdeE1 EOET T 1T £ OAAUOEI| A éFurihgomoieiefcauld AldAideDOET 1

more than onendicator for indooroutdoor classification instead of a univariate eoff. For
example,Ye et al(2019)used lux, UV light and stepath for indooroutdoor discrimination.

With our current prototypepne couldnclude lux, UV light and movement data. On the other
hand, some specific procedures that can be done with data from other devices cannot be

performed with data from ours due to lack of necessary device features. For example, several

Actiwatch devices inclde an offwrist detector Study4 z Honekopp & Weigelt, 2033which
has in the past been used to monitor participant compliaf@strin et al., 2017)

Overall, the various measurements and analyses performed demonstrated the

P A NN s o~ o~ N s s s.A 2 oA

research. Many of the issues we encountered could generally be avaqded at least,
minimizedz with future device revisions and testing, for example by reducing its noticeability
Au AEAT CET ¢ EOO AiillTonh T0O EAAT OEAEUEI ¢ A
include motion data in the analyses.
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3.3.3.6.Conclusion and Outlook

Despite the issues and limitations of the device prototype investigated in this study, it
is theoretically usable fanvestigating lightmyopia associations.

Overall, the study thus showed that it is indeed possible to develop a wearable device
tailored to specific research needs with reasonable effort. Developing and building an own
device has certain advantagegor example, one can decide on and is awdralbpotentially
relevant specifications and is not dependent on the manufacturer, who might not disclose or
change device specifications, or take the devices off the market. Furthermore, our prototype
has specific advantages for the current use caseestarch on lighinyopia associations,
such as the inclusion of UV light measurements, which are presently only included in a few of
the devices currently used in said research figtudy 4 z Honekopp & Weigelt, 20293
However, other devices are better suited pif possiblez changes to the current prototype
are needed for some aspects of ligimyopia research. This is for example the case for
measuring lux above the current upper lux limit or continuous device ywelich would be
problematic with our device due to overnight charging and its way of wearing. Some of the
issues with the current prototype device could be (and have been) changed with manageable
effort z for example, implementing an outside charging indtor or using a different
Oi 1T OEiTT6 OAI OA OEOAOEI 1T A8 | OEAOOh EIT xAOAOh x
AT A OAOI OOAAOh &£ O AgAipi A AT T OEAAOAAT U OAAOD
necessary batteryrelated safety instructios. Thusg rather unsurprisingly to be deployed
in the field without (as many) restrictions, our prototype would need some further
development.

As the research area has been evolving fast in the last years, there are many
commercially available devices which may be used for investigating -hgydpia
associations $tudy 4 z Honekopp & Weigelt, 2093 and which cover a range of different
device characteristics. Thus, as of now and if one is not in need of very specific measurements
that none of these devices offer, it would likely be more convenient to use one of these
devices instead of developing eustommade one. Yet, for research areas with less
availability of respective devices, it may be a viable option to develop a custane
i xAAOAAT Aq AAOGEAA mI O T11TA530 OAOAAOAES
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4. General Discussion

Inthis dissertation, | investigated myopia prevalence rates and associated factors in
children and adolescents in Germany as well as methodological aspects regarding the
research onight-myopia associations, thereby mainly focusing on the utilized light meters.
will now summarize the general findings of this dissertation and contextualize them with
regardto the researclobjectives outlinedn chapterl.3and associated topicsSubsequently,
| will presenavenues and implications for future reseahwell as practicendpublic health
that arise from tte results.

4.1. Summary of Main Findings

Despite myopia currently beingglobally relevant topic, ugo-date prevalence rates
are scarce for many parts of the world. 8tudy 1 we thus performed nottycloplegic
refractive measurements in school students in Germany. We found a myopia prevalence of
8.4% in 489 primary school children (graded,3nean age: 9.30+0.%&ars) and of 19.5% in
1,032 secondary school children (gradesdl®@ mean age: 14.99+1.¢8ars) as well as a
general prevalence increase over the grades and higher myopia prevalence in females than
males, with the highest betweegender difference in grade 1@inalyses of refractive error
associations generally confirmed said patterfairthermore, rates of urmrected myopia
were high, with 51.2% in grades43and 43.3% in gradesi®.

Furthermore, ve assessed prevalence rates of spectacle ownersimg related
aspectsin 0-17%year-oldsvia an online questionnaireghereby also investigatingarticipant
recruitment strategies ad the u®fulnessof questionnairesin (myopia) epidemiology
research With regard tothe former, we comparedive different recruitment strategiesin
Study 2and founda mix ofadvantagesand disadvantagedor each showing that he
usefulness of recruitment strategid¢argelydependsorOEA T AAAO T &£ 11 A60 EI

In saidquestionnaire studydata from 1,747 children yieldeth overall prevalence of
22.2%for spectacle ownershipndof 11.6% for spectacle ownershilpe to myopia(Study
3). Both prevalence rates were highar females than males andhihigher than lower age
groups For the prevalence of spectacles due to myopiagre was an especially large
difference between the age groups ofldyears (10.0%) and 1P4years (21.7%), and the
betweengender difference was generaligcreased with ageWhile the detected prevalence
rates align well with other questionnakiieased investigations, thewere reduced compared
to the prevalence of correcteanyopia from our direct measurementsn Study 1 This
demonstrates the difficulty of obtaining accurde prevalence rates from questionnaire
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investigations thoughquestionnairesseem weHsuitedto e.g. monitor prevalence changes
over timeor assessvithin-samplerelationships(e.g., gener effects.

As light exposure is one modifiable factor implicated in myopia development,
thoroughly assessing lightnyopia associations is highly importante.g. regarding
prevention efforts In reviewing respectiveinvestigationsin Study 4, we found that the
various utilizedwearablelight meters differ in their technical specifications, some of which
are not public available, as well as how they are worn. The investigations vary in their
methodology in aspects such as participant population, classification and proportion of
myopic participants, and kand excluded datawith potentially relevant aspects (e.g., season
of data acquisitionsometimesnot beingreported at all. At the same time and despite the
methodological variability between studies and devices, 1,080is ommonly used as an
indoor-outdoor cutoff, often without prior validation. These methodological aspects might
contribute to the variability in results, with some studies reportligght-myopia associations
and others not, and should be considered when assessing or comparing investigations.

In Study 5, we directly compared measurements fromsimultaneously worn light
meters, demonstrating a similar light exposure pattebut substantial variation in the
absolute lux valuesSensitivity andspecificity of the 1,00Qux indooroutdoor cutoff as well
as the ideal indooroutdoor cutoff (calculated by maximizing the sum of sensitivity and
specificity) also varied between deviceJhese results further underline the necessity to
consider the light meters used as well as circumstances of data acquisition with regard to
investigations of lightmyopia associations Furthermore we recommend toconsider
calculatingan indoor-outdoor cutoff from study-specificpre-measurementgo achievethe
best-possible indooroutdoor distinction via lux measurements.

10O AT T T AOAEAT T U AOAEI AAT A T ECEO rekedrhAOO | E
in terms of included sensors and other featurege investigated the feasibility of using a
customrmade device irStudy 6that was developed according to requirements we defined
In conducting various measurements and data analysg&OAE AO AT I PAOET ¢ O
measurements against each other, assessing their performance in different environments as
well as potential indocoutdoor cutoffs, and preprocessing as well as analyzing field test
data with methodologytypically used in lighimyopia researcly, we found that the devices
are generally feasible fosaid data acquisitions and analyses. However, our prototypes
(partly) exhibited technical failures as well as opportunities for improvement, and would need
further developmentto be deployed in actual investigations of lightyopia associations.
Due to thelarge availability ofwearable light meterswith diverse specifications, it may be
more practical to use one of those fdight-myopia research. However, especially for
researchareaswith fewer usable devices availalibe in case ofery specific requiremenist
may be a viable option to develop and use a custoiade device.
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4.2.Considerations Regarding the Research Objectives

In the following, | will assess the research objectiaed discuss related topidsased
on the resultdrom the individualstudies of this dissertation.

4.2.1.0bjective 1: Obtaining Current Myopia Prevalence Rates for Children and
Adolescents in Germany

4.2.1.1.Myopia Prevalence Rateand Associations

In conductingStudy 1 we added to thegrowing body of myopia epidemiology data,
and obtained myopia prevalence rates of 8.4% for gragé Ximary school students and
19.5% for grade 80 secondary school students in Germarihe myopia prevalence
difference betweerthe younger and the older sampmincides well with the school myopia
appearance age, which has e.g. been proposed to be between the ages of 9 @itirktin,
2004)as well as 8 and I#Morgan & Rose, 200%kars.Also, tespite some variations, these
prevalence rates were overall consistent with other (recent) data from Eusgelrable 26;

A s o~ e~

eg( AOOET ¢cOiI T h 30AAEh -"QACATI$SIxWAOhHRA & dAXIi 81h OW ®X rOIE «

Regarding the situation in Germany, sondata from refractive measurements has been
published in the last few yeard&aymak et al., 2022; Truckenbrod et al., 2Q24)d the
respective myopia prevalence rates are largely comparable to our findin§&uohy 1 While

the myopia prevalence of 22% reported Kaymak et al(2022)for their grade 57 sample is
slightly higher than that of our grade-80 sample, methodological differences such as a more
liberal myopia cutoff and the necessity for active parental consent in their investigation
might have played a role in this difiemce.

An increase in myopia prevalence over the next decades was predict2d16both
worldwide and for specific regions, including Western Eurofi¢olden et al., 2016)At the
same time, aeview and metaanalysis reported &table or even slightly declining myopia
prevalence for children and adolescents of white ethnicity (defined as people with white
European ancestry who reside in Europe, America, Australia and New Ze&taddicka et
al., 2016. Importantly, investigations were grouped by ethnicity instd of geographical
locationz which are obviously not entirely congruent, despite the definition of white ethnicity
as the predominant one for European investigations with no available ethnic specific
prevalence rate$Rudnicka et al., 2016for Germanygata from two waves (2062006 and
20142017) of the KiGGS questionnaire study suggests stable myopia prevalence rates in
German children and adolescents in betweédchuster et al., 2020)The very similar
prevalence rates of myopia (correction) betwestudy 3and the KiGGS stud{Schuster et
al., 2020hint at a continuously stable myopia prevalence in German youth, though there are
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some constraints tdoth this interpretationas well as the prevalence rates derived from the
guestionnaire irStudy 3overall which will be revisited iohapter4.2.2.2 Furthermore, while

| was only able to find very few refractive data from children and adolescents in Germany
from the recent past, thdact that the myopiaprevalence rategrom Study 1(acquired in
2021)are largely similar, and for the adolescents even slightly reduced, compared to those
from Truckenbrod et al.(2021 acquired in 201£2018), may also indicatéhat myopia
prevalence ratesdid not increasein German youth over the last few yearget, while
Truckenbrod et al(2021)also utilized norcycloplegic refractive measurements and@75D

SER myopia cubff, methodological differences such as theeasurement devices prevent
complete betweenstudy comparability.Instead of an increase in myopia pedence in
children and adolescenis Germany Schuster et al(2020)suspect a respective prevalence
increase in young adwddue to tertiary education, but could not assess this in their sample.
An analysis of spectacle prescriptions, however, indicates that myopia prevalence is currently
neither increasing in children and adolescents nor in young adults in Ger(Wdagemann,
2017) Yet, investigationsof both questionnaire and spectacle prescription datly on
indirect measures of myopia prevalence, and there has been discussion regarding their
validity (seechapter 1.1.5. As will be described below (seghapter 4.2.2.2), however,
repeating a questionnairmay be wellsuited to detect changes in prevalence rates over time.

In spite of this in order to obtain datahat is as unbiased as possible, monitoring
myopia prevalence and associations via direct measurements of refractive status Wweuld
beneficial. Especially with regard to the recent Cet@l pandemic, comparing th8tudy 1
prevalence rates to more recent ones is worthwhile. Accelerated rates of myopic progression
have been found in children and adolescents during the pandemic, which are assumed to be
related to increased (decreased) near work (outdoor) activities (for a raptdysis, see:
Watcharapalakorn et al., 2032Also, increased myopia prevalence has e.g. been found in
children around the age of years in Hong Kong both during and after Coti@related
confinement measures, and time outdoors and near work/screere tiia not return to pre
pandemic levels after restrictions were liftéd. J. Zhang et al., 2023)Ilthough there is only
few data on the subject to date, other investigations also indicate persisting behavioral
changes in relation to the pandemic, such as higher screen time and reduced physical activity
both during and after school closures (thougfil sluring the pandemic) in Dutch childréten
Velde et al., 20219r continued increased screen time in Canadian adults{msnpared to
pre-pandemic(S. Lliu et al., 2023)The myopia prevalence rates fro®tudy lare largely
similar to prevalence rates obtainedn Germany prior to the Covidl9 pandemic
(Truckenbrod et al., 2021Thus,at least for our sample of grade43and grade 8.0 school
students,we did not find evidence of changes in myopia prevalence during compared to
shortly prior to the pandemicHowever, against the background of accelerated myopia
development in other countries as well pstentially persisting myogenic behavioral changes
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emerging from the pandemic, it is certainly relevantrtmnitor myopia development within
the next yeas.

Our investigations also revealed interesting findings regarding factors associated with
myopia, such agender and ageA gender difference in myopia prevalence emerged in both
Study land Study 3 especially for higher grades and age groups, with females exhibiting
higher prevalence rates as well as a more myopic refractive status than males. This is
consistent with other literature (e.gCzepita et al., 2009 and areviewand metaanalysis
reportsthat gender differences in myopia prevalence begin to appear around age 9 in white
(and East Asian) populations and then become increasingly pronounced through
adolescence, with an odds ratio of myopia of approximately 2 for females versus males aged
1718 years(Rudnicka et al., 2016Dur results were in line with this: Btudy 1 a slightly
higher prevalence of myopia as well as a more myopic refractive status were found in boys
than girls in grade 3, where the mean age was below nine years (8.8%#@i&]. In grades 4
(9.75+0.53ears) as well as 8 (98+0.7kears), 9 (15.04+0.8@kars) and 10
(15.97+0.78ears) femalesexhibited a higher myopia prevalence and more myopic refractive
status thanmales. Thereby, the betweeigender difference was by far the highest in grade
10, with myopiaprevalence being 20% higher in females than males, and a respective SER
difference of almost 0.4DLikewise, the questionnaire data froltudy 3exhibiteda higher
prevalence of spectacles due to myojafemales than males in all age groupd 3-5years,
though both the overall prevalence of spectacles due to myopia as well as the gender
difference were negligible for the-R-yearolds. Furthermore, said gender difference was
generally increased in older compared to younger age groups, with theptxeeof it being
more pronounced in the-Qlyearolds than the two oldeage groups (se€igure 26). The
reasons for the gender difference in myopia prevaleacenot yet well understood, and both
biological and behavioral factors have been propoé€depita et al., 2019Although further
research into the origins of this difference is recommended, it is important to acknowledge
its existence, particularly when designing myopia information and prevention campaigns.
With regard toage, we found an especially large myopia prevalence difference between
grades 8 and 9 (9.9%) Study 1 which was even higher than the difference between grades
4 and 8 (3.0%). Data acquisition took place within the first four meofihthe school year,
and the grade 8 (grade 9) students in our sample were aged 13.98+0.77 years (15.04+0.80
years). Thus, while these ages lie at the upper end or even beyondiigeiars during which
school myopia has been proposed to app@sliorgan & Rose, 2005)rades8 and 9 may be
especially relevant with regard to myopia onset in a Gerrlike school system. This finding
may also have implications for measures such as myopia diagnostic camp&gnsxample,
it indicates that both diagnostic andhealth-education campaigns on myopia might be
especially useful around gradar®a Germarike school system
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4.2.1.2.Uncorrected Myopia

The alarmingly high rates of uncorrected myopia we detecte8tndy 1z with 51.2%
of the myopicgrade 34 students and 43.3%f the myopicgrade 810 studentsbeing
uncorrectedz are of particular noteand especiallworrying given that uncorrected myopia
was often substantialseeFigure 41).
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Figure 41. Densty plots ofthe spherical equivalent distribution of corrected amdcorrected

myopic participants from Study.IDashed vertical lines represent ttekA OPAAOE OA OOAC
mean SER. The depicted SER range covers all SER values that can be exoiitechjopic

participant in this study (betweenr0.75D and-7.125D). Data from two (one) myopic
participants from grades-& (grades 8L0) are excluded due to missing SER values.

This was particularly true in gradesgi3uncorrected myopia mean SER:01D+1.64D;
corrected myopia mean SER3.12D+0.93D). As the gradetJarticipants were outside or at
OEA 11T xA0 AT A T &£ OEA ACA OAT CA A& Gat tkeOAET T 1
respective myopic participants predominantly had a type of myopia with a stronger genetic
component and an onset very early in lif@pillmann, 202Q) Thus, at least some of the
myopic grade 34 students had likely been myopic for some time alreaidygJuding those
lacking correctionz which makes the severity of their myopia even more alarming. In
comparison, the severity of myopia was reduced in the (uncorrected) myopic participants in
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grades 810 (uncorrected myopia mean SER:27D+0.53D; corrected myopia mean SER:
-2.58D+1.72D). This makes sense insofar as many of the respective myopic participants had
ITEEAT U TT1U OAAAT OI U AAOAI T PAAL, @Odkdiderable | UT P
proportion had uncorrected myopia with an SERIl beyond the myopia cubff, and rates

of uncorrected myopia were overall also still high when applyingpae conservative myopi

cut-l A/ -1D 8ERI(48.7% in graded and 32.7% in gradesl®)

High rates of uncorrected myopiaave been found elsewhere, tq€hoy et al., 2020;
01 DI-"OECAT T OE¢c AO Al 8h woxnn *EAT UI.IFguetdl ¢ AO
correct myopia igproblematicbecause ittan adversely affect educational outcomes as well
as quality of life(Sankaridurg et al., 2021gnd its economic costs far exceedhe costs
associated with correcting myopiéNaidoo et al., 2019)Furthermore,undercorrectionof
myopia seems t@ccelerate itgrogressioncompared tofull correction(Logan & Wolffsohn,
2020)

Myopia remains uncorrected for multiple reasonsamong them lack of myopia
awareness and frequently observedwith adolescent participants Study 1z unwillingness
to wear a visual aid.ack of awareness coulge counteracted with more frequent refractive
error screeningdn Germanyrecommendations for visual cheakps only include one before
the age of 16 and then one about every 10 ydarcomplaintfree 7-39-year-olds without
ametropia or eye disease or known risk factors for either @erufsverband der Augenéarzte
Deutschlands e.V. & Deutsche Ophthalmologische Gesellschaft e.V., TH@8AOAON the
other hand recommends annual comprehensive eye exdior 6-17%yearolds (American
Optometric Association, n.d.)In Study 3 we found that onlyabout 36% of spectactéee
children and adolescents aged1dyears and above hableen assesserkgarding potential
spectacle need within the last yea&imilar results were found in the URuring a 18months
study period, mly 34.4% of individuals agedl8years of the stug population received a
sight test of the National Health Service, despite sight tests being free of charge for that age
group(Swystun & Davey, 202WVith regard to the high rates of uncorrected myopiaStudy
1 and the potential consequences thereofmplementing measures to increase dh
percentage of children and adolescents receiving regular visual ebpskwould be
worthwhile. Onesuch measurenay be enhancing the frequency of visual chegls in the
German recommendationsHowever, changing recommendations alone will likely not be
sufficient.Implementing refractive screenings in a way that relieves families from scheduling
appointments themselves could be particularly effective. For instance, regular refractive
screenings could be conducted in schools, which would also be benédfarnabverall increase
in the frequency of visual cheakps would put too much strain on the healthcare system's
resources.
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The issue of children and adolesceising unwilling to wearrecommendedvisual
aids has been discussed befoidultiple (psycho)social barriers have been identified for
spectacle wear, such as (fear df¥crimination or bullyingfor reviews, seeCongdon et al.,
2019; Sankaridurg et al., 20918 7EAO EO 11 OAh AOAT DAOAT 008
O1T AEA1T OOECIi A AAT AA A AAGéentiknar @i al, RBEHI AOAI
Performing inschool refractive screenings for complete grades may be helpiill regard
to (psycho)social barriers to spectacle welaspecially for adolescents,-sthool screenings
could help normalize the need for refractive correction and prevent singling out individual
students, as multiple students would likely be informed of their need for visual correction
simultaneouslylndeed, a schoebased program that provided corrective lenses showed that
OOOAAT 006 xEITETI GCT AOO Obasewheh Geirlpders staytBvdalifigA A1 A C
themas wel(Dudovitzetal.,2016) 1 T OEAO § AAAEOET T Al q PT OOEAEI |
AAT T AOAAT 008 xEI T ET CI AOOgdp targefed IRaltiOd@&idn  AE A
with regard to refractive error.

Finally, the socioeconomic situation might ben@her factor in explaining the
prevalence of uncorrected myopia. Btudy 1 we found a 22% lower rate of uncorrected
myopia in primary schools with a low compared to those with a high social burden. As this
finding is based oA 1 participants only, it should be considered preliminary and with caution.
However, comparable results have been reported before. For exarapleng <16-year-olds
in the UK, those living in the least deprived quintile have been found to be Z&%more
likely to have a sight test than those in the most deprived quirffleickle et al., 2018; Shickle
& Farragher, 2015Furthermore ethnic minorities in the USA exhibat higher prevalence of
both un- or undercorrected refractive erraiQiu et al., 2014as well asreduced eye care
(Kemper et al., 2004)While ourpreliminaryfinding of uncorrected myopia being especially
prevalent in children with a high social burden should be investigated furtherptiezall
notion of individuals with a higher social burdéming disproportionally affected by lack of
eyehealth care and refractive correction should be considered in interventive measboes
example, targeted health education may be useful in this regard as well.
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4.2.2.0bjective 2: Assessing the Application of Online Questionnaires for Myopia
Prevalence Research

4.2.2.1.Recruitment Strategies for Online Questionnaires

In Study 2 we compared recruitment strategies for online researchportantly, we
recruited participantsfor a short questionnaireand subsequently asked therto also
complete a long questionnairdMlost analyses regarding recruitment strategiesSitudy 2
relate to the short questionnairebut we also assessed the percentage of participants
completing the long questionnaireTable 41 presents a brief overview over the various
aspects addressed in the comparison as well as how the strategies performed regarding each
aspect in comparison with each other. In the following, | larikfly revisiteach strategy and
DOAOGAT O AT T AI OOETT1 O AT A OAATI 1 AT AACET T O AOQOI

In CLUSTER, we asked schools and daycare centers selected via multistage cluster
sampling to advertise our study. Despite the high workload and extremely unfavorable
guestionnaireworkload ratio (i.e., number of included questionnaires per hour of wprk)
CLUSTER is an overall viable strategy to obtain a large sample, if one can manage the high
associated workload, because of its many recruitment opportunities. It is also not associated
with high monetary costs. In our case, monetary costs could even e nonexistent with
even more increased workload. Generally, kindergartens and primary schools were more
likely than secondary schools to advertise our study. It is thus advisable to specifically focus
recruitment on secondary schools if one aims at ba&hage groups, and doing so might
even lead to a representative sample in not only gender but also age. One might also
oversample schools or areas with characteristics for which one expects low participation. For
example, participation biases regarding ezhiional status have been reported for health
surveys, participants with low educational status thereby being underreprese(Bedra et
al., 2007; Klijs et al., 201%jeneral recruitment success in CLUSTER as well as the percentage
of participants who additionally complete the long questionnaires might be increased with a
participation incentive, as CLUSTER was the only utilized strategy without a voucher raffle,
which probably reduced motivation compared to the other strategies. However, this may be
prevented by legal restrictions regarding recruitment at schools. | also recommend to assume
a long lead time if approval from authoritesET 1T OO0 AAOAh OEA AEAAAOA
concerned with educatiog is needed for recruitment.
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