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Abstract

Due to the dominant presence of studies and reviews exploring the impact of light on phys-
ical and mental illness, studies specifically investigating the effect of light on wellbeing
are often overshadowed. The aim of this review is to give an overview of specifically these
studies conducted on light and wellbeing, and to summarize the reported effects. After a
literature search in PubMed, Psyclnfo, and Web of Science, 74 studies were found eligible
to be included in this systematic review, i.e. they included surveys assessing wellbeing,
happiness, life satisfaction, positive affect, or quality of life. Of these 74 studies, 30 were
included in the meta-analysis and assessed for their risk of bias. The meta-analysis showed
a pooled effect size of 0.46 (CI=0.29-0.62), indicating that light has a small-to-moderate
positive effect on wellbeing. After removing outliers and studies with a high risk of bias,
the sensitivity analysis showed the pooled effect size to be robust (0.53, CI=0.35-0.72).
Although the sensitivity analysis indicated a robust effect, the results might still be biased
due to the relatively small sample sizes, risk of bias in the designs (due to e.g. difficulties
handling confounders and the reporting of the outcomes), and publication bias. We encour-
age future studies to replicate these positive results in larger samples, and to give extensive
details about the light design and statistical outcomes, to increase the number of studies
that can be included in these types of systematic reviews.
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1 Introduction

Historically, our circadian rhythm was regulated by the natural cycle of sunrise and sun-
set. The introduction of artificial lighting has changed this drastically (Hargadon & Doug-
las, 2001). Artificial lighting has enabled us to work late in a well-lit office, drive down
the highway at night aided by car and traffic lights, and we are then further exposed to
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light from our TV’s or smartphones whenever we want (Christensen et al., 2016). Some of
this light serves a clear purpose, but other sources of light are a form of flight pollution’;
defined as excessive artificial light that does not improve visibility or health (Cinzano et al.,
2001). In general, people are underexposed to natural light during the day and overexposed
to artificial light at night (Blume et al., 2019). Changes in light exposure have been linked
to a number of health problems, such as diabetes (Kim et al., 2023), insomnia (Obayashi
et al., 2014), and neurodegenerative diseases (Mitolo et al., 2018). Although a significant
body of research supports the link between light and various medical conditions, the asso-
ciation between light and wellbeing is not as firmly established.

Light exposure, and its possible effects, are highly context dependent. There is an obvi-
ous distinction between natural light (sunlight) and artificial light, and between indoor and
outdoor light. From a geographic point of view, the latitude of a country and the time of
year jointly determine when and how much daylight there is: the so-called photoperiod.
The photoperiod is shorter in northern countries compared to southern countries, depends
on daylight saving time, and is subject to seasonality (Thorne et al., 2009). In addition, the
time of the day at which a person is exposed to light matters. Being exposed to bright light
in the morning will have different effects than being exposed to bright light in the even-
ing (Burns et al., 2022). Besides the timing, the duration of exposure, light intensity, light
type, and light color all contribute to the effect that light can have. Furthermore, there are
individual factors that are important for the effects of light on health and wellbeing, such as
age. A person at age 75 needs three times more light than a person at age 45 to trigger the
same circadian response (Turner & Mainster, 2008). The context-dependent nature of the
relation between light and health forms a challenge in finding generalizable results for the
effect of light on wellbeing.

Anticipated effects of light on health and wellbeing are based on the fact that light has
both visual and non-visual effects. Light influences our circadian rhythm, the 24 h cycle
that determines the pace of some of the body’s essential functions (Sollars & Pickards,
2015). While the circadian rhythm was primarily driven by the presence of the sun, artifi-
cial lighting has changed our day-to-day light exposure and therefore can shift and change
circadian rhythms. This response to change in light exposure is known as ‘circadian disrup-
tion’: when the environmental exposures are misaligned with the body’s natural rhythm.

Circadian disruption has been associated with several health conditions. For exam-
ple, Morris et al., (2016) conducted a randomized controlled trial and found that circa-
dian misalignment contributes to cardiovascular risk factors, such as blood pressure and
vagal activity. Moreover, there is a correlation between circadian disruption and infertility,
whereby sleep deprivation has been found to increase LH, estradiol, and FSH levels in
women (Baumgartner et al., 1993), and it is one of the contributing factors to metabolic
disorders (McHill et al., 2014; Shimada et al., 2016). Additionally, there is a link between
the circadian rhythm and diabetes. In fact, several studies have shown that circadian disrup-
tion can increase the risk of type-2 diabetes (Koopman et al., 2017; Leproult et al., 2014;
Pan et al., 2011). Furthermore, circadian disruption has also been linked to neurodegenera-
tive diseases (Hu et al., 2009; Tholfsen et al., 2015; Videnovic et al., 2014). Results from
a paper by Tranah et al., (2011) indicated that changes in circadian activity patterns can be
a preclinical phenomenon for Alzheimer’s disease. Similarly, a longitudinal study by Leng
et al., (2020) suggested that circadian disruption may be a prodromal indicator for Par-
kinson’s disease. These papers all illustrate how circadian disruption is related to various
health outcomes.

While the association with health is well established, the association with wellbeing
remains somewhat ambiguous. The first reason for this is that light studies have primarily
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focused on the effect on psychological disorders and mood disorders, with the aim to try
to understand the mechanisms, develop treatments, and help those who suffer. In this tradi-
tional approach of trying to solve a problem and to identify risk factors, wellbeing and pos-
sible preventive mechanisms are often understudied. For example, the systematic review by
Pjrek et al., (2019) evaluated 19 randomized-controlled trials and found a moderate effect
of bright light treatment for seasonal affective disorder. Another review on the effect of
bright light treatment studied the effect on depressive symptoms in patients with bipolar
disorder and found no effect (Takeshima et al., 2020). The second reason has to do with the
use of the term ‘wellbeing’. We consider wellbeing a combination of individual evaluations
of feeling well and functioning well, which can be captured with widely used and validated
surveys assessing happiness, life satisfaction, positive affect, and quality of life (Cantril,
1966; Diener et al., 1985; Ebesutani et al., 2012; Lyubomirsky & Lepper, 1999). Some-
times, ‘wellbeing’ is mentioned as one of the outcome measures in the introduction of a
study, but instead of using wellbeing scales, wellbeing derivatives are assessed, such as
sleep (Aries et al., 2020; Sander et al., 2015). This is well-illustrated in the paper by Juda
et al., (2020) where the authors mention examining the effect of light on wellbeing, while
wellbeing was measured with scales for depression, fatigue, and sleep quality. Veleva et al.,
(2018) drew the same conclusion after conducting a review on the effect of ultraviolet light
on mood, depressive disorders, and wellbeing: some papers claim to study wellbeing, but
there is no wellbeing scale used. The third reason is that many light intervention stud-
ies suffer from small sample sizes. For example, the paper by Van Maanen et al., (2016)
included 53 papers on the effects of light therapy on sleep problems in a total of 1154 par-
ticipants, with sample sizes ranging from n="7 to n=67. Pjrek et al., (2019) and Takeshima
et al., (2020) also acknowledged the problem of inadequate sample sizes in individual light
treatment studies. The problem with studying effects in small sample sizes is that it can
either falsely be an insignificant effect because of the large variability (type II error), or a
significant effect arises simply because of chance. These three explanations outline why the
association between light and wellbeing has remained uncertain.

To summarize the existing literature, we performed a systematic review of the asso-
ciation between light and wellbeing. To maintain a genuine emphasis on wellbeing, only
papers that used wellbeing scales as outcome measures were included. This review pro-
vides an overview of the study characteristics of all the papers and includes a meta-analysis
with a thorough assessment of risk of bias and study heterogeneity.

2 Methods
2.1 Search Strategy
2.1.1 First Search (September 2021)

The data bases used for searching published papers were PubMed, Psyclnfo, and Web of
Science. In addition, the reference lists of papers were scanned for relevant papers. There
were no limits on the year of publication. The search terms included light variables (light*
or illuminance* or lighting* or light exposure* or luminosity* or ambient light* task light*
or artificial light* or light therapy*) and wellbeing variables (well-being* or wellbeing*
or well being* or quality of life* or mental health* or happiness* or life satisfaction* or
mental well-being* or mental wellbeing* or mental well being* or positive affect). The
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literature review was conducted according to the Preferred Reporting Items for Meta-anal-
ysis checklist (Page et al., 2021).

2.1.2 Second Search (March 2022)

After consultation with the co-authors about the papers found in the initial search, we
found that some papers that we thought should be in the selection were missing. Therefore,
it was decided to do another round of searching. To do this, the papers retrieved with the
terms from the first search were scanned for the wellbeing questionnaires that were used
in those studies. Subsequently, a second search was performed where the wellbeing terms
were replaced with concrete names of the wellbeing questionnaires (e.g. PANAS). The
questionnaire terms in the second search included PANAS*, sf-36*, wemwbs*, who wb5%,
quality of life enjoyment and satisfaction questionnaire*, psychological well-being*, qual-
ity of life*, happiness*, basler well-being questionnaire®, ghq12*, life satisfaction*, oxford
happiness questionnaire®, faqt-g*. The light variables were kept the same and the second
search was performed in the same databases as the first search.

2.2 Inclusion and Exclusion Criteria

Research studies were included if (1) they studied the association between light and well-
being, (2) they studied adults (> 18 yr), (3) the paper was written in English, (4) the full
text was available. Reviews and book chapters were excluded.

2.3 Selection of Studies
2.3.1 First Search

The first searched returned 13.286 peer reviewed studies. All duplicates were removed,
and the abstracts were screened for the study criteria, resulting in 1336 potentially rele-
vant papers. After reading the full text of the papers the main reasons for exclusion were
because wellbeing was not one of the measures, papers were reviews or book chapters, or
the full text was not available in English. In the end, 54 papers from the first search were
included in the systematic review (see Fig. 1 for PRISMA Flow Diagram).

2.3.2 Second Search

The second search yielded 11.281 peer reviewed studies. Duplicates were removed (also
compared to the first search) and the remaining 7.300 abstracts were screened for the study
criteria. This resulted in 351 potentially relevant papers. After reading the full text of the
papers, the main reasons for exclusion were because wellbeing was not one of the measures
or the papers were reviews. In the end 20 papers from the second search wereuded in the
systematic review, for a total of 74 papers from the two searches. The complete selection
process for both the first and second search can be found in Fig. 1.
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Fig. 1 PRISMA 2020 flow diagram of the included studies

2.4 Data Extraction
The following characteristics were extracted from the studies: author names, title, year of
publication, sample country, sample size (% females), age (mean and standard deviation),

type of study, RCT/Quasi-RCT, setting, time of year, light color, light intensity, melanopic
lux, and wellbeing measure (Supplementary Materials I).

2.5 Risk of Bias Assessment

The Cochrane Collaboration’s “ROBINS-I” (Sterne et al., 2016) and “RoB 2” (Sterne
et al., 2019) tools were used to evaluate the methodological quality of the studies in the
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meta-analysis (non-randomized and randomized studies, respectively). The ROBINS-I
tool contains information covering seven domains: (1) confounding, (2) selection of par-
ticipants, (3) classification of interventions, (4) deviations from intended interventions, (5)
missing data, 6) measurement of outcomes, (7) selection of the reported results. The RoB 2
tool contains information covering five domains: (1) randomization process, (2) deviations
from intended interventions, (3) missing outcome data, (4) measurement of the outcome,
(5) selective outcome reporting. If studies were found to have a high risk of bias, then a
separate meta-analysis would be run omitting the high-risk studies.

2.6 Meta-Analysis
2.6.1 Data Preparation

After extracting the data from the selected studies, we evaluated whether we had a sub-
stantial number of intervention studies. If this was the case, we would include these studies
in a meta-analysis using the metafor package in R (Viechtbauer, 2010). The meta-anal-
ysis was based on the effect sizes (Cohen’s d) reported by the individual studies. If this
effect size was not reported, the effect size was calculated based on the other reported data
in the study. For studies with a between-subjects design, it required the sample size and
p-value for the group difference to compute the effect size and the sample variance, calcu-
lated using the escalc function in metafor. For studies with a within-subjects design, this
required the sample size, group means, standard deviations, and correlation coefficients. If
the correlation coefficient was not reported, we estimated it ourselves using the formula in
the Supplementary Materials II (Sect. 1.1). The authors of the study were contacted if any
of the other required statistics were not reported.

2.6.2 Random Effects Model

From the metafor package, we used the Random Effects Model with Restricted Maximum-
Likelihood (REML) as the estimator for the variance of the distribution of true effect sizes
(t?). This model provides us with a pooled effects size, as well as a measure of the het-
erogeneity between the studies: the extent to which the effect sizes vary (I, Higgins &
Thompson, 2002). The I values are interpreted as low (25%), moderate (50%), or high
(75%).

2.6.3 Publication Bias

Based on the assumption that studies with bigger effect sizes are more likely to be pub-
lished than studies with small effect sizes (Rothstein et al., 2005) we performed a publica-
tion bias assessment through a contour-enhanced funnel plot. The funnel plot allowed us
to inspect the distribution of the effect sizes by displaying each individual effect size in
a figure with the effect sizes on the horizontal axis and study precision, represented by
standard error on the vertical axis. Publication bias would be shown by the funnel plot dis-
playing an asymmetrical distribution. To formally test whether there was an asymmetrical
distribution of effect sizes, we conducted Egger’s test for funnel plot asymmetry (Egger
et al., 1997). Another method for detecting publication bias is by studying the distribution
of reported p-values (Masicampo & Lalande, 2012). In null hypothesis significance testing,
p-values are judged relative to the threshold for significance (often p=0.05). Given that
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there is a strong focus on publishing significant findings, it is possible that this threshold
biases the p-values that are reported in the literature. To see if this was the case, we plotted
the histogram of p-values. If the exact p-value was reported in the study, this was directly
plotted in the histogram. If the exact p-value was not provided, but an estimate was given,
we included the estimate -0.005 (e.g. reported p-value in the paper= <0.02, included in
the histogram=0.015). Studies that reported neither were not included in the plot. If the
histogram showed an unusual number of p-values just below 0.05, this could be a sign of
publication bias.

2.6.4 Analysis for Heterogeneity

In order to assess possible causes for study heterogeneity we conducted two additional
analyses. First, the leave-one-out method was applied to calculate different influence diag-
nostics. For this analysis, the meta-results are recalculated with each time leaving one
study out, allowing us to estimate which study affects the meta-analysis most (Viechtbauer
& Cheung, 2010). Second, Graphic Display of Heterogeneity plots (GOSH, Olkin et al.,
2012) were generated to identify patterns of heterogeneity. Here, instead of recalculat-
ing results with the leave-one-out method, the results are recalculated for every possible
study combination (2%~!). This is done by three different algorithms: k-means (Hartigan &
Wong, 1979), DBSCAN (Schubert et al., 2017), and the Gaussian mixture model (Fraley
& Raftery, 2002). If the GOSH plot shows several different clusters this indicates that there
are subsets of studies that differ substantially in their effect sizes. If the GOSH plot shows a
symmetric distribution, this indicates that the effect sizes are homogeneous. If these analy-
ses would highlight a study as a major contributor to the heterogeneity, we would inspect
this paper for a reason why it would be an outlier. Then we would perform a sensitivity
analysis by rerunning the meta-analysis while omitting this paper.

2.7 Exploratory Analyses

With the study effect sizes calculated for the meta-analysis we ran exploratory analyses to
identify patterns in the data. To this end, we first looked at the mean effect size reported for
each wellbeing measure. Next, we plotted the effect size against (1) the melanopic lux in
the intervention conditions, (2) the difference (delta) between melanopic lux in the inter-
vention condition versus the control condition, (3) the sample size, and (4) the number of
study days. Next, we examined the difference in effect size between studies that reported
their sample to be healthy versus studies that reported their sample to have a mental or
physical disease.

3 Results

3.1 Samples and Study Designs

The characteristics of the included studies are presented in Supplementary Materials I
(Study characteristics I & II). Of the 63 studies that reported the sample sex, 70% reported
a predominantly female sample (>50%). The total of the 74 study samples was 217.340.

Seventy-five percent of the studies had a sample size of n<100. The included papers
were all published between 1986 and 2022, with 59% of the papers published since 2015
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Fig. 3 A World map of the sample countries of the included papers. B Distribution of the age ranges of the
samples of the included papers

(Fig. 2). The sample countries are graphically represented in Fig. 3A with a list of the
sample countries of the 74 studies shown in percentages in the Supplementary Materials
IT (Table ST1). The top 3 represented sample countries were the United States of Amer-
ica (16%), China (10%), and the Netherlands (10%). We divided the papers by age group
(some had different age groups in their sample, in which case we used the youngest age
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group) and this showed that most papers included participants in the age groups 20-30 or
40-50 (Fig. 3B). Of the 74 included studies, 47 studies were intervention studies and 27
studies were observational studies. Of the 47 intervention studies, 31 were categorized as
randomized controlled trials (RCT’s) and 16 as quasi-RCT’s.

3.2 Timing and Setting

Most, but not all, studies reported the season in which the study was conducted and the
setting of the study. Of those studies that reported this information, half of the studies were
conducted during winter (Fig. 4A). Most studies were based on light exposure at home
(29.0%) or at a laboratory (19.0%, Fig. 4B).

3.3 Melanopic Lux

To quantify the biological effects of the light interventions, we reported the melanopic lux
(Supplementary Materials I: study characteristics II). To this end we used the International
Standard CIE S 026/E: 2018 toolbox (Schlangen., 2018) to convert the lux reported in
the paper to melanopic lux. This international CIE standard is a system for metrology for
optical radiation for intrinsically photosensitive retinal ganglion cells (ipRGC)-influenced
responses to light. The ipRGCs in the eye are photoreceptors that play an important role in
the non-visual effects of light. As one of its many functions, the CIE system allows us to
have a standardized measure of the extent to which light stimulates each of the five photo-
receptor classes, e.g. melanopsin.

3.4 Wellbeing Measures

Figure 5 shows the different wellbeing scales used in the included studies. Most of the
studies used either the SF-36 (28.0%) or the PANAS (24.0%). A full list of wellbeing
measures and their corresponding references can be found in Table ST2 (Supplementary
Materials II).

A B
25
Summer -
20
.
3 Winter
2: «ls5
[=} =
2 g
.= Both C10
=
5
NA
0 10 20 30 40 Anywhere  Home  Hospital Laboratory Office  Other
Counts Setting

Fig.4 A Time of year during which the studies were conducted. B Setting of the included studies
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Fig.5 Frequency of use of the various wellbeing scales in the included papers

3.5 Risk of Bias

The data preparation showed that 30 studies met the criteria to be included in the meta-
analysis: 15 non-randomized and 15 randomized studies. These studies underwent the
risk of bias assessment, of which two completed assessments can be found in Supplemen-
tary Materials IIT and IIII. Of the 15 non-randomized studies, 12 were assigned the status
of having a serious risk of bias and 4 were assigned the status of having a moderate risk
of bias. Of the 15 randomized studies, 4 were assigned the status of having a high risk of
bias and 11 were assigned the status of having a moderate risk of bias. The most common
sources of bias were confounding, measurement of the outcome, and selective outcome
reporting (Supplementary Materials II, Tables ST3 and ST4). Section 6.4 describes the
random effects model where the high-risk studies were omitted from the analysis.

3.6 Meta-Analysis
3.6.1 Random Effects Model

After the data preparation, 30 studies were eligible for the meta-analysis (19 between-
person designs, 11 within-person designs, see study details in Supplementary Materi-
als I: Meta-analyzed studies). The meta-analysis estimated a pooled effect size of light
on wellbeing of 0.46 (SE=0.09, 95% CI=0.29, 0.62, p= <0.0001 (Figs. 6, 7). This
indicates a small-to-moderate positive effect of light on wellbeing. The heterogeneity
between the studies was high (I’=96.48%).

3.6.2 Publication Bias

Figure 8 shows a contour-enhanced funnel plot with colored contours of significance.
Visual inspection of the funnel plot suggests plot asymmetry. This is confirmed by
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Author and Year N1 N2 Ni Estimate [95% CI]
Aan het Rot et al., 2017 23 25 ] 0.30 [-0.26, 0.87
Bajaj et al., 2021 14 14 —a— -0.04 [-0.78, 0.71

Barba et al, 2018 24 —e— 1.65[0.72, 2.57;
Brunnstrom et al., 2004 24 22 —— 0.65[0.06, 1.24
Canazei et al., 2019 21 21 i 0.86[0.23, 1.49
Chirico et al., 2020 71 62 H -0.41[-0.75, -0.06]
De Kort et al., 2010 315 » 0.00 [-0.22, 0.22
De Rui et al., 2015 5 7 —r— 0.09 [-1.08, 1.24
Denk et al., 2015 48 HIH 1.97 [1.57, 2.36]
Falkenberg et al., 2019 30 30 i 0.08 [-0.42, 0.59]
Harrisson et al., 2020 9 HH 0.44[0.06, 0.82
Harrisson et al., 2020 10 i 0.35[-0.17, 0.87
Kim et al., 2022 27 29 - 0.57[0.04, 1.11

Kim et al., 2022 27 29 il 0.67[0.13, 1.21

Leeetal, 2013 16 14 —— 0.58 [-0.15, 1.32
Madsen et al., 2021 12 HH 0.88[0.53, 1.23]
Martiny et al., 2005 48 54 - 0.24 [-0.15, 0.63]
Mills et al., 2007 46 23 - 0.60[0.09, 1.11

RE Model * 0.52[0.24, 0.79]

T 1 4 5 1

-2 0. 32 3
Observed Outcome

Fig.6 Forest plot meta-analysis of the effect of light on wellbeing—Part 1. Note. NI, N2=sample sizes in
a between-group comparison study. Ni=sample size in a within-group comparison study. Harrisson et al.,
(2020), Kim et al., (2022), Rastad et al., (2011), and Turco et al., (2018) either tested multiple subsamples,
or tested the effect of light on multiple outcome measures of wellbeing

Author and Year N1 N2 Ni Estimate [95% CI]
Morton et al., 2021 32 30 0.28 [-0.22, 0.78]
Najjar et al., 2014 10 0.04[0.02, 0.08]
Okkels et al., 2020 27 27 0.18 [-0.35, 0.72]
Partonen et al., 1998 29 30 0.43 [-0.09, 0.94]
Rastad et al., 2011 47 1.00[0.78, 1.22]
Rastad et al., 2011 47 1.01[0.80, 1.22]
Rutten et al., 2019 35 37 0.04 [-0.42, 0.51]
Smolders et al., 2012 32 0.10 [-0.59, 0.80]
Smolders et al., 2014 28 -0.42 [-1.17, 0.33]
Starreveld et al., 2021 83 83 0.36 [ 0.06, 0.67]
Stemer et al., 2015 29 0.53[0.36, 0.71]
Sundararajan et al., 2021 40 40 0.47 [0.02, 0.91]
Taylor et al., 2009 8 8 1.14[0.08, 2.20]
Turco et al., 2018 6 8.28 [ 3.59, 12.96]
Turco et al., 2018 13 0.29[0.08, 0.50]
Turco et al., 2018 7 0.08[0.04, 0.12]
West et al., 2019 28 30 0.53[0.01, 1.05]
RE Model 0.4010.21, 0.59]
T T T 1
-5 5 10 15

Observed Outcome

Fig.7 Forest plot meta-analysis of the effect of light on wellbeing—Part II. N1, N2 =sample sizes in a
between-group comparison study. Ni=sample size in a within-group comparison study. Harrisson et al.,
(2020), Kim et al., (2022), Rastad et al., (2011), and Turco et al., (2018) either tested multiple subsamples,
or tested the effect of light on multiple outcome measures of wellbeing.

Egger’s test: t=4.290, p= <0.0001. The histogram of p-values does not show an
unusually large number of studies that fall just below 0.05, so publication bias seems
unlikely based on this criterion (Fig. 9).

3.6.3 Analysis for Heterogeneity
The heterogeneity in the meta-analyses was high (I>=96.48%). The leave-one-out method
demonstrated that Denk et al., (2015) displays extreme values when it comes to the influ-

ence diagnostics (e.g. DFFITS, Cook’s D), and may therefore negatively affect the robust-
ness of the pooled effect size (Fig. 10).
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Fig.8 Contour-enhanced funnel plot. The black dots represent each individual study. The shaded regions
represent various levels of statistical significance

(LT |
- Srudy tvpe
E‘ ] E Interventional
111 IR0 e

It

Fi

g

IR |

p-vahe

Fig. 9 Histogram of the distribution of p-values split by study type (combined (k=68), interventional stud-
ies (k=44), and observational studies (k=24)). The red dotted-line indicates a p-value of 0.05. In this fig-
ure, only the p-values up to 0.2 are shown, in order to get a good view of the area around p=0.05. A figure
including all the p-values in included in the Supplementary Materials II (Figure SF1)
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Fig. 10 Overview of several influence diagnostics after applying the leave-one-out method. The red dot
marks a study that is determined to be influential

The GOSH plot was skewed and showed multimodality (Fig. 11A), suggesting the pres-
ence of heterogeneity. All three algorithms detected Denk et al., (2015) and Turco et al.,
(2018) as the two main contributors to the heterogeneity. Figure 11 B, C show similar
GOSH plots but these plots each highlight one study, and the blue dots show in which
clusters this study was present (e.g. in clusters with high or low heterogeneity). Denk et al.,
(2015) is only present in clusters with high heterogeneity (Fig. 11B). Turco et al., (2018) is
slightly more dispersed over the plot, but it is most densely present in the highly heteroge-
neous clusters (Fig. 11C). Figure 11D shows the clusters detected by the Gaussian Mixed
Model. Eight clusters were detected, which again indicated high heterogeneity between
the studies. Figure 11 D, E show for each individual study to what extent it might have
a large impact on those clusters. Denk et al., (2015) and Turco et al., (2018) showed the
most cluster imbalance (Fig. 11E) and are therefore the biggest contributors to the overall
heterogeneity.

3.6.4 Sensitivity Analysis

Based on the risk of bias assessment and heterogeneity analysis, we performed a sen-
sitivity analysis in which 15 studies were omitted from the meta-analysis. Denk et al.,
(2015) and Turco et al., (2018) were omitted due to their contribution to the hetero-
geneity, while the other 13 studies were omitted because they had a high risk of bias.
Fourteen studies were left for the sensitivity analysis with an aggregate sample size of
N=864. The forest plot and funnel plot for the adapted random effects model can be
found in the Supplementary Materials II (Figures SF2 and SF3). The new meta-analysis
estimated a pooled effect size of light on wellbeing of 0.53 (SE=0.09, 95% CI=0.35,
0.72, p= <0.0001. This indicates a moderate positive effect of light on wellbeing. The
heterogeneity between the studies was moderate-to-high (I>=66.73%). Egger’s test did
not confirm plot asymmetry: t=-1.69, p=0.115.
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Fig. 11 GOSH plot results to detect sources of between-study heterogeneity. The plot of the overall hetero-
geneity was skewed (A). Denk et al., (2015) and Turco et al., (2018) were mostly present in clusters with

high heterogeneity (B & C), and both contributed the most to cluster imbalance within the 8 clusters (D &
E)

3.7 Exploratory Analyses

Exploratory analyses were conducted with the aim of identifying patterns in the data. We
first looked at the mean effect size reported for each wellbeing measure (Fig. 12). This
figure should be interpreted with great care, because the number of papers using certain
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Fig. 12 Overview of the wellbeing measures used in the meta-analyzed studies, how many papers used
them as the outcome measure (), and the mean effect size reported for this measure

measures is very unequal, ranging from N=1 to N=12, making the effect sizes hard to
compare. However, one could carefully say that measures with the same N are more eli-
gible to be compared. In that case, the data suggests that the light interventions have a
stronger effect on positive affect (PANAS, N=6), than on Quality of Life (WHO-Qol,
N=6). While saying this, one should be aware of the fact that the light interventions used
in these papers were very heterogeneous in their designs.

Next, we plotted the effect size against four different variables: melanopix lux, delta-
melanopic lux, sample size, and study days (Supplementary Materials II, Figure SF4).
Unfortunately, not every study reported data on all these variables, so the number of stud-
ies (k) is different for each analysis. None of the four plots showed a particularly clear
trend. Contrary to our expectations, Figure SF4B did not show a positive dose-response
curve, where a larger delta was expected to be associated with a larger effect size. There
was also no relationship shown between effect size and the other three variables melano-
pic lux (SF4A), sample size (SF4C), and study days (SF4D). Figure SF5 (Supplementary
Materials II) did not show a visual difference in effect size in health samples compared to
diseased samples.

4 Discussion
After an extensive literature search and screening 20.367 studies on title and abstract, 74
studies were found to be eligible for our systematic review on light and wellbeing. Of these

74 studies, 30 studies met the criteria to be included in the meta-analysis, which showed
a positive effect of light on wellbeing with a small-to-moderate effect size. While the
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meta-analysis suggested a positive effect of light on wellbeing, we also found that the het-
erogeneity between the study effect sizes was extremely high (>=96.48%). As explained
by Van Maanen et al., (2016), one of the reasons for this could be related to differences in
the light designs e.g. differences in light intensity or exposure duration. Although we did
not include these aspects as moderators in the random effects model, we did look at pos-
sible associations between these aspects and the effect sizes in the studies. Unfortunately,
not all studies could be included here because of unreported study parameters, but for the
studies that were included we did not find any associations. Another reason for the high
heterogeneity might be the diversity in instruments used to assess wellbeing. In contrast
to our study, the systematic review by Pjrek et al., (2019) only included studies with par-
ticipants that were clinically diagnosed with seasonal affective disorder. They reported a
moderate degree of heterogeneity between the studies: I =44,3%, compared to I*=96.48%
in the present study. The wide range of wellbeing instruments used in our included studies
might account for part of the heterogeneity.

In one aspect, the meta-analyzed studies were very homogenous. Except for one paper
(Chirico et al., 2020, removed after the Risk of Bias check), all interventions were organ-
ized indoors, comparing effects of artificial lighting settings. Therefore, the effect size gen-
erated from this meta-analysis informs us about the effect of artificial lighting on well-
being, disregarding the effect of natural lighting. There are papers on natural light and
wellbeing, but so far, these are observational studies. For example, Korman et al. (2021)
found a positive association between a decrease in outdoor light exposure and quality of
life (Spearman’s p=0.21). A large study (N=502,000) in the UK found that every addi-
tional hour spent outdoors during the day was associated with greater happiness (OR:
1.41-1.48, Burns et al., 2021). The interpretation of these associations would be ‘weak’ or
‘small’ (Akoglu, 2018; Tenny & Hoffman, 2024) and therefore not too different from the
meta-effect size estimated in this paper. However, we recommend that more studies should
be performed on the effect of natural lighting before we can draw any conclusions from
them.

After the Risk of Bias assessment and the analysis for heterogeneity, we ran a sensitiv-
ity analysis with the remaining 15 studies. The overall effect increased slightly, suggesting
that the overall effect size was robust and that the low-quality studies did not account for
the highest effect sizes. The fact that relatively many studies were of low quality was no
surprise. This has also been observed in other review papers on the effect of light. Veleva
et al., (2018) and Pjrek et al., (2019) both found the majority of their included papers to be
either at high or moderate risk of bias. Similar to their reported sources of bias, our ROB
assessment also pointed out the reporting of the outcomes as a main source. In this case,
this often had to do with the fact that the p-values were not corrected for multiple testing.
Unique to the other two papers, our assessment also highlighted confounders (e.g. the use
of a credible placebo, drug treatment) as one of the main sources of bias in the non-rand-
omized controlled trials.

This paper used three methods to thoroughly assess publication bias: funnel plots, Egg-
er’s test (Egger et al., 1997), and a distribution of p-values. In the meta-analysis, the funnel
plot and Egger’s test both showed publication bias, suggesting that studies with significant
results get published more often compared to studies with non-significant results. In the
sensitivity analysis, the funnel plot was asymmetrical again, but Egger’s test concluded
that there was no publication bias. The observed absence of publication bias in the meta-
analyses with fewer studies (and the lowest quality studies removed) could reflect a real
reduction in publication bias. However, in the sensitivity analyses, the number of studies

@ Springer



The Effect of Light on Wellbeing: A Systematic Review and... Page170f22 1

was reduced by half and Egger’s test is known to have very low power to detect bias in a
small number of studies (Egger et al., 1997).

Regarding the aspect of publishing significant results, it should be noted that a number
of studies in this review fail to correct for multiple testing. The majority of the studies look
at the effect of light on multiple outcome measures (e.g. cognitive performance, sleep, and
wellbeing). Simultaneously conducting multiple statistical tests increases the probability of
finding a significant result purely by chance. There are multiple ways to correct for this and
one common method is by applying the Bonferonni correction, where one divides the alpha
by the number of tests that is conducted (Napierala., 2012). While this is a conservative
method, is does reduce the probability of making a Type 1 error. The study by Najjar et al.,
(2014) is a good example of this. They found a positive effect of blue-enriched white light
on subjective wellbeing, and reported this effect to be significant because the p-value was
smaller than 0.05 (p=0.47). However, since they also tested the effect of blue-enriched
white light on motivation and alertness at the same time, they should have compared their
exact p-values to the alpha of 0.05/3=0.017, changing the same result from being signifi-
cant into being nonsignificant.

Despite the uncertainty around the true effect size and questionable quality of the stud-
ies, the aggregated effect size does encourage us to think about the possible mechanisms
through which light might have an effect on wellbeing. In theory, light can have both a
direct and indirect effect on wellbeing (LeGates et al., 2014). In the direct pathway, light
hits the ipRGCs in the eye that project to brain regions that, among other things, regulate
mood (Allada Ravi & Joseph, 2021). In the indirect pathway, light hits the ipRGCs, which
causes a change in sleep and circadian phase, resulting in a change in mood. However, this
theory is based on studies in rodents (Ashkenazy-Frolinger et al., 2010; T. LeGates et al.,
2012) and has not been validated in humans. In addition to this, studies in rodents only
allow to study the effects on mood, and not on wellbeing or quality of life like wze measure
it in human participants. However, all these models assume the direction of effect to go
from light exposure to wellbeing. For the observational studies, it could also be the case
that this direction is reversed. For instance, people who experience low wellbeing prefer to
stay indoors and are therefore exposed to less light. Future studies should invest in studying
the direction of causality between light and wellbeing.

5 Limitations

It is important to recognize several limitations in this systematic review. First, in the
process of preparing the meta-analysis, every study was checked on having enough
statistics reported to be included (means, effect sizes, p-values, etc.). Of the 47 inter-
vention studies, only 30 met these criteria, even after contacting the authors for more
information. This was unfortunate because this prevented a third of these studies from
being included in our meta-analysis and might therefore have affected the overall out-
come. Second, most of the studies included reported on the short-term effect of light
on wellbeing, not on the long-term effects. Therefore, the results cannot be used to
derive any conclusions on the long-term effects of light on wellbeing. Third, this review
only includes published studies, and not non-published studies such as papers posted
on preprint servers. Van Maanen et al., (2016) did try to include non-published studies
as well by checking conference proceedings, thesis databases, and contacting authors
about non-published work. Including non-published work as well as published work can

@ Springer



1 Page18o0f22 A.Landvreugd et al.

help reduce the publication bias, but lacks the peer-review correction process. Fourth,
our meta-analysis was limited to studies that reported on the effect in adults, neglecting
studies in children and adolescents. Hence our results cannot be generalized to other age
groups.

6 Conclusions and Recommendations for Future Studies

This systematic review is the first comprehensive evaluation of the effect of light on
wellbeing. The meta-analysis and sensitivity analysis both showed a small-to-moder-
ate positive effect of light on wellbeing. However, the overall effect might be biased
due to small samples, publication bias, or the inability to incorporate all studies due
to inadequate reporting. To further the field, we have the following recommendations.
First, studies on the effect of light should include complete details on the lighting
design (incl. light intensity, melanopic lux, color temperature, light system), and light
exposure (duration, season, time of day). Second, studies should report baseline light
levels. Third, in a non-randomized trial, studies should to try to control for important
confounders such as the use of medication and vision impairments. Fourth, when the
analyses include multiple statistical tests, a method to correct for multiple testing should
be applied. Fifth, to support replication, statistical results should be reported in a com-
plete and comprehensive manner. Sixth, authors and journals should be more inclined to
publish non-significant results, in order to give the audience a more complete perspec-
tive on the matter. Many of these issues could be solved by implementing the standard
of uploading a preregistration (including a thorough light protocol) to one of the pre-
registrations servers.
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