
ARTICLE OPEN

Association of time spent in outdoor light and genetic risk with
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Depression is the consequence of both environment and genes working together. Genetic factors increase depression risk, but it is
unclear whether this association can be offset by time spent in outdoor light. The study was undertaken to investigate the optimal
time spent in outdoor light for lowering the risk of depression and the joint association of time spent in outdoor light and
depression genetic risk. In UK Biobank, 380,976 depression-free individuals were included in this study. Polygenic risk score (PRS)
was categorized into three groups in terms of tertiles. Time spent in outdoor light on a typical day in summer or winter originated
from the questionnaire survey. Depression was defined as hospital admission. The potential dose-response relationship between
time spent in outdoor light and depression risk was shown by a restricted cubic spline. Data were analyzed using Cox regressions
and Laplace regression. After the median follow-up of 12.6 years, 13,636 individuals suffered from depression in the end. A
nonlinear (J-shaped relationship) trend was observed between time spent in outdoor light and depression risk. On average, 1.5 h/
day of outdoor light was related to the minimum risk of depression. Individuals below and above this optimal time both had
elevated depression risk (below, HR= 1.09, 95% CI: 1.02–1.16; above, HR= 1.13, 95% CI: 1.07–1.20), and the time to incident
depression were both shortened by 0.46 years (50th percentile differences [PD]=−0.46, 95% CI: −0.78, −0.14) and 0.63 years (50th
PD=−0.63, 95% CI: −0.90, −0.35) years, respectively. In a comparison of individuals with the lowest tertile of PRS and average
1.5 h/day outdoor light, the HRs and 95% CIs of depression were 1.36 (1.21–1.53) and 1.43 (1.29–1.58) in those with the highest
tertile of PRS and below/above this reference value, respectively. Significant multiplicative interactions were observed between
intermediate genetic risks and longer time spent in outdoor light. We found that an average of 1.5 h/day spent in outdoor light was
associated with a lower depression risk whatever the degree of depression genetic predisposition. Moderate time spent in outdoor
light may contribute to a decreased depression risk even among people with a higher genetic risk of depression.
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INTRODUCTION
Depression is a common psychiatric health problem that
profoundly influences an individual’s mental and physical function
and may reduce the quality of life [1]. In 2019, depression ranked
among the top 25 burden-causing diseases worldwide [2]. The
World Health Organization predicts that the burden of depression
will rank first by 2030 [3]. In recent years, the number of patients
with depression has risen by 27.6% around the world, with an
increase of 29.4% in major depression disorders seen in Central
Europe [2]. Depression can lead to or contribute to many other
health conditions, such as diabetes and cardiovascular disease.
Depression may be also associated with an increased risk of
mortality [4, 5]. Although the increasing prevalence of depression
has been studied extensively, studies on preventive methods are
scarce. Exploring the high-risk factors associated with depression
may contribute to the prevention and early intervention.
Vitamin D may be a crucial factor in the incidence of psychiatric

disorders like depression [6]. Although vitamin D can be taken in

through the diet, few countries routinely fortify food with vitamin
D [7]. Thus, outdoor light is commonly recommended, partially
because outdoor light is freely available to many people. However,
little research is available on the effects of time spent in outdoor
light on the risk of depression, and the dose-response association
between time spent in outdoor light and depression risk remains
uncertain. Several previous studies have suggested a negative
association between outdoor light and depression, indicating a
short time spent in outdoor light could be related to an elevated
risk of depression [8, 9]. A previous cross-sectional study from
Korea reported a bimodal effect of outdoor light on depression
[10]. Sufficient outdoor light decreases cortisol concentrations,
which accelerates the synthesis of vitamin D [11, 12]. So far,
however, it is not clear how long individuals should spend in
outdoor light to experience a reduced risk of depression.
Depression is caused by various combinations of genetic and

environmental risk factors. Previous studies have explored the
genetic factors affecting depression based on the theory of
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polygenic inheritance [13, 14]. One analysis showed that the
offspring of parents with a history of depression have a three- to
four-fold greater risk of depression themselves than the offspring
of healthy parents [15]. Genome-wide association studies (GWASs)
have reported the risk genes for depression, including B3GALTL,
FADS1, TCTEX1D1, XPNPEP3, ZMAT2, ZNF501, and ZNF502 [16].
Polygenic risk score (PRS) was determined using these risk loci to
indicate overall genetic susceptibility for depression [17]. So far,
the evidence regarding whether time spent in outdoor light can
affect the association between genetic predisposition and risk of
depression risk has sparse.
Therefore, the major purpose of this study was to examine the

association between time spent in outdoor light and depression risk
and to investigate whether optimal time spent in outdoor light may
compensate for depression-related genetic predisposition using
data from the large-sample cohort of over half a million individuals.

MATERIALS AND METHODS
Study design and participants
Participants in UK Biobank were recruited began between 2006 and 2010,
across England, Scotland, and Wales, and have been following up to
September 30, 2021. Our study was restricted to White British people with
the genetic information available and without a history of depression that
was inpatient records and/or self-reported. Among 502,507 participants, we
excluded a total of 121,531 participants. Our final analytic sample included
380,976 participants aged 38–73 years at baseline (Supplementary Fig. S1).

Measurement of outdoor light
The data on outdoor light was collected at baseline assessment
(2006–2010) by a questionnaire from a touch–screen pad. Participants
reported the duration they spent outdoor light on a typical day in summer
and winter (Supplementary Methods). Time spent in outdoor light in
summer was moderately correlated with time in winter (Pearson’s r= 0.66,
P < 0.001), which suggested time spent in outdoor light in summer and
winter were not correlated perfectly. Therefore, we respectively examined
the association of time spent in outdoor light in summer and in winter with
the risk of depression [18]. We also calculated the average time by dividing
the sum of time spent in outdoor light in winter and summer by 2 to
uniform the standard of outdoor light exposure.

Assessment of polygenic risk score (PRS)
A PRS for depression was calculated to evaluate the accumulating effect of
depression genetic predisposition. PRS was built according to the meta-
analysis of GWAS, which contained genome-wide association studies
about the participants of European descent [19]; thus, only Whites from the
UK Biobank were included in our study. The posterior effect sizes of
nucleotide polymorphisms (SNPs) on depression were inferred using a
PRS-CS, which uses Bayesian regression to place continuous shrinkage
priors on SNP effect sizes from GWAS summary statistics [20]. PRS-CS
incorporates an external LD reference panel to model local LD patterns and
updates effect sizes jointly within LD blocks, allowing accommodation of
diverse genetic architectures and avoiding decisions related to pruning
and GWAS threshold selection. The weights were estimated using the PRS-
CS method with default parameters and 1000 Genomes European as the
LD reference panel, based on GWAS summary statistics for the major
depressive disorder which were obtained from the Genetic Epidemiology
Research on Adult Health and Aging (GERA) with a sample size of 61,847
(7892 cases and 53,955 controls). We retained autosomal 1,065,182 SNPs
available in UK Biobank. A weighted PRS was calculated by the sum of the
number of risk alleles of each SNP weighted by the risk estimate (β
coefficient, namely the per-allele log odds ratio related to SNPn obtained
from previous GWAS study) for depression across all available SNPs
(N= 1,065,182) in the UK Biobank, which was produced using the PLINK
“–score” command [21]. After conducting Z–standardization of PRS, all
White participants were divided into three categories (based on the tertile
distribution: low tertile, intermediate tertile, and high tertile of genetic risk).

Ascertainment of depression
In terms of the information on hospital inpatient records and diagnoses
(from the Hospital Episode Statistics for England, the Scottish Morbidity

Record data for Scotland, and the Patient Episode Database for Wales) of
depression, we identified the data on depression using the International
Classification of Diseases (version10 [ICD-10] code: F32 - F34, F38 and F39).
Follow-up was terminated until participants developed depression, death,
or the study endpoint (September 30, 2021). More details on the hospital
inpatient records are distributed in the Supplementary Methods.

Covariates
Demographic characteristics included individuals’ age, gender, education
level, and the Townsend deprivation index. Lifestyle characteristics
included smoking status, drinking status, total physical activity, sleep
duration, and body mass index (BMI), which could reflect individuals’ living
habits. History of the disease (hypertension, hyperglycemia, fracture history
in the past 5 years, and hearing loss) may reflect individuals’ long-term
health condition and daily behavioral capacity. Vitamin D supplements and
the use of sun/ultraviolet (UV) radiation protection may also reveal
individuals’ habits of outdoor light. Air pollutants (PM2.5) may also play an
important role in individuals’ travel and mental health. Among these
covariates, the Townsend deprivation index was assigned based on
postcode as a continuous measure, where a higher index indicates more
deprivation. Total physical activity was measured as the sum of minutes
spent walking per week and minutes engaged in moderate or vigorous
activity per week during the past four weeks. Hypertension was defined as
(1) hospital inpatient records (ICD-10 codes I10, I15, O10); (2) or self-
reported cases; (3) or blood pressure ≥140/90mmHg; (4) or taking anti-
hypertensive therapy. Hyperglycemia was defined as (1) fasting blood
glucose levels >110mg/dL; (2) or taking anti-diabetic therapy; (3) or
hospital inpatient records of diabetes (ICD-10 codes E10–E14); (4) or self-
reported cases of diabetes.

Statistical analyses
According to whether participants developed depression, we compared
the characteristics of continuous variables and categorical variables at
baseline using a t-test, Mann–Whitney U-test, and chi-squared test,
respectively.
To get the completed data, multiple imputations by five replications and

chained equations method were applied to impute the missing values for
covariates. Dose-response association between time spent in outdoor light
and the risk of depression was examined using the restricted cubic spline
with five knots located at the 5th, 27.5th, 50th, 72.5th, and 95th percentiles
[22]. We also tested the linearity or nonlinearity based on the Wald test
[23]. If the null hypothesis was rejected (P < 0.05), it will show that a
nonlinear relationship between time spent in outdoor light and the risk of
depression is observed.
Incidence rates (IRs) per 1000 person-years were respectively calculated

in terms of the category of PRS and time spent in outdoor light. The hazard
ratios (HRs) and 95% confidence intervals (CIs) of depression risk
concerning time spent in outdoor light and genetic risk were estimated
via Cox proportional hazards regression models. The proportional hazard
assumption was checked by tests based on Schoenfeld residuals, and the
results indicated that the assumptions had not been violated. The
demographic characteristics (age [continuous], gender, education level
[college or university degree, upper secondary, lower secondary,
vocational, and other], Townsend deprivation index [continuous]), lifestyle
characteristics (smoking status [never, previous, and current], drinking
status [never, previous, and current], total physical activity [MET-min/week,
continuous], sleep duration [h/day, continuous], and BMI [continuous]), the
history of the disease (hypertension, hyperglycemia, fracture history in past
five years, and hearing loss), vitamin D supplement, use of sun/UV
protection, PM2.5 and PRS were defined as potential confounders, which
were adjusted in the Cox proportional hazards regression models. The
multiplicative interaction between depression genetic risk and time spent
in outdoor light was tested by containing these two exposure variables
and their cross-product terms in the Cox model. We estimated the 50th
percentile differences (PDs) for the median time (in years) to incident
depression via Laplace regression. We estimated the joint effects of time
spent in outdoor light with genetic predisposition and the risk of
depression, individuals with the optimal time spent in outdoor light and
the lower tertile of PRS were defined as the reference groups.
Several sensitive analyses were carried out: (1) excluding missing values

of covariates; (2) excluding individuals who suffered from incident
depression in the first 2-year duration follow-up to eliminate the effect
of potential reverse causality; (3) excluding individuals whose average time
spent in outdoor light were over twofold of standard deviation; (4) further
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adjusting for antidepressant use; (5) we conducted stratified analysis by
using the sun/UV protection to investigate the association between time
spent in outdoor light and depression risk; (6) to examine if the
relationship between time spent in outdoor light and depression risk
was different depending on the use of vitamin D supplements, we
conducted a stratified analysis based on the individuals who used or did
not use vitamin D supplements; (7) further adjusting for UK Biobank
assessment centers; (8) further adjusting for employment (working, retired,
unemployment, other); (9) further adjusting for the living environment
(urban or rural areas); (10) individuals with less than 1 h of outdoor light in
winter were divided into a separate group; (11) including participants
spent extreme hours in outdoor light.
All tests were two-sided, and statistical significance was considered

P < 0.05. Statistical analyses were performed in R V.1.4.

RESULTS
Baseline characteristics of the study population
A total of 380,976 participants were included in our study, of
which 13,636 (prevalence= 3.58%) depression cases were diag-
nosed during a median follow-up of 12.57 years (interquartile
range: 11.81 to 13.28 years). Table 1 showed the comparison of
baseline characteristics between depression patients and
depression-free individuals. Compared to depression-free partici-
pants, those with incident depression tend to be older, female,
current smokers, never or rarely used sun/UV protection, and more
likely to have low education level, higher BMI, less sleep duration,
higher PM2.5 exposure, and higher genetic risk (P < 0.05).
Obviously, individuals with depression tend to have longer
average time spent in outdoor light in comparison with
depression-free individuals (P < 0.001).

Independent association of time spent in outdoor light and
genetic risk with incident depression
A nonlinear (J-shaped) relationship was observed for time spent in
outdoor light (as a continuous variable) and incident depression
risk with restricted cubic splines models. For outdoor light, a
significantly increased risk of low exposure was observed, but an
increased risk of higher exposure was relatively slow. The
association between time spent in outdoor light and depression
risk presented a nonlinear trend (P < 0.05). Individuals with 1.5 h/
day on average, 1 h/day in winter, and 2 h/day in summer
respectively showed the lowest risk of depression. With those
participants as a reference, an elevated risk of depression was
significantly shown regardless of the groups below or above the
reference value (Fig. 1A). In comparison with individuals with
1.5 h/day outdoor light on average, individuals below 1.5 h/day
(HR= 1.09; 95% CI: 1.02–1.16) and above 1.5 h/day (HR= 1.13;
95% CI: 1.07–1.20) time spent in outdoor light had an increased
depression risk. Furthermore, in comparison with the individuals
who received 2 h/day of outdoor light in summer, individuals with
below 2 h/day (HR= 1.12; 95% CI: 1.05–1.19) and above 2 h/day
(HR= 1.11; 95% CI: 1.06–1.16) outdoor light were prone to having
an elevated depression risk. In comparison with individuals with
1 h/day outdoor light in winter, individuals with below 1 h/day
outdoor light were significantly associated with a 7% elevated
depression risk (HR= 1.07; 95% CI: 1.02–1.13), and individuals with
above 1 h/day outdoor light was significantly associated with a 9%
elevated risk of depression (HR= 1.09; 95% CI: 1.04–1.13, Table 2).
Laplace regression analyses reported that in comparison of

individuals with 2 h/days spent in outdoor light in summer, people
with below 2 h/days outdoor light developed incident depression
0.54 (50th PD, 95% CI: −0.84, −0.24) years earlier, and the time to
incident depression was shortened by 0.49 (50th PD, 95% CI:
−0.71, −0.27) years among individuals who spent >2 h/day
outdoor light. In the analyses of winter or average time spent in
outdoor light, individuals with below or above the time of
reference standard also developed incident depression slightly
earlier (Table 2).

Table 1. Baseline characteristics of participants.

Characteristics No
depression
(N= 367,340)

Incident
depression
(N= 13,636)

P value

Age 56.81 ± 8.03 57.11 ± 8.19 <0.001

Gender <0.001

Female 193,711 (52.7) 8416 (61.7)

Male 173,629 (47.3) 5220 (38.3)

Townsend
deprivation index,
mean (SD)

−1.61 ± 2.90 −0.83 ± 3.26 <0.001

Education <0.001

College or
University degree

120,690 (32.9) 3174 (23.3)

Upper secondary 42,254 (11.5) 1385 (10.2)

Lower secondary 101,595 (27.7) 4015 (29.4)

Vocational 24,563 (6.7) 1042 (7.6)

Other 78,238 (21.2) 4020 (29.5)

Smoking status <0.001

Never 204,655 (55.7) 6298 (46.2)

Previous 128,179 (34.9) 5113 (37.5)

Current 34,506 (9.4) 2225 (16.3)

Drinking status <0.001

Never 12,113 (3.3) 591 (4.3)

Previous 10,908 (3.0) 881 (6.5)

Current 344,319 (93.7) 12,164 (89.2)

Body mass index
(kg/m2), mean (SD)

27.3 ± 4.62 28.5 ± 5.48 <0.001

Total physical
activity, MET-min/
week, mean (SD)

681.3 ± 885.1 684.6 ± 945.4 0.681

Sleep duration,
hours/day,
mean (SD)

7.16 ± 1.04 7.11 ± 1.37 <0.001

PM2.5, ug/m
3,

mean (SD)
9.93 ± 1.04 10.07 ± 1.06 <0.001

Vitamin D
supplement

<0.001

No 353,470 (96.2) 13,017 (95.5)

Yes 13,870 (3.8) 619 (4.5)

Use of sun/UV protection <0.001

No or occasionally 153,755 (41.9) 5902 (43.3)

Yes 211,910 (57.7) 7601 (55.7)

Do not go out in
the sunshine

1675 (0.4) 133 (1.0)

Fracture history <0.001

No 333,897 (90.9) 11,939 (87.6)

Yes 33,443 (9.1) 1697 (12.4)

Hearing loss <0.001

No 232,799 (63.4) 7443 (54.6)

Yes 134,541 (36.6) 6193 (45.4)

Hypertension 0.012

No 189,143 (51.5) 6871 (50.4)

Yes 178,197 (48.5) 6765 (49.6)

Hyperglycemia <0.001

No 337,804 (92.0) 12,117 (88.9)

Yes 29,536 (8.0) 1519 (11.1)
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PRS for depression was normally distributed (Fig. 1B), and
almost close to two-thirds of individuals with above 1.5 h/day
outdoor light on average (64.1%, Supplementary Fig. S2). The
restricted spline curve in Supplementary Fig. S3 presented a linear
trend and dose-response relationship between genetic predis-
position and the risk of incident depression (P for nonlinear=
0.307). After full adjustment for potential confounders, the IRs per
1000 person-years of depression was 2.67 (2.59–2.76), 3.01
(2.92–3.10), and 3.13 (3.05–3.22) in individuals with low tertile,
intermediate tertile, and high tertile of PRS, respectively. In multi-
adjusted Cox regression models, the HRs and 95% CIs of
depression were 1.12 (1.08–1.17) for individuals with an inter-
mediate tertile of PRS and 1.16 (1.11–1.21) for individuals with a
high tertile of PRS in comparison with individuals with a low tertile
of PRS (Table 3).

The joint effect of time spent in outdoor light and genetic
predisposition on depression risk
Figure 2 shows the association between depression risk and the
joint association between time spent in outdoor light in summer
and genetic risk. In the joint effect analysis, in comparison of those
with low tertile of PRS and 2 h/day outdoor light in summer, a 34%
higher risk of depression was observed (HR= 1.34; 95% CI:
1.20–1.49) in those with high tertile of PRS and below 2 h/day
outdoor light; and 35% higher risk of depression were observed
(HR= 1.35; 95% CI: 1.24–1.46) in those with high tertile of PRS and
above 2 h/day outdoor light. Similarly, in comparison of those with
low tertile of PRS and 1 h/day outdoor light in winter, high tertile
of PRS and below 1 h/day outdoor light was associated with a 24%
higher risk of depression (HR= 1.24; 95% CI: 1.14–1.35); and high
tertile of PRS and above 1 h/day outdoor light was associated with
a 31% higher risk of depression (HR= 1.31; 95% CI: 1.23–1.41). Of
individuals with a high tertile of PRS and below 1.5 h/day outdoor
light on average, 36% increased risk of developed depression vs
these individuals with low tertile of PRS and 1.5 h/day outdoor
light (HR= 1.36; 95% CI, 1.21–1.53); and of individuals with a high
tertile of PRS and above 1.5 h/day outdoor light, 43% increased
risk of developed depression (HR= 1.43; 95% CI, 1.29–1.58).
Although among people with low genetic risk, compared with
1.5 h/day outdoor light on average, the increased risk of
depression associated with below 1.5 h/day and above 1.5 h/day
outdoor light was respectively 1.14 (95% CI, 1.01–1.28) and 1.26
(95% CI, 1.14–1.40).
The significant interactions were respectively observed between

intermediate genetic risk and longer time spent in outdoor light
(Paverage for interaction= 0.005; Psummer for interaction= 0.024;
Pwinter for interaction= 0.013) (Supplementary Table S1).

Additional analyses
The following analysis could evaluate of stability of our study
results, we obtained similar results. (1) We conducted stratified
analysis by age (Supplementary Table S2) and sex (Supplementary
Table S3). (2) We repeated the analysis by excluding the missing
data on covariables. (Supplementary Table S4). (3) Individuals who
developed incident depression within the first 2-years during
follow-up were excluded (Supplementary Table S5). (4) We
repeated the analysis by excluding individuals whose average
time spent in outdoor light was over twofold the standard
deviation (Supplementary Table S6). (5) We further adjusted for
antidepressant use (Supplementary Table S7). (6) We conducted
stratified analysis by using sun/UV protection (Supplementary
Table S8). We found among the individuals who used sun/UV
protection, the association between below optimal time spent in
outdoor light (<2 h/day in summer, spent <1 h/day in winter, and
spent 1.5 h/day on average) and the risk of depression was
statistically insignificant. (7) Supplementary Table S9 shows the
stratified analysis based on individuals with or without vitamin D
supplements. We found among individuals who used vitamin D
supplements, the association between time spent in outdoor light
and the risk of depression was statistically insignificant. (8) We
further adjusted for UK Biobank assessment centers (Supplemen-
tary Tables S10, S11). (9) We further adjusted for employment
(Supplementary Table S12). (10) We further adjusted for the living
environment (Supplementary Table S13). (11) The dose-response
association between time spent in outdoor light in winter and
depression risk after dividing individuals spent less than 1 h into a
group (Supplementary Fig. S4). (12) We included participants with
extreme hours in outdoor light, 2 h/day outdoor light in summer,
1 h/day in winter, and 1.5 h/day on average were respectively still
associated with the lowest risk of depression (Supplementary Fig.
S5). Below and above the optimal time were still associated with
the increased risk of depression (Supplementary Table S14).

DISCUSSION
In UK Biobank, we found that (1) a nonlinear trend (J-shaped
relationship) was observed between time spent in outdoor light
and depression risk, an average of 1.5 h/day outdoor light was
related to the lowest risk of depression, the optimal time to
minimize the risk of depression was respectively at 2 h/day in
summer and 1 h/day in winter; (2) spending shorter and longer
time in outdoor light might advance the onset of depression by
about 0.5 years compared with optimal time; (3) after combining
the depression genetic risk and time spent in outdoor light, high
tertile of PRS and below or above average 1.5 h/day outdoor light
were both associated with 1.40-fold elevated depression risk in
comparison with those with a low tertile of PRS of depression and
optimum time.
Evaluation of genetic susceptibility to diseases in the form of

PRS was derived from risk alleles based on the largest available
GWAS of those diseases [17, 24]. PRS has been shown to be a
much more effective instrument than any single risk gene [25].
This is because PRS was calculated as the sum of risk alleles
weighted by their individual severally estimated effect sizes [26].
Previous evidence has shown the heritability of depression to be
30–40% [27]. One study from the Erasmus Rucphen Family cohort
found PRS to be significantly closely related to the incidence of
depression ascertained from various measure methods [28].
Higher PRS for depression was associated with an elevated risk
of depression, and the fact that the estimated genetic association
with depression in the UK Biobank was higher in patients
diagnosed with depression by a physician was included [29]. In
this study, a high tertile of PRS for depression was associated with
a more than 1.5-fold elevated risk of depression over those with a
low tertile as calculated from previous GWAS data. Genes and
environments do not operate independently, and gene-

Table 1. continued

Characteristics No
depression
(N= 367,340)

Incident
depression
(N= 13,636)

P value

Genetic risk
category

<0.001

Low 121,624 (33.1) 4097 (30.0)

Intermediate 121,116 (33.0) 4607 (33.8)

High 124,600 (33.9) 4932 (36.2)

Time spent in outdoor light, hours/day, mean (SD)

Summer 3.73 ± 2.28 3.87 ± 2.39 <0.001

Winter 1.79 ± 1.64 1.87 ± 1.70 <0.001

Average 2.76 ± 1.79 2.87 ± 1.84 <0.001

Data are n (%) and mean (SD). P values are derived using a t-test,
Mann–Whitney U-test, and chi-squared test.
SD standard deviation, UV ultraviolet radiation.
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environment interaction may influence the results [30]. There was
a significant interaction in the stratified analyses between PRS and
outdoor light time. It suggests that genetic risk and time spent in
outdoor light mutually influence to some extent.
Several studies have reported an association between time

spent in outdoor light and depression [8, 9]. One study showed
that depression patients who lived in rooms with east-facing
windows or equivalent had hospital stays about 4 days shorter
than those who lived with west-facing rooms without direct
outdoor light [9]. However, another cross-sectional study sug-
gested that outdoor light may have a bimodal impact on the risk
of depression such that short-term exposure to outdoor light may
increase the risk of depression but long-term exposure may
decrease it [10]. In our study, we found that longer and shorter
times spent in outdoor light were both associated with an
increased risk of depression. J-shaped nonlinear associations
between time spent in outdoor light and risk of depression were
observed for both summer and winter. Several previous studies
suggested that bright light may be significantly closely associated
with a decreased risk of depression no matter the duration of light
exposure [31–34]. However, these studies tend to focus on indoor
lighting (e.g., the workplace) or fluorescent lighting rather than
outdoor daylight. The difference between our findings and prior
studies may be due to the differences in wavelength.
There might be mechanisms underlying the association

between time spent in outdoor light and the risk of depression.
First, prolonged exposure to outdoor light has been found to be
related to an elevated risk of depression, which may be
attributable to the production of reduced melatonin. Long-term
exposure to UV can affect an individual’s psychological and
neuroendocrine parameters. One study [35] reported that 53
participants underwent 6 rounds of UVA exposure in 3 weeks.

After the first UVA treatment, the volunteers experienced a
significant decrease in melatonin. Previous studies have found
that UVA radiation has an extremely important effect on pineal
melatonin production [36, 37]. Reduced melatonin secretion can
affect a person’s circadian rhythms [38]. Circadian rhythm
disruption underlies the pathophysiology of psychiatric disorders,
especially depression [39]. In addition, long-time UV exposure can
induce the production of IL-1β and IL-6 [40]. IL-6, a type of pro-
inflammatory cell, is involved in the pathophysiology of major
depressive disorder in the brain [41, 42]. Second, the rate of
serotonin production in the brain is correlated with the duration of
sunlight exposure [43]. A lack of outdoor light can influence the
production of serotonin, while changes in serotonin may cause
seasonal variations in mood [44]. A lack of outdoor light exposure
may reduce vitamin D production, which has been reported to be
associated with the pathogenesis and seasonality of depression
[45]. Many people only rarely spend time in outdoor light because
of high stress or long work hours. Urbanization and income levels
are also important trigger factors. This issue merits further
exploration.
During 12.6 years of follow-up, shorter and longer periods spent

in outdoor light was associated with a 7–13% elevated risk of
depression. We calculated the E value to evaluate the robustness
of the result. The E value we calculated was higher than the
effective value of time spent in outdoor light on outcomes in
previous studies [18, 46], which indicates that our results are
relatively robust. Given that genetic and environmental factors
may contribute to the risk of depression collectively, we
investigated the interaction and joint association of outdoor light
and the PRS of depression. We found optimum outdoor light time
was associated with a lower risk of incident depression, genetically
predetermined elevated risk of depression might be counteracted

Fig. 1 Risk of incident depression according to time spent in outdoor light and genetic risk. A The correlation between time spent in
outdoor light and incident depression during follow-up; B Distribution of polygenic risk score by incident depression. HR hazard ratio, 95% CI
95% confidence interval. Adjusted for age, gender, education, Townsend deprivation index, smoking status, drinking status, body mass index,
total physical activity, sleep duration, fracture history, vitamin D supplement, hearing loss, use of sun/UV protection, PM2.5, hypertension,
hyperglycemia, and genetic risk.
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to some extent by optimum time spent in outdoor light. Future
studies are required to explore whether other factors influence the
association between time spent in outdoor light and the risk of
depression, for example, physical activity.
To our knowledge, no attention has been paid to investigating

the combination of time spent in outdoor light and PRS associated
with depression risk. In this study, we explored the nonlinear trend
between time spent in outdoor light and the risk of depression
based on the biggest advantage of a large-scale sample. The joint
effects of time spent in outdoor light and genetic susceptibility

with the risk of depression were also investigated by using the
information on a genome-wide depression. However, the present
work has some limitations. First, time spent in outdoor light was
self-reported at baseline, so it may involve recall bias. Second, the
participants in this study were all whites, and the intensity and
duration of outdoor light varied by region. The applicability of
these findings to other regions and other ethnic groups remains
to be verified. Third, there are many psychosocial and environ-
mental factors affecting the onset of depression. Given that many
people often work in an office and overwork, they do not spend

Table 2. Hazard ratios (HRs) and 50th percentile differences (PDs, in years) of incident depression.

Time spent in
outdoor light

Events/total Incidence rate per
1000 person-year

Model 1 Model 2 E Valuec

HRa /50th PDb

(95% CI)
P Value HRa /50th PDb

(95% CI)
P Value

Summer

2 h 2645/83466 2.59 (2.49, 2.69) 1 (Ref.) 1 (Ref.) NA

0 (Ref.) 0 (Ref.)

Below 2 h 1798/49841 2.95 (2.82, 3.09) 1.14 (1.08, 1.21)a <0.001 1.12 (1.05, 1.19)a <0.001 1.49

−0.65 (−0.95, −0.35)b <0.001 −0.54 (−0.84, −0.24)b <0.001

Above 2 h 9193/247669 3.06 (3.00, 3.12) 1.19 (1.14, 1.24)a <0.001 1.11 (1.06, 1.16)a <0.001 1.46

−0.87 (−1.08, −0.65)b <0.001 −0.49 (−0.71, −0.27)b <0.001

Winter

1 h 4133/127792 2.64 (2.56, 2.72) 1 (Ref.) 1 (Ref.) NA

0 (Ref.) 0 (Ref.)

Below 1 h 2676/72906 3.01 (2.89, 3.12) 1.14 (1.08, 1.20)a <0.001 1.07 (1.02, 1.13)a 0.005 1.34

−0.63 (−0.87, −0.38)b <0.001 −0.38 (−0.62, −0.14)b 0.002

Above 1 h 6827/180278 3.13 (3.05, 3.20) 1.19 (1.14, 1.23)a <0.001 1.09 (1.04, 1.13)a <0.001 1.40

−0.87 (−1.06, −0.67)b <0.001 −0.40 (−0.59, −0.20)b <0.001

Average

1.5 h 1539/50589 2.48 (2.36, 2.60) 1 (Ref.) 1 (Ref.) NA

0 (Ref.) 0 (Ref.)

Below 1.5 h 2469/71933 2.80 (2.69, 2.91) 1.13 (1.06, 1.21)a <0.001 1.09 (1.02, 1.16)a 0.012 1.40

−0.61 (−0.93, −0.29)b <0.001 −0.46 (−0.78, −0.14)b 0.005

Above 1.5 h 9628/258454 3.07 (3.01, 3.13) 1.24 (1.18, 1.31)a <0.001 1.13 (1.07, 1.20)a <0.001 1.51

−1.11 (−1.38, −0.84)b <0.001 −0.63 (−0.90, −0.35)b <0.001

Model 1 was unadjusted; Model 2 adjusted for age, gender, education, Townsend deprivation index, smoking status, drinking status, body mass index, total
physical activity, sleep duration, fracture history, vitamin D supplement, hearing loss, use of sun/UV protection, PM2.5, hypertension, hyperglycemia, and
genetic risk.
HR hazard ratio, 50th PD the difference in the median time (in years) until the first 50% of the participants, 95% CI 95% confidence interval.
aHazard ratios (HRs) and 95% confidence intervals (CIs) of incident depression by Cox models.
bThe 50th percentile difference (PDs, years) and 95% CIs of incident depression by Laplace regression models.
cThe E value is the minimum strength of association, on the risk ratio scale, that an unmeasured confounder would need to have with both the treatment and
outcome, conditional on the measured covariat to explain away a treatment-outcome association.

Table 3. Risk of incident depression according to genetic risk.

Genetic risk Events/total Incidence rate per 1000 person-year Model 1a Model 2b Model 3c

HR (95% CI) HR (95% CI) HR (95% CI)

Continuous 13636/380976 2.94 (2.89, 2.99) 1.08 (1.06, 1.09) 1.07 (1.05, 1.09) 1.07 (1.05, 1.09)

Categorical

Low 4097/125721 2.67 (2.59, 2.76) 1 (Ref.) 1 (Ref.) 1 (Ref.)

Intermediate 4607/125723 3.01 (2.92, 3.10) 1.13 (1.08, 1.18) 1.13 (1.08, 1.17) 1.12 (1.08, 1.17)

High 4932/129532 3.13 (3.05, 3.22) 1.17 (1.12, 1.22) 1.16 (1.11, 1.21) 1.16 (1.11, 1.21)

P for trend <0.001 <0.001 <0.001

HR hazard ratio, 95% CI 95% confidence interval.
aModel 1: Adjusted for age, sex, education, Townsend deprivation index.
bModel 2: Adjusted for age, sex, education, Townsend deprivation index, smoking status, drinking status, body mass index, total physical activity, and sleep
duration.
cModel 3: Adjusted for age, sex, education, Townsend deprivation index, smoking status, drinking status, body mass index, total physical activity,sleep
duration, fracture history, vitamin D supplement, hearing loss, use of sun/UV protection, PM2.5, hypertension, hyperglycemia, and time spent in outdoor light.
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time in outdoor light, working conditions and workload can easily
affect the probability of suffering from depression. Besides, living
environment and socioeconomic status also play a vital role in the
relationship between outdoor light time and depression risk.
Individuals living in rural areas may be prone to spending time in
outdoor light. Moreover, they often have lower socioeconomic
status in comparison with individuals living the urban areas.
Despite including many potential confounders, there are still
many not accounted for, for example, the workloads of
participants, sufficient details about their jobs, and the tempera-
ture and intensity of outdoor light. Fourth, in our analyses, the
diagnosis of depression was based on patients’ hospital admission
records, which may involve some underestimation of the
incidence of depression. Participants from the UK Biobank cohort
tended to be more health-conscious and have healthier lifestyles
than nonparticipants, which may also have caused us to under-
estimate the incidence of depression. Future studies with different
samples and more precise study designs are required to replicate
our findings.

CONCLUSIONS
Time spent in outdoor light and genetic risk were independently
associated with incident depression. The optimum time spent in
outdoor light—including 2 h/day in summer, 1 h/day in winter,
and 1.5 h/day on average—may attenuate depression risk, which
suggests the benefits of spending optimal time spent in outdoor
light in entire populations, independent of depression genetic
predisposition.

DATA AVAILABILITY
Data from the UK Biobank cannot be shared publicly, however, data were available
from the UK Biobank Institutional Data Access/Ethics Committee (contact via http://
www.ukbiobank.ac.uk/ or contact by email at access@ukbiobank.ac.uk) for research-
ers who meet the criteria for access to confidential data.
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