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Abstract: With the increasing 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 between-device variability and discussing its implications. We further identify 20 publications,
including two reanalyses, reporting investigations of light-myopia associations with data from human subjects wearing light meters.
We thoroughly review the publications with respect to general characteristics, aspects of data collection, participant population, as 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 aspects that warrant consideration in
the study of light exposure and myopia.
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Introduction

The increasing prevalence of myopia worldwide is a cause for concern.' Growing evidence suggests time outdoors® and
light exposure® as 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 animal®> and human®*®
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 exposure.®’
Furthermore, intervention trials increasing children’s outdoor exposure found reduced myopia increase in the intervention
groups.” ! However, the current evidence is not unambiguous, as some investigations fail to detect associations between
light exposure and myopia.'*'* Furthermore, many aspects are still unknown, eg, whether increased outdoor exposure
affects both incidence and progression of myopia and which exact mechanisms underly the protective effect of outdoor
exposure.'* While there is strong evidence for bright light as a key protective factor by inhibiting 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 outdoors.'* 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 well as research 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 acquisition, (3) parameters of the participant population, and (4) data analysis and
interpretation. In the following, we will briefly review empirical findings on some aspects regarding (2)-(4).
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(2) Regarding data acquisition, differences in light measurements from simultaneously worn, different light meters have
been shown before.'>™'7 These differences are likely a combination of the devices’ specifications as well as how they were
worn. The former claim is based on findings showing that deviations in light measurements between light meters and
calibrated photometers vary between different types of light meters.'>'®'® This is not surprising since the light meters differ in
several aspects, eg, spectral sensitivity or measurement range. With regard to device positioning, prior investigations revealed
varying degrees of deviation between similar devices worn at different body positions.'>%*!

Furthermore, the light meters’ settings may affect the outcome. Ulaganathan et al (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 to >1000 lux), 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 least every 2 minutes provided the most reliable outdoor light exposure measures.>
Geographical location and season of course also vary between investigations, and, eg, data acquisition during short
daylengths, bad weather and low bright light availability may pose limited opportunities for investigations on associa-
tions between light/outdoor exposure and myopia.”> Any combination of these and other factors provides own chal-
lenges, eg, in choosing the optimal light 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 myopia,>* light exposure probably does not
affect it in the same way across all ages. Another aspect is the overall light exposure. There has been speculation that
a sample’s overall low (frequency of bright) light exposure may conceal associations between light exposure and, eg,
refractive status.®>> Also, Gordon-Shaag et al (2021)* revealed greater myopia prevalence in ultra-Orthodox and religious
than secular Israeli boys, but no group differences in outdoor (>1000 Iux) 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.”> Between-publication variability regarding refractive status assessment and refractive error classification
might also be of relevance, as, eg, outcome differences between several methods to measure refraction have repeatedly
been shown.?*

(4) Finally, one major aspect regarding data analysis and interpretation is the calculation of time spent in indoor and
outdoor environments. This is often done by quantifying the time spent in light intensities below and above a certain value,
usually 1000 lux.%®*'>'3 This indoor-outdoor-cut-off (I0-cut-off) is also frequently used in other research involving personal
light exposure.”” ' In myopia research, it has been applied in various circumstances — often without prior validation —, though
there are indications that it may not always be the best estimator. For example, Mahroo et al (2013)*? suggested a higher IO-cut
-off for a study by Dharani et al (2012)"* —who had initially used 1000 lux, but agreed that 1500 lux was indeed a better choice
for their study.>® With regard to the light meters’ specifications, comparability of the IO-cut-off has, eg, been shown for two
different, simultaneously worn devices (Actiwatch 2 and HOBO Temp/Light data logger).'® However, the previously
mentioned findings of different devices’ light measurements differently deviating from calibrated photometers alone indicate
a high probability of different ideal 10-cut-offs. For two devices, Howell et al (2021)" empirically derived 533.15 lux
(Actiwatch 2) and 850 lux (Clouclip) as corresponding to 1000 lux measured by a photometer. They further remarked that with
a 1000 lux IO-cut-off, the photometer and Clouclip sometimes falsely classified indoors as outdoors, which was almost never
the case for Actiwatch 2, due to its general underestimation of illumination."®

These and more aspects pose important challenges for comparing and integrating results of studies 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 investigating
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,>* here, the term “light-myopia associations”
(LMA) will be used to describe negative association between bright light and myopia — ie, 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 myopia,'* 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.
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Materials and Methods

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 reported, and the 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 1), (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*)
AND (light) in Web of Science was conducted. For all N = 147 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 2). For each identified

device, a keyword search for ([device name]) AND (myopi*) was conducted in PubMed and Web of Science.
Furthermore, (f) a “cited references” search was conducted in Web of Science for all identified publications, in which
wearable light meters had been used in combination with myopia research. Finally, (a) and (d) as well as (f) — for the N =
19 publications included in the analysis of research methods (see below) at that point — were repeated in January 2023 to
include publications published up to and including 2022. In total, the literature search led to N = 169 publications. These
were then assessed regarding their inclusion (see below). Figure 1 depicts a flowchart of the literature search, presenting

the number of identified, in- and excluded publications.

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

(c) other sources: (d) keyword searches
9 ’ le (Web of Science):
17
(e) device name searches (f) cited references
(PubMed & Web of Science): le searches (Web of Science):
0 8

v

publications identified:
169

excluded from
both analyses:
129

A\ 4

v
publications included in
analysis of devices:
40

excluded from analysis
of research methods:
1 20

v

publications included in
analysis of research
methods:
20

Figure | Flowchart of the literature search. The numbers indicate how many new publications were identified with the respective search strategies.
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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 — conference abstracts only if the device was not included via one
of the former 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 data was 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, dissertation, 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 (AL) OR (4b) methodological investigation within the framework of wearable
sensors in light exposure-myopia research, also reporting results on the association between (white) light intensity (lux)
and refractive error/myopia (metrics). Due to criteria 4a and 4b, publications primarily concerned with other associations
(eg, myopia — 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 optimized for assessing their main
objective rather than LMA. In one case, a study within a dissertation®> was later published in a paper,’® and 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 as the
analyses on LMA were not a main focus. However, as the investigation assessed an intervention 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 included.?’

Results

Analysis of Devices

We identified ten wearable light 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 lux — the
measurement unit of illuminance. Illuminance is defined as irradiance weighed by the photopic luminous efficiency
function V(A), which is based on the spectral sensitivity of human central vision, if not specified to follow another
luminous efficiency function.'>*® However, in practice, the devices’ illuminance estimation is not always accurate, as,
eg, their spectral sensitivity may deviate from V(1).'>'® This should be kept in mind regarding the terminology used to
describe the devices’ light measurement capacities.

In the following, all identified devices will be described briefly, together with a list of the associated publications.
More detailed information is presented in Table 1. 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 information, we consulted further sources, eg, 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 included here. 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 reported here, eg, if an earlier version was used.

The Actiwatch 2 (Philips Respironics, Murrysville, PA, USA)®7:16:23:34.56760 1o 5 wrist-worn actigraphy device. It
includes a solid-state “piezo-electric” accelerometer sampling at 32 Hz and a silicone photodiode light sensor, and
measures activity and photopic illuminance (lux). Events can be recorded via button press.*’

The Actiwatch Spectrum (Philips Respironics, Murrysville, PA, USA)*>*!:4261766 i5 3 wrist-watch and activity
monitor. It is also equipped with a solid-state “piezo-electric” accelerometer sampling at 32 Hz to record activity, and
an event marker button. Light, however, is measured via three (red, green, blue) color-sensitive photodiodes, and
available light measurement units are irradiance (WW/cm?), photon flux (photons/cm?/s), and photopic illuminance
(lux). Furthermore, the device has an off-wrist detector.*> Following its production stop, the Actiwatch Spectrum Plus
and PRO were its successor models.
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Table | Overview of the ldentified Devices

Device

Kind of

Device®

Available Light

Measurements®

Lux Measurement Range

Spectral Sensitivity of
Light Sensor(s)

Light Sampling and
Logging Interval®

Actiwatch 23740

Wrist-worn

Photopic illuminance (lux)

5-100,000 lux

Range: 400-900 nm

Instantaneous® light

Templ/Light data

Iogger50

logger

device Peak: 570 nm measurement with
possible logging
frequencies of I5s, 30s, |
min, 2 min, and 5 min
Actiwatch Wrist-worn Photopic illuminance (lux) 1-100,000 lux* / 0.1- Range: 400-700 nm Possible logging
Spectrum!'>24145 device irradiance 200,000 lux>>#142 Peak: ca. 510 nm frequencies |5s, 30s, |
photon flux min, 2 min and 5 min,
averaged from shorter
sampling interval®
Actiwatch Spectrum Wrist-worn Photopic illuminance (lux) | n/a Range: 400700 nm*® / 380— Possible logging
Plus*0-*6 device irradiance 750 nm*° frequencies |5s, 30s, |
photon flux peak: n/a min, 2 min and 5 min,
averaged from shorter
sampling interval®
Actiwatch Spectrum Wrist-worn Photopic illuminance (lux) | n/a Range: 400-700 nm* / 380 Possible logging
PRO*4 device irradiance 750 nm*° frequencies |5s, 30s, |
photon flux peak: n/a min, 2 min and 5 min,
averaged from shorter
sampling interval®
Clouclip'” Glasses clip Illuminance (lux) 1-65,528 lux Range: ca. 400-760 nm Logged every 2 min,
peak: ca. 540 nm averaged from shorter
sampling frequency
FitSightf,m'49 Wrist-worn llluminance (lux) n/a n/a Recorded at |-min
smart watch intervals, sampling
frequency n/a
HOBO Pendant Encapsulated Light intensity (lux) 0-320,000 lux Range: ca. 150-1200 nm Instantaneous light

peak: ca. 900 nm

measurement with freely
configurable logging
frequency from Is

onward

MUmUSI‘SZ

Wrist-worn

smart watch

llluminance (lux)

UV intensity

1-128,000 lux (possible;
light sensor has dynamic

range)

Range: ca. 290-1060 nm
peak: ca. 450 nm

Instantaneous light
intensity measured every
20s, sampling every |
min — but 3 data points
sampled every | min for

the light measurements

MyLytS?

Clip-on
encapsulated

logger

Hluminance (lux)

0-88,000 lux

Range: 400-850 nm
Peak: ca. 600-655 nm

Instantaneous light
measurement with freely
configurable logging
frequency from

I's onward

Vivior Monitor™*

Glasses clip

llluminance (lux)

red, green, blue components
of visible ambient light as well
as infrared channel

ambient light color
temperature

UV exposure

0-100,000 lux (graphical
display 0—10,000 lux, export
and statistics include full

range)

Range: ca. 360—1100 nm
(forward oriented sensor — all
channels), 400-800 nm
(forward oriented sensor —
lux estimation), peak: ca. 530
nm (forward oriented

sensor — lux estimation)

Per default logged every
5 min, averaged from
0.5s sampling frequency;
higher data granularity
available upon request

for research purposes

(Continued)
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Table | (Continued).

Device Size & Battery Initialization, data Water resistance Nighttime
weight accessibility and storage wearability
Actiwatch 23740 Size: 43 x 23 Rechargeable lithium cell Communication dock and Waterproof at | m for 30 min | Yes
x 10 mm battery; 30 days typical software needed for device (per IPX7 IEC 60529)
weight: 16 g battery life with | min epoch initialization and data access;
(activity and light data access via software on
measurements); a computer
communication dock needed
for charging
Actiwatch Size: 48 x 37 | Non-rechargeable CR 2430 Communication dock and Waterproof at | m for 30 min | Yes
Spectrum''>2541745 x 14 mm Lithium Coin Cell; needs to software needed for device | (per IPX7 IEC 60529)
weight: 30 g be returned to manufacturer initialization and data access;
for replacement; 8 months data access via software on
battery life with continuous a computer
use
Actiwatch Spectrum Size: 48 x 37 | Rechargeable lithium ion Software needed for device Waterproof at | m for 30 min | Yes
Plus*0-4¢ x 15 mm battery; 60 days typical initialization and data access; | (per IPX7 IEC 60529)
weight: 31 g battery life with | min epoch | data access via software on
(activity and light computer
measurements); charging via
Micro-USB port
Actiwatch Spectrum Size: 48 x 37 | Rechargeable lithium ion Software needed for device Waterproof at | m for 30 min | Yes
PRO*47 x 15 mm battery; 50 days typical initialization and data access; | (per IPX7 IEC 60529)
weight: 31 g battery life with | min epoch | data access via software on
(activity and light computer
measurements + 4 daily
scores/alarms); charging via
Micro USB port
Clouclip'” Size: 45 x |13 | Rechargeable lithium polymer | Smartphone app and splashproof No: device worn on
x 8 mm battery; average battery life Bluetooth connection glasses and needs
weight: 5 g ca. 35h; charging via cable, needed for device overnight charging if
magnetically attached to the initialization and data upload; worn for multiple days
device, with USB plug on after data acquisition, data
other end uploaded to online database
via the app
FitSight', %847 n/a Sony Smartwatch 3 battery nla Sony Smartwatch 3 Yes (provided that the
rechargeable via Mini USB waterproof at 1.5 m for 30 battery life is sufficient)
min (per IP68)
HOBO Pendant Size: 48 x 33 | Changeable battery (3-Volt Optic USB base station, Waterproof (30 m from —20 Problematic: usual
TemplLight data®° X 23 mm CR-2032 lithium battery); coupler and software to 20 °C, 10 m at 50 °C) wearing options (eg as
weight: 18 g typically lasts | year with needed for device a necklace or pinned to
logging intervals > | min; with | initialization and data access; clothing) likely cause
continuous logging at fastest data access via software on discomfort and/or safety
rate (| s), battery lasts 2 a computer issues
weeks
Mumu®'52 Size: 600 x Rechargeable battery; battery | Device automatically starts Splashproof Yes (though battery life
400 life > 20 h; charging via Mini data acquisition once it is may restrict multiple day
x 200 mm USB powered on; data is wear)
weight: ca. 65 uploaded to a private cloud
g after data acquisition
(Continued)
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Table | (Continued).

MyLyt*? Size: 47 x 37 | Rechargeable Lithium Automatic device Splashproof (presently; can be | Problematic: device
x 16.4 mm polymer battery; battery life 7 | initialization when program made waterproof per IP67) being pinned on clothing
weight: 50 g days at a sampling rate of 60s; | is loaded; data is stored below neck likely to
charging via USB manually on a flash memory cause discomfort and/or
safety issues
Vivior Monitor™* Size: 60 x 19 | Rechargeable lithium ion PC app needed for device No No: device worn on
x 14 mm polymer battery (120 mAh initialization and data access; glasses and needs
weight: 14 g capacity); allows for data after data acquisition, data overnight charging if
collection for up to 16 h; uploaded to Vivior cloud via worn for multiple days
charging via standard USB 5V | the app
port

Notes: The sources of information are noted alongside the device names. Additional information was obtained as follows: Clouclip — Hangzhou JinZhijing Technology Co.
Ltd. (personal communication, 2022, 2023); Mumu — Xiangui He (personal communication, 2022); MylLyt — Pavan Verkicharla (personal communication, 2023); Vivior
Monitor — Vivior AG (personal communication, 2022, 2023). *That is worn — overall system may include more parts, eg smartphone apps. "Labels as stated by manufacturer/
developer. “May not apply for all other available measurements of the device. 9No manufacturer confirmation could be obtained, but other publications7‘22
observations indicate instantaneous measurements. °“No manufacturer confirmation could be obtained, but other publications®'”* (with Actiwatch Spectrum & Spectrum
Plus) and own observations with the Actiwatch Spectrum PRO indicate averaging over a shorter sampling interval. The sampling frequency is often stated as 32 Hz for both
light & activity data,'”">® but on the manufacturer’s website, 32 Hz is explicitly given as the accelerometer sampling rate for all Actiwatches, with no indication of the light
sampling rate. Verkicharla et al (20I7)48 state the Sony Smartwatch 3 as being used in the described FitSight version, so some information is based on its specifications.

and own

The Actiwatch Spectrum Plus (Philips Respironics, Murrysville, PA, USA)*!”

with many features like off-wrist detection, an event marker button, and light measurements similar to the Actiwatch

is a wrist-watch and activity monitor

Spectrum. Activity is also sampled at 32 Hz, but via an MEMS type accelerometer.*®
The Actiwatch Spectrum PRO (Philips Respironics, Murrysville, PA, USA)®’ includes the same features as the
Actiwatch Spectrum Plus and additionally provides the option to record two subjective scores (manually or on
a programmed schedule) and alarms to remind participants to enter them.®®
The Clouclip (Hangzhou JinZhiJing Technology Co. Ltd., Hangzhou, China)
right side of spectacles. It can measure viewing distance and duration via a laser ranging module, illuminance (lux) via an

17.20.69°73 i3 a small device clipped to the

illuminance monitoring module, and viewing angle via a three-axis accelerometer.'”’* Two versions with partially
different features are internationally available for personal use (Clouclip P2) and for business and research purposes
(Clouclip M2),” though similar sensors are used in both (Hangzhou JinZhiJing Technology Co. Ltd., personal commu-
nication, 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 minutes.'” Clouclip P2 goes into sleep mode after 1020 seconds without movement
(Hangzhou JinZhiling Technology Co. Ltd., personal communication, 2022).

The FitSight fitness tracker (patent WO2015152818A1)'***7> was developed by researchers™® to record, quantify,
indicate, and motivate daytime outdoor activity. It includes a smart watch with a custom-made app and a smartphone app,
and records ambient light illuminance (lux). The smart watch app also consists of an accelerometer function. Time outdoors is
calculated by summarizing the time spent above an illumination threshold and 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 physical activity in 30-minute epochs.**

The HOBO Pendant Temp/Light data logger (Onset Computer Corp., Bourne, MA, USA)®!3-163637-76-78 45 5 small
logger recording temperature and light intensity (lux) readings. Two versions have been used in the identified publica-
tions, the HOBO Pendant UA-002-64 and the HOBO Pendant UA-002-08, which only differ in their memory capacity
(64 KB vs 8 KB).”

The Mumu,’"+7%-8° developed by researchers,’! 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, and weather information is sampled as sunny/cloudy. Wearing status can be
determined through light sensors in both front and back of the watch.>' Parents can manage the device via an app,’” and there
is a website portal for teachers so that they, eg, can intervene if students wear the device improperly. A next generation, more
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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™ is a prototype developed at the LV Prasad Eye Institute (Hyderabad, India) to track real-time light exposure.
It records illumination (lux) against real time. A light-emitting 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 planned.”

The Vivior Monitor (Vivior AG, Zurich, Switzerland)®' 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 directed forward, a combined UV and ambient light sensor
directed upward, as well as motion and orientation sensors (accelerometer, gyroscope, magnetometer). Thus, the device
can 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 forward-oriented sensor as a mixture of the
channels. Currently, the upwards-oriented light sensor is mainly used to quantify UV exposure.”* The device starts
measuring when attached to the adapter, and stops when detached or when the spectacles are taken off.** It can be used to
create viewing profiles with recommendations for glasses and viewing behavior.

Additionally, we identified the Akeso eye care glasses (Beijing Akeso Technology Co., Ltd., Beijing, China),®* which
have sensors installed in the right spectacle arm and contain a six-axis sensor, a UV light sensor, and a proximity sensor.
Time of wearing, being outdoors, and near viewing can be recorded.®® Fan et al (2022)% describe UV > 1 or lux > 1500
to be recognized as outdoors, and UV < 1 or lux < 1500 as indoors. 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 included in Table 1.

In summary, researching and developing devices to measure light exposure in the context of myopia is a rapidly
developing field of research, and several other devices are being or have recently been developed, eg, the LUMINO-SD.**
Furthermore, 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.

Analysis of Research Methods

6-9,12,13,16,34,36,37,41,42,60,71-73,76,80

We identified 18 journal articles, one dissertation,”” and one conference poster.”® A detailed

overview on their methodological aspects and findings regarding LMA can be found in Supplementary Table 3. For
23,62-64,81,83

completeness, publications within a similar context but not fitting the inclusion criteria for this analysis are

mentioned in Supplementary Information S1.

In the following, the publications will be assessed regarding 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 for potential patterns regarding these aspects and the publications’ results supporting or not
supporting LMA. Usually, no such patterns were observed. This is not surprising, given the large number of factors potentially
influencing the results, the small number 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 for data analysis and interpretation aspects, since (almost) no grouping of publications in terms

1634 are not generally included to not give a skewed impression of the data. If they are

of these aspects was possible. Reanalyses
considered, it is explicitly stated. Lastly, there is a large overlap in the participants of two publications,®’ but since one is cross-

sectional and one primarily longitudinal, they will be considered separately.

General Characteristics
Time of Publication
To assess potential time trends regarding the publications or results on LMA, we assessed them regarding their time of

1’78

publication. The oldest publication stems from 201 the most recent one from 2022,%” the last year included in the

review. The number of publications has grown more rapidly in more recent years, as six publications were published in
8.9.12.37.41.42.59.60.71-73.80 o ticeably, the four oldest

publications all report no LMA.'*3¢7%78 The other four publications with no or only few such evidence were published

the first,”13-3¢7678 and twelve in the second half of said timeframe.
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12,41,42,59

later, in between publications supporting LMA. Importantly, the four oldest publications also share other

features as will be discussed below. Thus, no clear-cut conclusion can be drawn based on time of publication alone.

Type of Study

Lingham et al (2020)*® state that longitudinal, but not cross-sectional 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 cross-sectionally and longitudinally. Of the ten cross-sectional publications, five show support for
LMA,”*"" 7 and five (almost) none.'>'*2%*17® Of the eight longitudinal studies, the respective numbers are

7:9,37,60,80 425978 though one of the latter longitudinal studies only encompassed three months.”®

five and three,
Especially considering this, longitudinal publications tend to report LMA more often than cross-sectional ones.
However, since one longitudinal publication reporting LMA® and three cross-sectional ones not doing so°®*"7® have

adult participants, this pattern does not exist when only considering publications with children.

Data Acquisition
Measurement Device
As various devices with different specifications (see Table 1) 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 data logger — six,”'?**7-778 Actiwatch 2 — four,”>%® Clouclip — three,”'"* Actiwatch
Spectrum — two,*"*** Actiwatch Spectrum Plus — one,® FitSight — one,'> Mumu — one.*® No 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 LMA.>*7 A somewhat reversed pattern emerges for the Actiwatch 2, where three of the
four publications support LMA.%"-°° The publication with the Actiwatch Spectrum Plus reports results in favor of LMA,*
while the two publications with the Actiwatch Spectrum either found no*' or only little** support. The publication with
Mumu shows strong support,®® the one with FitSight only minimal.'* Finally, all three publications with Clouclip
strongly support LMA.”'""3

The devices used entail differing wearing positions. While the HOBO Pendant Temp/Light data logger is usually
worn forward-facing at the chest or collar, it has been mounted on a pedestal facing skyward in one case,’® and one
publication does not report its wearing position.”® Clouclip can only be worn on the right side of spectacles, and all wrist-
worn 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 found.'**%7%7® Possibly, its technical
specifications or ways of wearing may play a role here — though the two more recent publications with this device do

report LMA.*>7 Furthermore, the publications with Clouclip”'"*

are 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 and their wearing location as better

suited for identifying LMA, the small number of included publications makes this assessment speculative at this point.

Sampling and Logging Interval

As a measurement frequency (instantaneous sampling) of < 2 minutes has been recommended for reliable ambient light

22,36

and outdoor exposure measurements, we reviewed this aspect. Importantly, sampling and logging interval are not

always the same — some devices log an averaged value of data sampled at finer intervals. The measurement frequency
was consistent with the above recommendation in most publications, with logging intervals between 10 seconds’®>""®
and 2 minutes.”'"* The underlying sampling interval was sometimes even finer due to averaged logging. There are three
publications with instantaneous sampling intervals coarser than 2 minutes — namely 5 minutes —, two of which did not
find LMA,"*""® and one did.” Furthermore, Read et al (2018)'® resampled data from Read et al (2014, 2015)*” at 5
minutes, and still found significantly lower outdoor light exposure in myopic than non-myopic children in these data.
Generally, the absence of an apparent results pattern is not surprising since the recommended measurement

22,36

frequency was almost always fulfilled.
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Measurement Duration

Similarly, almost all publications report a measurement duration of seven days or longer, thus laying within the
recommended timeframe of > one week,?* so the absence of a results pattern is again unsurprising. In one of the two
publications with a shorter duration, participants wore the device for three days, and no LMA were found.”® In the other
one, participants wore the device for six days (three before, three after an intervention), and LMA were found.?” All other

9,13,71-73

durations varied between seven days and one year.*"

Geographic Location

The publications’ data was acquired in six countries: USA (five),**®*!4%7* Australia (four),®”-%*’® New Zealand (one),”®
China (four),?”-”""*%® Taiwan (one),” Singapore (two),'>'* and the UK (one).”® We assumed two locations based on the
authors’ affiliations.”""”® Thus, 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 Singapore,®’ all five
publications from East Asia (China & Taiwan) report LMA,?>"7"7280 byt either no'* or only few'? LMA were found in
both Singaporean publications, all of which were conducted with school-aged children. No other pattern regarding results
on LMA was detected.

Season

A relationship between season and myopia development has repeatedly been shown — 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 summer.*®*° Season 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 reasons. For once, while
there are highly distinct seasons at many locations in the world, this is not the case for others. And even for locations
with distinct seasons, aspects like weather or daylength and their between-season differences are highly variable. We did
not attempt to assess potential patterns between season and results on LMA, as season is not usually systematically
controlled in the publications and many related aspects vary greatly between them: In four publications, no information is

12,71,72,76

available on the season of data acquisition, and in another four, the analyzed data was acquired during one

78 “mild, rainy season”'?). Participants in He et al (2022)*° wore the device for one year, thus

6,36,37,41,73

season (summer,g’59 winter,

covering all seasons. In five further publications, different participants participated in different seasons, and in

7,9,42,60

the remaining four, the same participants participated multiple times and across different seasons — in both cases,

we sometimes presumed this based on measurement periods. While season was analyzed with regard to light exposure in

7,36,41,42,59,60

six publications, it was investigated within LMA in only three: One reports seasonal differences on

€0 one found season-independent light exposure

associations between refractive groups as well as AL and light exposure,
differences between refractive groups,” and one detected seasonal light exposure differences, but no effect of refractive
groups upon them.** Due to the relationship between season and myopia development, the large between-publication
variation regarding season of data acquisition and whether it is systematically 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.

Participant Population
Number of Participants
The publications show large variability in the number of (analyzed) participants, ranging from twelve’® to 6295%. There
may be a tendency for publications with more participants to support LMA more often than not and vice versa: Of the

A,6’7’9’37’71’72’80

nine publications analyzing more than 80 participants, seven report results in support of LM and only two

show little to no support.'>!* Of the nine publications with fewer than 80 participants, only three present strongg’m’73 and
six little to no support,36-41:42:39.76.78
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Participant Age
Only four publications investigated adult participants,>®*"*°>7® while 14 publications studied children. Of the publica-
tions targeting adults, only one®® supports LMA, while nine of the publications with child data do.®?="-"""73-80 A stated

1.°° Furthermore, as can be seen below, the

before, the only publication based on adults reporting LMA is longitudina
three publications with adult data not reporting LMA are the ones with the highest percentage of myopic participants in
the sample. LM A might thus be more readily seen in children, but more data is needed to confirm this potential pattern.
In children, the investigated ages span 5-18 years, the age range — where reported — varying between one'” and nine

years.” As can also be seen in Figure 2, there was no apparent pattern regarding participant age and reporting LMA.

General 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
LMA.%%° Thus, we extracted information on the time the overall sample spent in >1000 lux, which was most commonly
used to estimate time in outdoor light. For four publications, no such data exist.””"*° The overall time spent in >1000 lux
varied largely — from 0.5 hours/day (mean all)’* to 1.67 hours/day (mean myopes) and 1.98 hours/day (mean emmetropes),
respectively.’” Eleven publications include data on average lux exposure (mean or median).® #:!1%13-36-3741.59.7273 Here the
values varied between 164 lux (median)®® and 1669.46 lux (mean).*' There was no apparent relationship between time in
>1000 lux or average light exposure and results on LMA. Importantly, measured time spent in >1000 lux and average light
exposure may not only vary due to “real” exposure, but also due to factors like device specifications or wearing position.

Yet, findings such as Clouclip having been used in the publications with the least” as well as the most’* >1000 lux exposure

Backhouse et al. (2011)
Dharani et al. (2012) —_—O—
Read et al. (2014) —O0—
Read et al. (2015) —O—
Wu et al. (2018) O
Ostrin et al. (2018) I O {
Wen et al. (2020) —OH
Franklin (2020) —C0O—
L. Li et al. (2020) O
M. Li et al. (2021)
Mirhajianmoghadam et al. (2021) I O {
Bhandari et al. (2022) OH
He et al. (2022) —O—
S.-M. Li et al. (2022) HOH
0 2 4 6 8 10 12 14 16 18
participant age

Figure 2 Participant age distribution in publications with children. The bars present age range of the sample, the circles and accompanying gray lines indicate mean and
standard deviation. Since age range is usually stated in full years in the publications, we presented it as including the year given as the upper limit — eg, an age range of 13-14
years is presented as 13—14.99 years. 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 sample completing the trial (prior data exclusion for
analysis). As no information on mean and standard deviation was available for the complete sample for Read et al (2015),” said information was taken from Read et al
(2014),% with 101 of the 102 underlying participants being analyzed in Read et al (2015).”
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show that such between-publication 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 between
publications. This will be discussed further in the data analysis 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 >1000 lux as well as average lux
exposure suggest that a sample’s general light exposure might indeed be a relevant factor to consider when assessing LMA,
and there are many aspects that may complicate respective assessments.

Assessment 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, non-cycloplegic autorefraction has repeatedly been shown to
overestimate myopia compared to cycloplegic autorefraction, especially in younger children.?**” Furthermore, cyclo-
plegic autorefraction has been found to be more sensitive in measuring refractive error, and to measure a more myopic
spherical equivalent refraction (SER) compared to non-cycloplegic subjective refraction, with the between-method
difference decreasing with age.*®

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 publication,*’ and on a questionnaire
indirectly assessing refractive status in two.*’* In the other ten publications, SER was used, whereby Dharani et al

(2012)"? do not state its kind. Apart from that, either subjective, non-cycloplegic refraction®’-°*7

9,12,42,72,80

or cycloplegic
autorefraction was measured. In 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 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’® or with®’*"! cycloplegia.
Lastly, Backhouse et al (2011)® did not group participants via refractive status, but report cycloplegic autorefraction
measurements. Thus, 15 publications include direct measurement of refraction: In one, the way of measurement is

6,7,60,76

unspecified,'® four report non-cycloplegic subjective refraction, one non-cycloplegic autorefraction,*® and nine

cycloplegic autorefraction,’!2-37:42:3%.71.72.78.80

SER cut-offs for myopia, usually either applied on the eyes’ average or the right eye, were defined in 14
publications. The most liberal cut-off was < —0.25 D SER.** The overwhelming majority of publications used the
common </< —0.50 D SER,%7%:12:13:37:39.71.72.76.80 t},50h as described, this was based on different ways of refraction
measurements: Subjective, non-cycloplegic refraction, cycloplegic autorefraction, or a non-specified refraction mea-
surement are reported in the respective publications. Read et al (2014, 2015)*7 additionally specified at least one eye
needing to exhibit < —0.75 D SER apart from both eyes’ average being < —0.50 D, and Franklin’s (2020)*° < —0.50
D SER cut-off needed to be fulfilled for either eye. Both reanalyses'®** used the < —0.50 D SER cut-off, with Landis
et al (2018)** also applying the additional criteria as Read et al (2014, 2015).% In two publications, having used either
non-cycloplegic subjective refraction® or non-cycloplegic autorefraction,® more restrictive cut-offs of < —0.75
D SER® and < —1.00 D SER?® were applied, respectively. There was no apparent pattern regarding LMA for both
refractive status assessment and refractive error classification, but as both display some between-study methodological
variability, these aspects should be kept in mind nonetheless.

Percentage of Myopic Participants

The within-sample distribution of refractive status may also be of interest when analyzing potential effects on refractive
status. For example, possible differences between myopic and non-myopic participants or myopia-related associations
with refractive status might be difficult to detect if there are only few myopic or non-myopic participants. Since amount
and type of information on participants’ refractive status vary substantially between publications, we present the
percentage of myopic participants in the sample to investigate this aspect. Of course, aspects like range, mean, standard
deviation or skewedness of refractive status may also be relevant. Backhouse et al (2011)”® do not report a percentage of
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myopic participants, so we calculated it based on a < —0.50 D SER myopia cut-off. A great variance in the proportion of
myopic participants between publications is readily apparent, ranging from 4.4%° to 85.2%.° When only considering
publications that specifically analyzed light exposure with regard to refractive groups, the percentage of myopic
participants ranges from 13.3%** to 67.3%.*'

It is interesting to note that while the publication with the lowest percentage of myopia (4.4%)>° did not find LMA,
the publications with the second and third lowest percentage (6.8%"° and 10.53%”) did. Both were intervention studies
with many enrolled participants, namely 6295 and 930.° The three publications with the highest proportion of myopic
participants (62.9%,¢ 67.3%"*' and 85.2%>®) report no LMA, and their samples are all sized N = 55 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 be noted that the

three publications with the highest proportion of myopic participants investigated adults,*®*""’® while those with the

smallest proportion investigated children.’>**

Data Analysis and Interpretation

|O-Cut-off

As described above, the chosen 10-cut-off is worth considering, especially since 1000 lux is commonly applied, but may not
always be the best estimator to distinguish indoor from outdoor light. In three publications, an 10-cut-off was either not
needed,””" or not based on lux alone.** The 1000 lux IO-cut-off was chosen in 14 publications,®!%13-36:37:41.42.59.60.72.73.78
Thereby, Alvarez & Wildsoet (2013)*® had originally determined 882 lux as IO-cut-off based on own measurements, but as the
results did not differ compared to 1000 lux, they used the latter for consistency. Schmid et al (2013)’° applied two IO-cut-offs,
one potentially including some bright indoor light (500 lux) and one definitely only including outdoor light (10,000 lux). Thus,
despite the use of varying devices with different specifications, the 1000 lux IO-cut-off was applied in almost all publications,

including the reanalyses.'®**

Basis of |O-Cut-off
We examined the justification of the 10-cut-off within the 15 publications using one. Own pre-measurements for its

determination are only reported in three publications, two>®’°

of which used similar devices for these pre-measurements
and data acquisition, and one’ used a luxmeter for the pre-measurements. In all other publications, usage of the chosen
IO-cut-off 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,**'*>*"* or lux values were measured in various
indoor and outdoor conditions.'**!' Additionally, Ostrin (2017)*' tested the devices against a UV sensor and Franklin
(2020)* investigated how the devices’ rotational orientation may affect measurements. Lastly, for their reanalyses,
Landis et al (2018)* examined the devices’ sensitivity at dim illuminations, and Read et al (2018)'° determined the
comparability between HOBO Temp/Light data logger and Actiwatch 2. In summary, while the 10 cut-off of 1000 lux 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.

Analyzed Times for Light Data

Differences in analyzed times could complicate between-publication 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 analyzed. Read
et al (2014, 2015)*7 analyzed light data from 6:00h-18:00h, eg, for the calculation of daily light exposure in Read et al
(2014),° but 24 hours/day are considered for aspects like the daily light exposure pattern. Read et al (2015) state that the
mean light exposure during the excluded times was uniformly low. Some publications used 7:00h-19:00h for
12:13.5980 including one reanalysis.'® Wen et al (2020)"% analyzed light data from 7:00h-20:00h, stating that
a vast majority of light exposure lay within this timeframe. Alvarez & Wildsoet (2013)*° analyzed light data from sunrise

analysis,

to sunset, and Wu et al (2018)° only analyzed device-measured light data during in-school times, as the wearing
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compliance was considerably lower out of school. Bhandari et al (2022)”* considered data from wake to bed time.
Comparably, waking hours were considered in the second reanalysis.**

In the remaining publications, times included in the analyses are not explicitly stated,®7:!-42:60:71.76.78

though
a device wearing or recording time is specified in all but one.”® In five cases, 24 hours/day wearing or recording is
reported.®? 714260 A5 a wrist-worn 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 continuously — though the analysis description indicates that data from 24 hours/day was in fact analyzed.’’
Furthermore, daily recording time was specified as 7:00h-7:00h on the following day in this publication.?” In the last two
publications without explicit mention of analyzed times, the device wearing time is reported as waking hours’® and
throughout the day,”" respectively.

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 in the overall sample, between-publication 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 be uncovered when considering more than one publication.

Exclusion and Replacement of Light Data

Like analyzed times, exclusion and replacement of data is important to consider, and again we found high between-
publication variability. Thus, the procedures of light data exclusion and replacement will be reported in detail. While they
are reported in most publications, the type and amount of information provided varies. Information on the respective
details stated is presented in Supplementary Table 3. 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 of in- and

1634 are considered here was well — though as Read

] .
6713 this

excluded data. The procedures applied in the two included reanalyses
et al (2018)'° refer to the publications describing the acquisition of their reanalyzed data for analysis procedures,
reanalysis will only be mentioned in case of additional information.

(1) Data was sometimes excluded as invalid in case of >15 minutes of complete inactivity and/or darkness during

6-7:59:60 and replaced if certain criteria applied: In Read

daytime (indicating covered light sensors and/or device removal)
et al (2014, 2015),%” for any diary-documented “off-wrist” times, light levels were estimated as the average of 5 min
before and after removal if consistent with the diary as indoors or outdoors (1000 lux 10-cut-off). In Read et al (2014),°
inconsistency only occurred for diary-recorded 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 (2019)% estimated light levels for
excluded data as the average light level 5 min prior device removal, if consistent with the diary-reported activity. If not,
the respective data was removed. Franklin (2020) substituted excluded data — on valid days only, see below — with the
average for the same time period 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 non-wear times.

(2) Often, criteria were defined for excluding days and/or data sets. Dharani et al (2012)"? excluded days with all light
measures <100 lux, assuming non-wear of the device. Read et al (2014, 2015)*7 only included days with >90% of valid
data to determine average daily minutes in >1000 lux. Ostrin (2017)*' and Ostrin et al (2018)** excluded days with
device removal for >30 minutes or zero light exposure for >30 minutes during daylight, and nights if the device had been
removed for any part of it. Wen et al (2020)”* only considered days with data from >80% of the required wearing time
and data sets encompassing at least three weekdays and one weekend day (one week measurement period) as valid.
Franklin (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 excluded in M. Li et al (2021)'? if at least one weekday and one weekend day of device wear
was missing from the 14-day measurement period, or if wear days had an average light intensity of <100 lux or entries of
0 lux for >60%. Bhandari et al (2022)"* considered days with >8 hours of data during wake time as valid, and required at
least three valid weekdays and one 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 non-wear of the device.
Finally, in their reanalyses, Landis et al (2018)** eliminated days with device removal of >90%, and Read et al (2018)'°
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only included weekend data from children who had participated during school vacation in Dharani et al (2012)"* for

comparability. As can be seen, there is substantial between-publication variability regarding exclusion practices.

(3) Information on the amount of in- and excluded data is given in most of the publications reporting respective

procedures, and is presented in Table 2.

Table 2 Amount of Data in- and Excluded via the Publications’ Exclusion Criteria Described in (2)

Publication Data Sets Days Included for Additional Information
Excluded® Analyzed Data Sets
(M1SD)
42 days
Ostrin et al (2018)* n/a 13.9+£2.9 (per 14-day 3x14-day measurement; |8 days excluded over all sessions (< 1%)
session)
28 days
Read et al (2015)7 n/a 26.2+3.1 (overall) 2x14-day measurement
13.4£1.5 (session 1)
13.1£1.7 (session 2)
Read et al (2018)'¢ n/a 25.4+3.3 2x14-day measurement; reanalysis of prior data®’
Landis et al (2018)** n/a 23.5+0.34 2x14-day measurement; reanalysis of prior data®’
Ulaganathan et al 0 (winter) 13.5+2.0 (winter) 2x14-day measurement
(2019)° 6 (16.2%; summer) | 13.3£1.8 (summer)
14 days
Read et al (2014)° 1 (1%) 13.41.5 No exclusion procedure for data sets specified, but | participant
excluded due to only 7h of valid data overall; 6+11% of total data
invalid, ca. 2% of analyzed data estimated (see (1))
Ostrin (2017)*' n/a 13.2£1.4 (days)
14.2%1.3 (nights)
Wu et al (2018)° n/a n/a 2x7-day measurement;
96% wearing compliance during in-school times at study end
M. Li et al (2021)"? 93 (16.1%) nfa
10 days
Mirhajianmoghadam n/a 7+ 1 weekdays No exclusion procedures specified
et al (2021)® 2.4+0.7 weekend days
9 days

Franklin (2020)°’

54 (36.2%; after
exclusion of 39.7%
days)

Not reported

Some participants wore the device multiple times; 1.1% of the analyzed
data substituted (see (1))

7 days

Read et al (2018)'®

n/a

6.6+0.7

Reanalysis of prior data'?

Wen et al (2020)"?

Not reported

3.98+0.36 weekdays
1.13+0.11 weekend days

Bhandari et al (2022)"3

18 (34.0%)

6.6+0.7

Notes: A cell is marked n/a if the associated exclusion procedure is not described as having been done in the respective publication. *A data set describes data from one
measurement session — in some cases, there are more data sets than participants due to multiple measurement sessions per participant.
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While for most publications, the mean days included in analysis — after potential exclusion of complete data sets — are
at maximum one day fewer than the measurement period, there is some between-publication 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 aspects like participant age, devices or circumstances of data acquisition which may influence
compliance and data quality, the varying in- 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 (16.1-36.4%), while no such procedure had been applied in many other
publications — in most of which it was indeed apparent from the data that no complete data sets were excluded. In
general, given the various applied data in- and exclusion procedures, the apparent variation between publications with
regard to the amount of excluded data is not surprising, though comparisons are inherently difficult due to the various
approaches.

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 are worn, or their 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 characteristics, 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 investigat-
ing LMA.

Light Meter Characteristics — Devices Attached Over Clothing

The HOBO Temp/Light data logger is generally worn over clothing, eg, attached with a pin, and was used in the earliest
publications. Its spectral sensitivity strongly deviates from the photopic luminous efficiency function, with the manu-
facturer stating that the light sensor measures a much wider wavelength spectrum than is humanly visible.”® Importantly,
most other devices’ light sensors also do not exactly fit the photopic luminous efficiency function, albeit they seem to
deviate less strongly. Wearing the HOBO Temp/Light data logger may be more laborious compared to other light meters,
and as it is usually worn forward-facing on clothing, it may easily be covered, eg, with a jacket. Also, the device can
probably be worn during fewer activities than some other devices. For example, it is impractical to wear at night — though
this is presumably not a large problem when investigating bright light — and even though it is waterproof, showering or
swimming with it would be difficult 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 LMA — though the two most recent publications with
the HOBO Temp/Light data logger did find LMA, both including a large number of participants.”>’ Furthermore, in both
publications, teachers’ or teachers and parents®’ were instructed to monitor device wear, and Wu et al (2018)° only
analyzed in-school 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 spectral sensitivity function strongly deviating from the photopic luminous efficiency function.

Light Meter Characteristics — Devices Worn on Spectacles

Clouclip and Vivior Monitor are spectacle-worn and thus measure eye-level light intensity — 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 included in the analysis of research methods, but interestingly, all three publications based on Clouclip data
report LMA.”""7® Measuring of eye-level 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 spectacle-
worn devices is that myopic and non-myopic 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 with fifth-graders wearing
Clouclip, myopic participants reached the required wearing time more often than emmetropic participants.”” The authors
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discuss optimizing the device’s wearability, eg, by constructing it as an earphone.”” Something comparable has, for
example, been implemented in the Daysimeter, a device designed to measure circadian light exposures: The photosensors
of the Daysimeter-S are positioned at the plane of the cornea, but no spectacles are necessary for wearing.'> Overall, the
possibility of measuring eye-level light intensity provided by spectacle-worn devices may be especially relevant when
investigating LMA, while other aspects of these devices pose important challenges for field research.

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). Yet, Franklin (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.> Wrist-worn
devices may be covered by clothing, 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 eye-level — more strongly than light
exposure measured at chest or at the collar.">?' Thus, wrist-worn devices do not seem to measure eye-level light
intensity, while measurements near the chest appear to match the latter more closely.®> Systematic variations have even
been found, eg, wrist measurements tending to overestimate eye-level light exposure in indoor conditions and to
underestimate it in outdoor conditions.®> All these aspects may influence light measurements, and confound comparisons
between measurements with devices worn at different body locations. Thus, while the easy wearability and (in most
cases) water resistance of wrist-worn 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 challenges when
measuring light exposure.

Time of Publication

The earliest publication included in the analysis of research methods stems from 2011,”® so this field of research is
relatively young. Noticeably, the four oldest included publications do not support LMA."**%7%® One 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 to most other publications, no or only few data pre-processing 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.

Type of Study

The finding of longitudinal, but not cross-sectional, studies using light meters reporting associations between higher light
exposure and slower eye growth86 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 cross-sectionally may suggest that a person’s bright light
exposure is somewhat stable over time — and may have played a role in whether or not myopia had developed earlier in
their life. On the other hand, these cross-sectional results could also be explained by myopic participants being more
likely to spend time indoors than emmetropic participants.

Sampling Interval and Measurement Duration

2236 and a measurement duration of > one week”? have been proposed to ensure

A sampling interval of <2 minutes
reliable (outdoor) light measurements. These settings should be considered when planning measurements, as, eg,
Ulaganathan et al (2017)*? note that differences in these aspects may be one factor underlying between-study differences
in findings regarding personal ambient light exposure — though since the recommendations are fulfilled in most

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

Geographic Location
Data on objectively 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 school-aged children were discovered in all
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five East Asian,”?”""72% but not'* or only minimally'? in both Singaporean publications, despite the high myopia
prevalence in school children in both regions.®” Here, one may consider the overall time spent in bright light. For
example, Read 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 Singapore.°

In the Singaporean publications,'*"?

overall mean light levels and time in >1000 Iux were reduced compared to the one
East Asian publication with this information available (for more than in-school times).”* 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 the world is needed for

a more comprehensive picture of LMA.

Season

Due to the relationship between myopia development and season,®®%°

the latter may potentially influence the measure-
ment of LMA. Yet, seasons were not only very diverse between publications — data acquisition was also often not
controlled in this respect, and only three publications investigated season with regard to LMA, yielding mixed results. It
would be advisable to control and investigate season more thoroughly in research on LMA, a first step being 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 as Read et al (2014)° did.
Importantly, season and geographic location are of course intertwined.

Participant Sample Size and Characteristics

There is large between-publication variability in sample size and participant age. Publications with a larger sample
tended to support LMA more often than others. Age-wise, there were only four publications on adults and 14 on
children — with one and nine of 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 during childhood and youth,>* it 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 investigated further with
respect to potential protective effects of light exposure: Since myopia development does not happen in the same way
across all of childhood,>* more knowledge on relevant ages 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 example, Burfield 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 associations — in this case, primarily regarding light exposure and diurnal rhythms. Of the four

included publications investigating adults, three had a university student sample®-°*-7¢

and one had a sample with
unspecified occupations — but with a mean age of 37 years (range: 21-64), participants were probably not (exclusively)
students.*' While this point is indeed interesting, four publications are not sufficient to analyze whether such homo-
geneity in adult participants may play a role in the results. However, it should be kept in mind, especially since lack of
diversity in samples can be a large problem for analyzing, interpreting and generalizing results, as is well known in
psychological research.’’ In any case, while 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.

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

623 or by the protective effect of light exposure on myopia reaching a ceiling effect in case of

to an overall low exposure,
overall high exposure.”> We discovered large between-publication variability in “outdoor light” (>1000 lux) and average

light levels. Importantly, it is difficult to determine how much of this is based on variability in actual light exposure
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versus on measurement differences, eg, due to device specifications or ways of wearing — though findings such as
Clouclip having been used in both the publication with the least’* and the most reported >1000 lux exposure’> suggest
that the device is not the only factor responsible for such variability. More research is warranted to detangle these
aspects — also including between-publication differences in analyzed times and whether different devices are comparable
regarding the measurement of time in >1000 lux — and assess the implications of a population’s overall (bright) light
exposure.

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

Participants

Some between-publication 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 refractive
status, some applied indirect measures. For an SER-based myopia classification, the common —0.50 D SER cut-off was mostly
used, and the underlying refractive status measurements were either non-cycloplegic subjective refraction, cycloplegic
autorefraction or, in one case, unspecified. The percentage of myopic participants ranges from 4.4%>° to 85.2%°® between

publications. Notably, of the three publications with the lowest’>** and highest proportion of myopic participants,®®*'’® only
those with a very large sample size strongly support LMA.** However, whether this observation is meaningful 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.

|O-Cut-off

One extremely relevant aspect when assessing light and outdoor exposure is the I0-cut-off. In all but one’® of the 15
publications using an 10-cut-off, it was set at 1000 lux. Own pre-measurements to determine said [0-cut-off were only
mentioned in three publications.”>%’® And although 1000 lux is widely accepted as IO-cut-off even beyond this specific
research field, it is indeed questionable if it is always appropriate for the given circumstances. In fact, other 10-cut-offs
have been applied before, eg, 800 lux with Clouclip?® or 200 lux with the Actiwatch Spectrum.”® Two aspects in
particular are important, namely (1) whether 1000 lux is an accurate cut-off to distinguish indoors from outdoors, and (2)
how comparable measurements of 1000 lux are between different light meters. Regarding (1), one study, eg, reported
measurements of >1000 lux not only outdoors, but also indoors near a window even with a calibrated photometer.'
Although perfectly distinguishing indoors from outdoors via any one solely lux-based IO-cut-off is most likely
impossible, such findings do call into question whether 1000 lux is in fact the ideal 10-cut-off in any given situation
to classify environments as accurately as possible. For example, as lighting conditions are darker in winter than in
summer, different I0-cut-offs may be useful in different seasons — with the same IO-cut-off, time outdoors may be
overestimated in summer and underestimated in winter. Regarding (2), it has, eg, been found that despite a generally high
correlation between lux measurements of Clouclip, Actiwatch 2 and a photometer, the lux values corresponding to 1000
lux as measured with the photometer were 533.15 lux for Actiwatch 2 and 850 lux for Clouclip.'® Importantly, these
values represent the devices’ lux measurement best matching the photometer-measured 1000 lux and not their best I0-cut
-off — but the finding does underline the notion that different devices’ lux measurements cannot necessarily be compared
to one another. 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 Spectrum.'>'*** Furthermore, our own research (Honekopp & Weigelt,
unpublished data) suggests that 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 1000 lux 10-cut-off. Furthermore, other I0-cut-offs, which
varied between devices, were more accurate. These findings also suggest that (1) 1000 lux is not always an accurate 10-
cut-off and (2) 1000 lux measurements are not necessarily comparable between devices. 1000 lux not always accurately
separating indoor and outdoor locations may partly explain the often poor correlation between objective and subjective
outdoor time estimations.*” In fact, other IO-cut-offs have sometimes been found to better correspond to subjective
measures.”’> What needs consideration here is if one actually aims to assess time spent outdoors vs indoors with this
10-cut-off, or if one rather wants to investigate time spent in brighter vs less bright light intensities, roughly resembling
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“outdoor-like” and “indoor-like” light levels, not being particularly interested in the environment participants were
actually in. The former may, eg, be the case if one is (also) interested in influences other than higher light intensity that
outdoor environments may have on myopia development.'® For 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 emmetropiza-
tion, ocular growth and myopia development in animal models.>*°

In the latter case, ie, if one primarily wishes to distinguish time spent in brighter vs less bright light intensities, (1) is
less relevant — but it would still be problematic to compare data from different devices if 1000 lux 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,
which could be used instead of or together with lux data. The latter is described for the Akeso eye care glasses,®® and Ye
et al (2019)°" used lux, UV and step data measured by Mumu in their model for indoor-outdoor 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 10-cut-off is best for an investigation’s circumstances.

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 procedures — this is especially relevant for comparing results of different publications. Usefulness and
feasibility of potential 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 be difficult to 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 overall picture, it might also be useful to always report certain values (eg, 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.

Selected Relevant Aspects in the Study of Light-Myopia 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.

e Choose the light meter to suit the circumstances of data acquisition (eg, regarding battery life, water resistance,
body position, wearability), thereby also considering whether any device specifications — or not knowing them — are
problematic.

e 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.

e Likewise, report the season of data acquisition, and ideally consider it in study design and analysis because of its
potential influence on LMA.

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

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

e Choose the 10-cut-off based on the circumstances of data acquisition (eg, device, weather) and what is to be
achieved with it (eg, actual outdoor- and indoor-time vs “indoor-like” and “outdoor-like” lighting environments,
comparison with other investigations). Ideally, conduct pre-measurements for its determination and explain your
choice(s).

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

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

Naturally, this review is subject to limitations as we were not able to cover all interesting aspects with regard to the
investigation of LMA — for example, the differentiation between autorefractor measurement methods (for the models
used in each publication, see Supplementary Table 3), other visual assessments than that of refractive status and/or

myopia classification, statistical procedures to assess LMA or to pre-process data like logarithmic transformation,®> or
the variability in measurements of the same light meter type (for device calibration and additional lux measurements
reported in each publication, see Supplementary Table 3).%4

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 — as pointed out earlier — are in fact very

interesting regarding the protective effect of time outdoors on myopia,**>

62,67

and some light meters can and have been used
to measure the spectral composition of light.

Conclusion

Various light meters have been used to assess the relationship between myopia and light/outdoor exposure. These differ
in various technical specifications — not all of which are publicly available — and in aspects like wearability or how they
are worn. We reviewed 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 example the common use of the 1000 lux IO-cut-off. We found very high between-publication
variability for many methodological aspects, and extremely limited for others. This makes it conceivable that some of
these methodological aspects may contribute to between-publication variety in the results. 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 and light 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 also occurred 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,
highlighting areas where more research is needed and outlining factors that should be considered when planning similar
investigations.
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