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Background: Existing studies of sunlight exposure and health have mainly
focused on specific organs, particularly the skin and eyes, while associations
with other organs and systems remain largely unexplored. We aimed to compre-
hensively examine the associations between outdoor sunlight exposure duration
and 134 diseases.

Methods: Using UK Biobank data, summer and winter outdoor durations were
collected by questionnaire, and average daily exposure was calculated as their
arithmetic mean. Incident diseases were defined using 525 three-character
ICD-10 codes. Cox proportional hazards models estimated associations, and
restricted cubic splines assessed potential nonlinearity.

Results: Among 281,282 participants [mean (SD) age, 55.81 (8.07) years; 55.79%
female], 1,115,346 incident cases occurred during a median follow-up of more
than 13.4 years. After false discovery rate correction, sunlight exposure was asso-
ciated with 36 diseases, with hazard ratios ranging from 0.914 to 1.086. For exam-
ple, each additional hour of average exposure was associated with higher risks
of malignant melanoma of the skin (HR = 1.052, 95% CI 1.012-1.094), obesity
(1.039, 1.027-1.052), cerebrovascular diseases (1.028, 1.011-1.046), and osteoar-
thritis (1.042, 1.033-1.052), and lower risks of osteoporosis (0.975, 0.957-0.994),
disorders of mineral metabolism (0.968, 0.944-0.992), and pressure ulcers
(0.947, 0.916-0.979). Thirty diseases, including depression, anxiety, sleep disor-
ders, arrhythmias, iron deficiency anemia, and kidney failure, showed U-shaped
associations.

Conclusion: Outdoor sunlight exposure duration showed positive, inverse, and
nonlinear associations with a broad range of diseases. These findings highlight
the potential importance of moderate exposure and appropriate sun protection
but require validation in other populations.
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1 Introduction

Sunlight exposure is one of the most common environmental fac-
tors and exerts a dual influence on human health. On the one hand,
sunlight exposure stimulates vitamin D synthesis (1), which is linked
to reduced blood pressure (2, 3) and improved mental health (4). On
the other hand, sunlight exposure can induce inflammation (5), aging
(6), and suppression of adaptive immunity (7), further increasing the
risk of developing diseases such as cataracts (8) and skin cancer (9,
10). Moreover, recent epidemiological studies have reported a
U-shaped relationship between sunlight exposure and certain dis-
eases, including depression (11), dementia (12), and Parkinson’s dis-
ease (13).

Nevertheless, two main deficiencies exist in current research on
the association between sunlight exposure and the risk of developing
various diseases. First, these studies predominantly focused on organs
such as the skin (9, 10), eyes (8), and brain (11-13), neglecting the
impacts of sunlight exposure on other systems, including the respira-
tory, endocrine, and digestive systems, or cancers other than skin
cancer. Biologically, vitamin D does not have specific target organs
(14), and the inflammation and aging induced by sunlight exposure
are not confined to the skin (15, 16), suggesting that sunlight exposure
may have widespread effects on multiple organs rather than being
limited to specific organs. Moreover, this organ-specific focus might
also stem from publication bias (17), where researchers prefer to pub-
lish studies with significant findings. Second, there are significant dis-
crepancies in the design, sample size, covariate adjustment, outcome
definition, and other aspects among existing studies (2-4, 11, 18),
resulting in poor comparability. Furthermore, certain cross-sectional
(3, 18) and small-sample (2, 4) studies may suffer from inadequate
intensity of evidence and statistical power.

Considering that sunlight may be a double-edged sword, an out-
come-wide analysis strategy is more appropriate (19). This strategy
enables a comprehensive investigation of the relationships between
sunlight exposure and the risk of developing various diseases across
different organs and systems, promoting the prioritization of public
health recommendations (19). Additionally, an outcome-wide strategy
based on a large-scale cohort study ensures comparability among
associations between sunlight exposure and the risk of developing dif-
ferent diseases while also ensuring high statistical power and strength
of evidence. Thus, an outcome-wide strategy was used to investigate
the associations between sunlight exposure and the risk of developing
various diseases. Specifically, using data from the UK Biobank, we
comprehensively investigated the associations of self-reported daily
outdoor durations in summer and winter, as well as their arithmetic
mean, with the risk of developing 134 diseases defined using 525
three-character ICD-10 codes.

2 Methods
2.1 Study population

This study utilized data from the UK Biobank (20). Between 2006
and 2010, the UK Biobank gathered detailed data on more than
500,000 participants, covering general characteristics, lifestyle, disease
history, family history, physical examinations, and laboratory tests.
During follow-up until 2022, the disease and mortality status of the
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participants was recorded. The UK Biobank received approval from
the North West Multi-center Research Ethics Committee, with all par-
ticipants providing written informed consent (21, 22).

A total of 502,178 participants from the UK Biobank were
included in the study. We excluded participants with (1) a sunlight
exposure duration exceeding the typical day length in the UK during
summer (16 h; n = 252) and winter (8 h; n = 5,318) (23); (2) extreme
sunlight exposure durations, defined as values surpassing the mean by
more than twice the standard deviation, during both summer
(n = 14,600) and winter (n = 24,947) (12); (3) missing sunlight expo-
sure duration data for either summer (n=33,391) or winter
(n = 6,116); and (4) missing covariate data (n = 136,272). Ultimately,
281,282 included in the
(Supplementary Figure S1). Because it was necessary to further

participants ~ were analyses
exclude prevalent cases before the baseline survey when analyzing
specific diseases, the sample size was slightly less than 281,282 and

varied among the different diseases in the actual analyses.
2.2 Measurement of sunlight exposure

In the baseline survey, participants were asked, “In a typical day
in summer (Field 1,050) and winter (Field 1,060), how many hours do
you spend outdoors?”. Responses included integers or specific values

»

such as “Do not know;” “Prefer not to answer,” or “Less than an hour
a day” The first two responses were treated as missing data, while the
latter were reassigned to half an hour. Additionally, the average daily
sunlight exposure duration was calculated as the arithmetic mean of
summer and winter sunlight exposure durations, consistent with pre-
vious UK Biobank studies (12, 23). This measure was intended to
summarize habitual outdoor duration across the two contrasting sea-

sons rather than to estimate cumulative annual solar radiation.
2.3 Measurement of outcomes

To enable an outcome-wide design, all recorded diseases coded by
the ICD-10 were reviewed. Chapters of the ICD-10 that were deemed
irrelevant to the study population, such as pregnancy-related diseases
(000-099), perinatal diseases (P00-P96), and congenital diseases
(Q00-Q99), were excluded. Due to the limited systematic research on
the health effects of sunlight exposure, the original three-character
ICD-10 codes (from A00 to N99) were aggregated based on disease
characteristics. Diseases with fewer than 500 incident cases were
excluded to ensure adequate statistical power, given the relatively
modest effect size (HR of approximately 0.9-1.1) observed in previous
studies (11-13). Finally, 134 different diseases, consisting of 525 three-
character ICD-10 codes, were included in this study, with a median
incident case count of 5,765. Approximately 74.6% (cases >2,157) and
64.9% (cases >3,456) of these diseases could achieve 0.6 and 0.8 power,
respectively, to detect an HR of 1.1 per hour of sunlight exposure at a
significance threshold of p < 0.05.

Disease data were extracted from the “First Occurrence” section
of the UK Biobank. When multiple diseases were aggregated into a
single category, the earliest onset date among them was designated as
the onset date for the aggregated disease. Follow-up ceased upon the
earliest occurrence of disease, death, loss to follow-up, or the end of
the follow-up period (2022-10-13 for England; 2022-08-31 for
Scotland; and 2022-05-31 for Wales) (24). The follow-up period was
calculated as the duration between the baseline survey date and the
end of follow-up.
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2.4 Statistical analyses

Cox proportional hazards regression models were used to esti-
mate the associations between sunlight exposure and the risk of devel-
oping various diseases. Covariates included age, sex, education,
employment status, skin color, Townsend Deprivation Index (TDI),
location, body mass index (BMI), metabolic equivalent of task (MET),
sleep duration, healthy diet index (HDI), smoking status, drinking
consumption, sun protection measures, vitamin D supplementation,
and family history of hypertension and diabetes. Details of these
covariates and the rationale for adjusting them are provided in
Supplementary Text S1. These covariates were selected a priori on the
basis of their potential associations with both outdoor sunlight expo-
sure and health outcomes. However, because a common adjustment
set was applied across 134 disease outcomes, disease-specific residual
confounding could not be completely excluded.

A restricted cubic spline (RCS) with three knots was used to vali-
date the linear assumptions. Sensitivity analyses included the follow-
ing: (1) excluding participants diagnosed with the disease within 2
years after the follow-up period began; (2) utilizing multiple imputa-
tion techniques (Supplementary Text S2) to address missing data; (3)
further adjusting for available health-related environmental factors
(including fine particulate matter, greenspace, and noise); (4) further
adjusting for self-reported health status; (5) further adjusting for self-
reported medication use for cholesterol, blood pressure, or diabetes;
and (6) further adjusting for the baseline survey year. Sensitivity anal-
yses were conducted with only one alteration made at a time com-
pared to the primary analysis. Details of the variables in the sensitivity
analyses and the rationale for conducting these analyses are provided
in Supplementary Text S3.

Considering the significance (P-overall) and shape (P-nonlinear),
402 associations between three exposures and the risk of developing
134 different diseases were categorized into four classes: increasing (I),
decreasing (D), U-shaped (U), and nonassociated (N). Diseases with
P-overall >0.05 and P-nonlinear >0.05 were considered class
N. Diseases with P-overall <0.05 and P-nonlinear >0.05 were consid-
ered class Tif HR > 1 and class D if HR < 1. For nonlinear associations,
an interior minimum of the fitted RCS curve was defined as the turn-
ing point. H; and H, were defined as the absolute differences in the
fitted HR between the turning point and the lower and upper ends of
the exposure range, respectively. Associations were classified as class
U when the fitted HR increased on both sides away from the turning
point and min(Hl,Hz ) / max(Hl,Hz ) >0.5 ; otherwise, they were
classified as class I or D according to the overall direction of associa-
tion. This empirical criterion was used only to facilitate descriptive
classification and summary of the RCS patterns and did not affect the
estimated exposure-response curves. Diseases in classes I, D, and U
were aggregated into new categories for Cox regression and subse-
quent analyses.

Susceptible subpopulations were identified by adding interaction
terms between exposure and variables of interest, known as potential
effect modifiers, into the Cox model used in the primary analysis.
Considering that the models in the subgroup and subsequent media-
tion analyses were based on a linear assumption, only diseases in
classes I and D were included. Subgroups included age (>60 years,
<60 years), sex (same definition as in the covariates section if not rede-
scribed), skin color, location (England, Scotland, and Wales), vitamin
D supplementation status, sun protection status, and obesity status
(BMI > 30 kg/m?, <30 kg/m?).
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Exploratory mediation analyses (25) (Supplementary Text S4)
were conducted to examine whether selected baseline biomarkers and
lifestyle factors statistically accounted for part of the observed associa-
tions between outdoor sunlight exposure and disease risk. Due to the
associations between sunlight exposure and aging (6), inflammation
(5), and lifestyle changes (23, 26), these variables were included as
potential mediators. Taking aging indicators as an example, we
included biological age (BA) (27), calculated by regressing eight blood
indicators on chronological age (Supplementary Text S5); phenotypic
age, derived from nine aging-related variables (Supplementary Text S5);
and telomere length. We also extensively explored a wide range of
blood markers. More details on the remaining mediators are provided
in Supplementary Text S6. Candidate mediators were measured at
baseline, and the outcomes were incident diseases recorded during
follow-up. Although the mediators preceded the recorded disease
diagnoses, exposure and mediator measurements were not temporally
separated.

To address multiple comparisons, the Benjamini-Hochberg false
discovery rate (FDR) procedure was applied separately to two pre-
specified families of statistical tests. FDR correction was applied
jointly across the 402 primary exposure-disease association tests aris-
ing from 134 disease outcomes and three sunlight-exposure measures.
In the mediation analysis, FDR correction was applied jointly across
the 204 tests arising from 34 candidate mediators and six aggregated
exposure—outcome associations. An FDR-adjusted p < 0.05 was con-
sidered statistically significant. All analyses were conducted using
R4.3.1.

3 Results

Among the study population of 281,282 individuals [mean (SD)
age, 55.81 (8.07) years; 55.79% female], those with longer sunlight
exposure durations (whether in summer or winter) were typically
older, predominantly male and unemployed, with lower educational
attainment, higher BMI and MET values, elevated vitamin D levels,
and increased levels of aging and inflammation markers (Table 1).
Descriptive analyses for sunlight exposure are shown in
Supplementary Table S1 and Supplementary Figure S2. After a
median follow-up period of over 13.4 years (Supplementary Table S1),
1,115,346 incident cases (514,871 in males and 600,457 in females)
were identified, and 223,953 participants (99,633 males and 124,320
females) developed at least one of these 134 different diseases; hyper-
tension had the highest incidence (16.2%), and hemolytic anemia had
the lowest incidence (0.2%). The distribution of missing data and its
patterns are shown in Supplementary Figure S3. The baseline charac-
teristics of the study population changed significantly after individu-
als with missing data were excluded (Supplementary Table S2).

The risk of developing 36 different diseases was significantly asso-
ciated with sunlight exposure after FDR correction (Figure 1 and
Supplementary Table S1), with HRs ranging from 0.914 to 1.086. For
example, each additional hour of average sunlight exposure was sig-
nificantly associated with an increased risk of developing malignant
melanoma of the skin [HR = 1.052, 95% confidence interval (CI)
1.012-1.094], obesity (1.039, 1.027-1.052), cerebrovascular diseases
(1.028, 1.011-1.046), and osteoarthritis (1.042, 1.033-1.052) and a
decreased risk of developing osteoporosis (0.975, 0.957-0.994), dis-
orders of mineral metabolism (0.968, 0.944-0.992), and pressure

frontiersin.org


https://doi.org/10.3389/fpubh.2026.1896657
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

UneaH d1and ui sIanuoi

0

610 uISIa13U0Ly

Characteristic

Demographic characteristics

TABLE 1 The general characteristics of the study population.

Overall
(N = 281,282)

Summer light, hours

<2 (N =42955) 2-4(N=173,033)

5-8 (N = 65,294)

<1 (N = 58,735)

Winter light, hours

1-2 (N = 180,771)

3—-4 (N = 41,776)

Age 55.81 (8.07) * 53.41 (7.45) 55.49 (8.04) 58.21(7.93) 53.99 (7.66) 55.87 (8.07) 58.09 (8.01)
TDI —1.60 (2.91) —1.39(3.02) —1.61 (2.90) —1.71(2.87) —1.73 (2.85) —1.61 (2.90) —1.38 (3.05)
Sex (Female) 156,920 (55.79%) * 24,464 (56.95%) 98,501 (56.93%) 33,955 (52.00%) 36,582 (62.28%) 100,624 (55.66%) 19,714 (47.19%)

Work (Employed)

180,538 (64.18%)

35,151 (81.83%) 115,338 (66.66%)

30,049 (46.02%)

44,602 (75.94%)

115,689 (64.00%)

20,247 (48.47%)

Education (with a college or

111,767 (39.73%)

22,571 (52.55%) 70,313 (40.64%)

18,883 (28.92%)

27,645 (47.07%)

72,629 (40.18%)

11,493 (27.51%)

university degree)

Location

England 249,092 (88.56%) 38,535 (89.71%) 153,212 (88.54%) 57,345 (87.83%) 51,671 (87.97%) 160,291 (88.67%) 37,130 (88.88%)
Scotland 20,658 (7.34%) 2,930 (6.82%) 12,808 (7.40%) 4,920 (7.54%) 4,426 (7.54%) 13,273 (7.34%) 2,959 (7.08%)
Wales 11,532 (4.10%) 1,490 (3.47%) 7,013 (4.05%) 3,029 (4.64%) 2,638 (4.49%) 7,207 (3.99%) 1,687 (4.04%)
Skin color

Black 1,296 (0.46%) 186 (0.43%) 771 (0.45%) 339 (0.52%) 273 (0.46%) 752 (0.42%) 271 (0.65%)
Brown 6,370 (2.26%) 1,198 (2.79%) 3,813 (2.20%) 1,359 (2.08%) 1,588 (2.70%) 3,671 (2.03%) 1,111 (2.66%)
Dark olive 4,888 (1.74%) 533 (1.24%) 2,808 (1.62%) 1,547 (2.37%) 870 (1.48%) 3,094 (1.71%) 924 (2.21%)
Fair 191,962 (68.25%) 29,089 (67.72%) 118,939 (68.74%) 43,934 (67.29%) 39,783 (67.73%) 123,859 (68.52%) 28,320 (67.79%)
Light olive 54,442 (19.35%) 6,980 (16.25%) 33,201 (19.19%) 14,261 (21.84%) 10,670 (18.17%) 35,447 (19.61%) 8,325 (19.93%)
Very fair 22,324 (7.94%) 4,969 (11.57%) 13,501 (7.80%) 3,854 (5.90%) 5,551 (9.45%) 13,948 (7.72%) 2,825 (6.76%)
Lifestyle

BMLI, kg/m?* 27.09 (4.66) 27.08 (5.06) 27.03 (4.63) 27.27 (4.46) 27.27 (5.07) 26.99 (4.57) 27.29 (4.46)
MET, minutes/week 2,452.35 (2,391.01) 1,465.46 (1,659.35) 2,414.62 (2,282.67) 3,201.58 (2,793.34) 1,448.96 (1,670.03) 2,470.69 (2,263.09) 3,783.68 (3,036.52)
Sleep duration, hours 7.17 (1.04) 7.07 (1.04) 7.16 (1.01) 7.28 (1.10) 7.14 (1.06) 7.18 (1.02) 7.19 (1.11)
HDI 2.91(1.28) 2.71(1.29) 2.92(1.28) 3.03 (1.27) 2.72(1.28) 2.94(1.28) 3.04 (1.28)
Vitamin D supplement (Yes) 11,524 (4.10%) 1,966 (4.58%) 6,974 (4.03%) 2,584 (3.96%) 2,447 (4.17%) 7,398 (4.09%) 1,679 (4.02%)

Smoke status

Never 159,394 (56.67%) 26,526 (61.75%) 99,218 (57.34%) 33,650 (51.54%) 35,257 (60.03%) 102,280 (56.58%) 21,857 (52.32%)

Previous 96,328 (34.25%) 12,966 (30.19%) 58,417 (33.76%) 24,945 (38.20%) 18,450 (31.41%) 62,239 (34.43%) 15,639 (37.44%)

Current 25,560 (9.09%) 3,463 (8.06%) 15,398 (8.90%) 6,699 (10.26%) 5,028 (8.56%) 16,252 (8.99%) 4,280 (10.25%)
(Continued)
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TABLE 1 (Continued)

Characteristic Overall Summer light, hours Winter light, hours

(N =281,282)
<2 (N =42955) 2-4(N=173,033) 5-8(N=65294) <1(N=58735 1-2(N=180,771) 3-4(N=41776)

Alcohol status

Never 18,319 (6.51%) 3,483 (8.11%) 10,826 (6.26%) 4,010 (6.14%) 4,150 (7.07%) 11,025 (6.10%) 3,144 (7.53%)

Special occasions only 28,076 (9.98%) 4,860 (11.31%) 16,779 (9.70%) 6,437 (9.86%) 6,287 (10.70%) 17,316 (9.58%) 4,473 (10.71%)
One to three times a month 30,834 (10.96%) 4,969 (11.57%) 19,110 (11.04%) 6,755 (10.35%) 6,936 (11.81%) 19,517 (10.80%) 4,381 (10.49%)
Once or twice a week 72,289 (25.70%) 10,658 (24.81%) 44,772 (25.87%) 16,859 (25.82%) 14,757 (25.12%) 46,641 (25.80%) 10,891 (26.07%)
Three or four times a week 70,074 (24.91%) 10,167 (23.67%) 43,914 (25.38%) 15,993 (24.49%) 14,292 (24.33%) 45,952 (25.42%) 9,830 (23.53%)
Daily or almost daily 61,690 (21.93%) 8,818 (20.53%) 37,632 (21.75%) 15,240 (23.34%) 12,313 (20.96%) 40,320 (22.30%) 9,057 (21.68%)

Sun protection

Never/rarely 23,609 (8.39%) 4,261 (9.92%) 13,681 (7.91%) 5,667 (8.68%) 5,101 (8.68%) 14,215 (7.86%) 4,293 (10.28%)
Sometimes 91,145 (32.40%) 14,126 (32.89%) 56,295 (32.53%) 20,724 (31.74%) 18,667 (31.78%) 58,744 (32.50%) 13,734 (32.88%)
Always 59,399 (21.12%) 8,133 (18.93%) 35,990 (20.80%) 15,276 (23.40%) 12,053 (20.52%) 38,010 (21.03%) 9,336 (22.35%)
Most of the time 105,839 (37.63%) 15,794 (36.77%) 66,523 (38.45%) 23,522 (36.02%) 22,425 (38.18%) 69,133 (38.24%) 14,281 (34.18%)
Do not go out in sunshine 1,290 (0.46%) 641 (1.49%) 544 (0.31%) 105 (0.16%) 489 (0.83%) 669 (0.37%) 132 (0.32%)

Family history

Family history of diabetes (Yes) 64,562 (22.95%) 10,009 (23.30%) 39,590 (22.88%) 14,963 (22.92%) 13,658 (23.25%) 40,988 (22.67%) 9,916 (23.74%)

Family history of hypertension (Yes) 143,271 (50.94%) 22,669 (52.77%) 88,477 (51.13%) 32,125 (49.20%) 30,924 (52.65%) 91,900 (50.84%) 20,447 (48.94%)

Potential mechanism indicators

BA, year 54,38 (14.65) 51.35 (14.53) 53.93 (14.56) 57.56 (14.41) 52.30 (14.80) 54,31 (14.54) 57.59 (14.35)
Phenoage, year 50.95 (10.04) 48.55 (9.75) 50.55 (9.96) 53.58 (9.90) 49.24 (9.96) 50.92 (9.98) 53.49 (9.89)
Telomere 0.03 (1.00) 0.11 (0.99) 0.04 (0.99) —0.05 (1.00) 0.08 (1.00) 0.03 (0.99) —0.05 (1.00)
CRP (Ig), mg/L 0.25 (1.05) 0.21 (1.09) 0.24 (1.05) 0.33 (1.03) 0.28 (1.08) 0.24 (1.05) 0.29 (1.03)
Neutrophil, 10° cells/L 4.17 (1.39) 4.15 (1.40) 4.15 (1.39) 4.22 (1.39) 420 (1.42) 4.15 (1.38) 4.19 (1.39)
WBC, 10° cells/L 6.80 (2.13) 6.77 (1.89) 6.78 (2.21) 6.88 (2.05) 6.85 (1.93) 6.78 (2.20) 6.83 (2.06)
SIT 593.08 (370.51) 595.10 (437.12) 591.63 (360.77) 595.61 (347.55) 602.39 (428.66) 590.02 (353.06) 593.27 (355.77)
Calcium, mmol/L 2.38 (0.09) 2.38 (0.09) 2.38 (0.09) 2.38 (0.09) 2.38 (0.09) 2.38 (0.09) 2.38 (0.09)
Vitamin D, nmol/L 49,08 (20.99) 44.08 (20.00) 48.85 (20.80) 52.99 (21.37) 45.48 (20.70) 49.46 (20.86) 52.46 (21.26)

*Continuous variables are presented as mean (standard deviation), and discrete variables are presented as n (%). TDI: Townsend deprivation index; BMI, Body mass index; MET, Metabolic equivalent of task; HDI, Healthy diet index; BA, Biological age; CRP, C-reactive
protein; SII, Systemic immune-inflammation index.
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ulcers (0.947, 0.916-0.979). The RCS results are shown in
Supplementary Figures S4-S17, suggesting that sunlight exposure-
disease associations are more complex than simple linear relation-
ships, with the risk of developing 30 different diseases exhibiting
U-shaped associations with sunlight exposure. Consistent results
were observed for sensitivity analyses regarding the association direc-
tion, magnitude, and statistical significance (Supplementary Table S2).

Figure 2 illustrates some of the RCS and disease classification
results. For example, summer sunlight exposure was associated with a
greater risk of developing obesity and osteoarthritis. The association
with the risk of developing obesity, with a P-nonlinear >0.05, was clas-
sified as class I. The association with the risk of developing osteoarthritis
was also classified as class I, although a P-nonlinear <0.05 negated the
assumption of linearity, but the RCS graph did not exhibit a U-shaped
pattern. The results of the disease classification are shown in Table 2. In
the summer sunlight exposure-disease associations, 37, 13, 13, and 71
diseases were categorized into four classes (I, D, U, and N), respectively.
For example, the associations with the risk of developing three diseases
of the skin and subcutaneous tissue were classified as class I, the

10.3389/fpubh.2026.1896657

associations with the risk of developing four endocrine, nutritional, and
metabolic diseases were classified as class D, and the associations with
the risk of developing four diseases of the genitourinary system were
classified as class U. The associations of sunlight exposure with aggre-
gated disease groups are shown in Figure 3.

Interaction analyses indicated evidence of effect modification by
age, sex, location, and BMI for some sunlight exposure-disease associa-
tions (Figure 4 and Supplementary Table S3). For the aggregated
increased-risk disease group, the positive association with summer sun-
light exposure was stronger among younger individuals (<60 years; P
for interaction = 0.020), males (P for interaction = 0.018), and nonobese
individuals (BMI < 30 kg/m? P for interaction <0.001). For the aggre-
gated decreased-risk disease group, the inverse association with summer
sunlight exposure was stronger among females (P for interaction
<0.001) and individuals residing in Wales (P for interaction = 0.018).
For winter sunlight exposure, the positive association with the aggre-
gated increased-risk disease group was stronger among older individu-
als (>60 years; P for interaction = 0.021), males (P for interaction
<0.001), and individuals residing in Wales (P for interaction = 0.045),

Discase Case /N Summier light HR (95% CT) P-adj Winter light HR (95% CT) Padj  Averagelight HR (95% CI) P-adj
Certain infectious and parasitic diseases )
Intestinal infectious diseases (A00-A09) 14,858 /275,511 - 1015 (1,005, 1.024) 0,022 - 1.008 (0,991, 1.025) 0.584 - 1019 (1.004, 1.033) 0.050
Other bacterial diseases (A30-A33, A35-Add, Ad6, A48, AdD) 9,214 /276,374 - 1001 (0.990, 1.014) 0.884 - 0,983 (0.962, 1.004) 0279 -+ 0996 (0.978, 1.014) 0.773
Viral infections (skin and mucous) (B00-B03, BOS-B09) 8,158 /249,401 i 1001 (0.988,1.014) 0917 - 0992 (0.969, 1.016) 0.700 - 0999 (0,980, 1.018) 0,921
Other viral diseases (B25-B27, B30, B33, B34) 3,311/267,550 - 1.034(1.014, 1.055) 0.010 e 1052(1.014,1.091) 0.040 lee1.055(1.024,1.087) 0.005
Mycoses (B35-B40, B42-B49) 11,380/ 266,310 - 1,003 (0.992, 1.014)  0.760 - 0,991 (0971, 1L.O11) 0570 - 1,000 (0.984, 1.016)  0.997
Diseases of the blood involving the immune mechanism :
Tron deficiency anemia (D50) 10,702 / 275,294 - 0,999 (0.988, 1.010) 0,921 - 0997 (0.977, 1.017) 0.838 0998 (0.982, 1.015) 0.884
Vitamin B12 deficiency anemia (D31) 818 /280,229 —— 1,003 (0.963, 1.044) 0,921 e 1.019(0.947,1.095) 0.757 1.010(0.951,1.071) 0838
Hemalytic anemias (D35-1)59) 505 / 280,807 —— 1.019 (0.968, 1.071) 0,676 —a— 1.024(0.936, 1.120) 0.757 1028 (0,955, 1.107) 0.672
Other anemias (DG0-Do4) 13,388/ 275,907 L] 0.996 (0.986, 1.006)  0.659 L 0.995 (0.978, 1.013) 0.757 0.994 (0.980, 1.009) 0.657
Congulation defects (D635-D69) 3,197/279,762 ~ 1011 (0.990, 1.032) 0,503 — 1.016 (0979, 1.054) 0.615 1017 (0,987, 1.048) 0.469

Endocrine, nutritional and metabolic diseases

Disorders of thyroid gland (E01-E07) 8.860 /263,521 -
Hypothyroidism (E02, E03) 7,308 / 267,098 i
Hyperthyroidism (E05) 1,783 /278,301 —~
Type 1 diabetes mellits (E10) 1,265 / 279,967 it
Type 2 diabetes mellitus (E11) 15 -
Vitamin D deficiency (ES5) 1,387 /281,234 -

Overweight and obesity (E66)
Metabolic disorders (E70-E80, E83-E88)
Disorders of lipoprotein metabolism (E78)
Disorders of mineral metabolism (E83)
Volume depletion (E86)

Mental and behavioural disorders
Dementia (FOO0-F03, FO5)
Alcohol related disorders (F10)
Nicotine dependence (F17)
Mood (affective) disorders (F30-F34, F38, F39)
Depression (F32)
Anxiety (F40, F41)

Diseases of the eye and adnexa

19,107 / 274,795

3/280.914

6,178 /281,166
4,488 /279,490
10,666 / 270,659
10,780 / 257,794
10,612 /259,237
12,868 / 270,933

- -
Disorders of eyelid (H00-HO2) 8,272/271,048 1.011 (0.999, 1.025)  0.207 ol 1.027 (1.004, 1.052)  0.085 - 1.022 (1.003, 1.041)  0.092
Disorders of conjunctiva (H10, HL 1) 5,614/ 269.466 1.003 (0.987, 1.019) 0.827 - 0.999 (0.971, 1.028) 0.959 -~ 1.003 (0,980, 1.026) 0.884
Disorders of cornea (H16-H18) 2,949 /280,043 0.983 (0.962, 1.004)  0.278 L7 0,986 (0.948, 1.024) 0.672 - 0977 (0.946, 1.008) 0.317
Disorders of iris and ciliary body (H20-H22) 1,232 / 280.087 0.978 (0.945, 1.011) 0370 i 0981 (0.924, 1.042) 0.716 —— 0.970(0.923, 1.019) 0413
Cataract (H25, 126, H28) 31,429/274,129 0.993 (0.987, 1.000) 0.128 L | 0.986 (0,975, 0.998) 0.086 L] 0,988 (0.978, 0.998) 0.070
Disorders of retina (H30, H32-H36) 10,929/ 275 864 0.983 (0.972,0.994) 0.021 i 0.981 (0.961, 1.001) 0.176 e 0.975 (0.959,0.991) 0.022
Glaucoma (H40, H42) 7,114 /277,215 1.002 (0.988, 1.016) 0.880 e 1.013 (0,989, 1.039) 0.491 Gl 1.006 (0.986, 1.027) 0.716
Disorders of vitreous body (H43) 4,263 /278.810 0.960 (0.942, 0.978) <0.001 ol 0.937 (0.906, 0.970) 0.002 ] 0936 (0.911,0962) <0.001
Disorders of refraction and accommodation (FH52) 7,042 [ 279,786 0.981 (0,968, 0.995) 0.048 - 0,993 (0,968, 1.018) 0.744 e 0,977 (0.957,0.998) 0.105
Diseases of the nervous system |
Inflammatory diseases of the central nervous system (G00-G09) 560 /279,589 0.964 (0.917. 1.014) 0.324 —— 0,896 (0.817,0.984) 0.085 —— 0,927 (0.861. 0.999) 0.138
Extrapyramidal and movement disorders (G20-G235) 4,114/279,593 0.981 (0,963, 0.999) 0.119 ] 0.966 (0,935, 0.998) 0.119 Lo 0.968 (0.942, 0.994) 0.077
Parkinson's disease (G20, G21) 1,867 / 280.817 0.980 (0.954, 1.007) 0315 i 0.951 (0.906, 0.998) 0.125 et 0.962 (0.924, 1.001) 0.154
Alzheimer's disease (G30) 1,808 / 281,273 0.991 (0.964, 1.018)  0.688 st 1.033 (0,986, 1.083) 0.345 =t 1.002 (0,963, 1.042) 0.957
Epilepsy and recurrent seizures (G40) 1.669 / 278,766 0.979 (0.951, 1.007) 0.315 e 0.983 (0.934, 1.034) 0.693 —_— 0971 (0.931, 1.013) 0.351
Migraine (G43) 3,476/ 268,850 1.019(0.999, 1.039) 0.187 Ty 1.020 (0,983, 1.059) 0.482 ) 1.027 (0.997, 1.058) 0.200
Transient cerebral ischemic (G45) 3,315/279.280 1.027 (1.007, 1.047) 0.048 - 1.008 (0.973, 1.045) 0.775 esl 1.032 (1.002, 1.063) 0.112
Sleep disorders (G47) 5,699 /276,272 0.996 (0.981, 1.012) 0.775 L4 0.976 (0.949, 1.004) 0.219 L 0.988 (0.966, 1.011) 0.501
Nerve, nerve root and plexus (G50-G59) 13,172/ 269,519 1.024 (1.014, 1.034) <0.001 had 1.020 (1.002, 1.039) 0.108 i 1.033 (1.018, 1.049) <0.001

Diseases of the ear and mastoid process
Diseases of external ear (H60-H62)
Otitis media (H65-H67) 2,663 /275,781
Diseases of inner ear (H80-H83) 6,492 /274,360
Hearing loss (H90, H91) 9,552 /276,738

Diseases of the circulatory system
(Chronic rheumatic heart diseases (103-109)
Hypertension (110-113, 115)

10,906 / 266,767

5,139 /280,846
34,467 /212,532

Ischemic heart diseases (120-125) 19,534/ 268,791
Pulmonary heart disease (126-128) 5,633 /278,924
Arrhythmias (144-149) 25,864 /272,712
Cerebrovascular diseases (160-169) 10,376 /277,201
Cerebral infarction (163) 4,508 / 280,603

Diseases of veins (I80-187)
Diseases of lymphatic vessels and lymph nodes (188, 189)
Diseases of the respiratory system
Acute upper respiratory infections (J00-J06)
Influenza (J09-J11)
Acute lower respiratory infections (J12-118, 120-122)
Pneumonia (J12-J18)
Vasomotor and allergic rhinitis (J30)
Chronic obstructive pulmonary disease (J41-J44)

17,308 / 259,671
1,397 / 280,692

13,556/ 241,989
2,387/277.005
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Asthma (J45) 7,222/ 248,187 -
Pleural effusion (J90) 8,026 / 280,364 L]
Pleural plague (192) 1,123/281,142 _ —

FIGURE 1 (Continued)

0,985 (0.972,0.997) 0.076 -
0.985 (0971, 0.998) 0,095 -
0,992 (0.965, 1.020) 0.739 e
0.980(0.949,1.012) 0402  ——

1.011 (1,002, 1.020) 0,083 -
0,989 (0.970, 1.010) 0,501 -
1.033 (1.024, 1.041) <0.001 -
- 0,999 (0.993, 1.005) 0.767 <

H 1.005 (0.998, 1.012) 0.333 -
0,983 (0.967, 1.000) 0.142 ==

0.981 (0.966, 0.997) 0.078 -

0,990 (0.976, 1.005) 0,353
1,021 (1.004, 1.039)  0.074
1,023 (1.012, 1.034) <0.001
1.013 (1,002, 1.025) 0,082
1,012 (1.001, 1.024) 0,112
1.007 (0.996, 1.017) 0.402

1,015 (1.004, 1.027) 0.044 =
1011 (0.988, 1.034) 0,543 .
1.007 (0,992, 1.022)  0.544 -
1.003 (0.991, 1.015) 0.771 -

1.010 (0,994, 1.026) 0.415
1.012 (1.006, 1.018) 0,002
1,005 (0.997, 1.014) 0,405
1011 (0.995,1.026) 0.345
0,999 (0.992, 1.007) 0,921
1015 (1,004, 1.027) 0.046
1018 (1.001, 1.036) 0.112
0,998 (0.989, 1.007) 0.757
0.970(0.940, 1.002) 0171 ==

1014 (1.004, 1.024)  0.040
1.016 (0.992, 1.041) 0.357
1,016 (1.009, 1.024) <0.001
1010 (1,001, 1.020) 0,108
0,997 (0.980, 1.016)  0.861
1,033 (1.021, 1.045) <0.001
1.007 (0,993, 1.021) 0,543
0.991 (0.978, 1.004)  0.347
1,043 (1,009, 1.078) 0,057 —

0977 (0.955, 1.000) 0.142
0,992 (0.968, 1.018) 0.726
1.000 (0951, 1.052) 0.994
0,948 (0.893, 1.005) 0.197
1005 (0,988, 1.022) 0.732
1.006 (0971, 1.043) 0.827
1010 (0,995, 1.025) 0.397
0,996 (0.985, 1.007) 0.659
1.001 (0,989, 1.014) 0,884
0958 (0.930,0.988) 0.039
0,987 (0.960, 1.014) 0.543

0976 (0.958,0.994) 0.050
0,981 (0.961, 1001} 0.171
0991 (0.951, 1.033) 0.797
0961 (0.916, 1.008) 0.242
1014 (1.000, 1.027) 0.147
0.991 (0.962, 1.021) 0716
1.039 (1.027, 1.032) <0.001
0,997 (0.988, 1.006)  0.697
1,006 (0,996, 1.017) 0452
0968 (0.944,0.992) 0.049
0975 (0.953,0.998) 0.108

1.019 (0,993, 1.045) 0321
1023 (0992, 1.055) 0.321
1.016 (0,996, 1.036)  0.274 o
0,998 (0.977, 1.018) 0.884
0994 (0973, 1.015) 0.726
1.013 (0994, 1.032) 0369

0.996 (0.975, 1.017)  0.809
1.031 (1.005, 1.057) 0.079
1.031 (1.015, 1.048) 0.002
1.014 (0,997, 1.031) 0.247
1011 (0.994, 1.028) 0.369
1.011 (0.996, 1.027) 0.319
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1.021 (1.000, 1.042) 0.142
1.037 (0.996, 1.081) 0.205
1.008 (0.981, 1.035) 0.732
0.992 (0.971, 1.013) 0.657

1,024 (1,007, 1.041) 0.038
1024 (0,991, 1.059) 0.328
1.010 (0.989, 1.032) 0.551
1000 (0,983, 1.018) 0.986

1008 (0980, 1.037) 0.745
1.006 (0994, 1.017) 0529
1.010 (0,996, 1.025) 0.343
0983 (0.956, 1.011) 0415
1.002 (0,989, 1.015) 0.875
1.034 (1014, 1.055) 0.010
1.056 (1.025, 1.088) 0.004
1.003 (0987, 1.020) 0.794
0914 (0.862, 0.969) 0.021

1013 (0,990, 1.038) 0.460
1.015 (1,006, 1.024) 0.016
1009 (0.997, 1.021) 0.315
1.006 (0.984, 1.020) 0.752
1,000 (0.989, 1.011) 0.997
1028 (1011, 1.046) 0.010
1039 (1013, 1.063) 0.021
0,999 (0,986, 1.012) 0.893
0.939 (0.896, 0.985) 0.048
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1.023 (1.005, 1.042)  0.066
0985 (0.943, 1.029) 0.690
1018 (1,006, 1031} 0.032
1.008 (0991, 1.025) 0.567
1.030 (0997, 1.064) 0.205
1.001 (0980, 1.024) 0,923
1.004 (0980, 1.030) 0.827
0.990 (0,968, 1.013) 0.612
1061 (1003, 1.124) 0.124 _

1,023 (1,008, 1.038) 0.021
1013 (0.978, 1.049) 0.676
1.024 (1.013, 1.035) <0.001
1014 (1000, 1.028) 0.147
1007 (0,980, 1.034) 0.757
1037 (1,018, 1.055) 0.001
1009 (0,989, 1.029) 0.604
0.987 (0.968, 1.006) 0.353
1069 (1019, 1.122) 0.041
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Disease Case/N Summer light HR (95% CI) P-adf  Winter light HR (95% CI) P-adj  Average light HR (95% CI) P-adj
Diseases of the digestive system
Diseases of oral cavity (K00-K06, KO8) 5915/275,533 > 1.009 (0.994, 1.025) 0413 Lo 0.990 (0.963, 1.018) 0.688 1.007 (0.985, 1.030) 0.716
Diseases of esophagus (K20-K23) 28,797 /259,126 - 1.010(1.003, 1017} 0.030 T 1.009 (0.996, 1.021) 0.347 1.014 (1.004, 1.024)  0.044
Digestive ulcers (K25-K28, K51) 5831 /273,055 ol 1.008 (0.993, 1.024) 0479 Ll 1017 (0989, 1.044) 0415 [037) 0.382
Hernia (K40-K46) 29,895 /259,343 kb 1.004 (0.998, 1.011) 0.386 - 0.993 (0.981, 1.005) 0415 012) 0.776
Vascular disorders of intestine (K53) 1,638/281,050 ol 0.979 (0.951, 1.007) 0.311 —— 0.931 (0.883, 0.981) 0.044 .995)  0.097
Diverticular disease of intestine (K57) 30,293 /273,104 P 1.004 (0.997, 1.011) 0415 " 0.994 (0.982, 1.006) 0.501 012) 0.775
Irritable bowel syndrome (K58) 5,446 / 266,967 ot 0,987 (0.972, 1.004) 0.285 ot 0.978 (0.950, 1.008) 0.321 0.979 (0.956,1.003) 0.215
Alcoholic liver disease (K70) 744 [ 280,964 o 1.04% (1.007, 1.092) 0.085 —=— 1.097(1.020, 1.179) 0.057 1.0B6 (1.023, 1.153) 0.041
Hepatic failure (K72) 600 /281,197 - 0.983 (0.938, 1.030) 0.678 — 0.997 (0,917, 1.084)  0.959 0.981 (0.916, 1.051)  0.743
Fibrosis and cirrhosis of liver (K74) 1,081 /280,944 o 0.985(0.951, 1.019) 0.584 e 1016 (0,955, 1.080) 0.760 0.988 (0.939, 1.040) 0.776
Cholelithiasis (K80) 9,909 /272,642 - 1.015 (1.004, 1.027)  0.050 - 0.995 (0,974, 1.017) 0,783 1.015 (0.998, 1.033) 0.212
Cholecystitis (K81) 1.917/279.741 Ll 1.014 (D988, 1.041) 0.501 = 1.015 (0.967, 1.064) 0.726 1.020 (0.981, 1.061) 0.509
Acule pancreatitis (K85) 1,497 / 280,282 el 1.035 (1.005, 1.066) 0.085 He—. 1.038 (0.984, 1.095) 0345 1.051 (1.007, 1.098)  0.087
Diseases of the skin and subcutaneous tissue
Infections of the skin and subcutaneous tissue (LOO-LO3, LO8) 15,062 / 266,479 i 0.998 (0.989, 1.008) 0.797 - 0.993 (0.976, LOIDY 0.612 0.995 (0.981, 1.010)  0.707
Dermatitis and eczema (L20-L30) 12,824 /251,318 - 0.995 (0.985, 1.005) 0.547 ol 0.997 (0.978, 1.016)  0.840 0.994 (0.978, 1.009)  0.616
Radiation-related disorders of the skin and subcutaneous tissue (L55-L59) 8,430 /276,920 i 1.040 (1.027, 1.053) <0.001 b 1.027 (1.004, 1.051) 0.085 1.053 (1.033, 1.073) <0.001
Seborrheic keratosis (L82) 10,332 /273,343 L 1.004 (0,993, 1.016)  0.681 " 0.996 (0,975, 1.018) 0.827 1.003 (0.986, 1.021) 0.812
Pressure ulcer (L89) 2,581/281,120 i 0.967 (0.945, 0.989) 0.029 e 0.948 (0.910, 0.987) 0.048 0.947 (0,916, 0.979) 0.014
Atrophic disorders of skin (L90) 2,099 /279,753 ol 1.030 (1.004, 1.057) 0.087 ok 1.042 (0,995, 1.092)  0.207 1.047 (1.008, 1.087) 0.076
Non-pressure chronic ulcer of lawer limb (L97) 1,582 /281,016 - 0.999 (0.971, 1.027) 0.951 e 0.990 (0.942, 1.041) 0.814 0.995 (0.955, 1.038) 0.884
Other disorders of skin and subcutaneous tissue (L98) 14,812 /268,031 - 1.013 (1.003, 1.023) 0.045 - 1.016 (0,998, 1.034) 0.212 el 1.020(1.005, 1.034)  0.045
Diseases of the musculoskeletal system and connective tissue !
Gout (M10) 5,031 /275,799 L 1.013 (0.997, 1.030) 0.257 Ll 1.013 (0.984, 1.043) 0.578 ™ 1.019(0.995, 1.043) 0.280
Rheumatoid arthritis (MO03, MO6) 3,156/278.019 Lel 1.007 (0.987, 1.028) 0.688 e 0.986 ((.950, 1.024) 0.672 + .034) 0.893
Osteoarthritis (M15-M19) 35,682 /249,412 = 1.029 (1.022, 1.035) <0.001 = 1.032(1.021, 1.044) <0.001 1 052} <0.001
Acquired deformities (M20, M21) 8,014 /274529 - 1.031 (1017, 1.044) <0001 ol 1.044(1.019, 1.069)  0.004 Hoad 069) <0.001
Other joint disorders (M20-M25) 28,864 / 242,821 - 1.024 (1017, 1.031) =0.001 - 1.019 (1.006, 1.032) 0,022 - .043) <0.001
Systemic connective tissue disorders (M30-M36) 3,831/279,319 faal 1.022 (1.003, 1.041)  0.085 al 1.021 (0.987, 1.056) 0.413 - 060) 0.097
Deforming dorsopathies (M40-M43) 4,099 /279,007 - 1.009 (0.991, 1.028) 0.521 s 0.976 (0.944, 1.009) 0.317 - .029) 0923
Spondylopathies (M45-M49) 13,924 / 269,608 = 1.028 (1.018, 1.038) <0.001 ) 1.027 (1.009, 1.045) 0.022 el 055) <0.001
Disc disorders (M50, M51) 7,669 /271,734 - 1.021 (1.008, 1.035) 0.018 e 1.002 (0.978, 1.026) 0.921 b 1.024 (1.004, 1.044) 0.080
Other dorsopathies (M53, M34) 18,418 /255,054 - 1020 (1.011, 1.029) <0.001 ol 1.024 (1.009, 1.040)  0.020 e 1.030(1.017, 1.043) <0.001
Disorders of muscles (M60-M63) 1,759/279.912 HH 0.999 (0.972, 1.027) 0953 Lo 1013 (0.964, 1.064) 0.757 —_— 1.003 (0.963, 1.045) 0.921
Disorders of synovium and tendon (M63-M67) 9,028 /272,839 b 1.024 (1.012, 1.037) 0.002 = 1.006 (0.984, 1.029) 0.746 et 1.029(1.010, 1.048) 0.020
Shoulder lesions (M75) 9478 /273,034 - 1.047 (1.035, 1.059) <0.001 Ll 1.021 (0.999, 1.044) 0.158 i 1,059 (1.041, 1.078) <0.001
Osteaporosis (M80, M81) 8,950/ 275,838 - 0,985 (0,973, 0.998) 0.085 e 0.974 (0,952, 0.997)  0.090 - 0.975 (0,957, 0.994)  0.048
Diseases of the genitourinary system !
Glomerular diseases (NOO-NO8) 1,519/280,264 g d 1.002 (0.973, 1.032) 0.921 Lo 0.985(0.934, 1.038) 0.732 4 0.997 (0.955, 1.041) 0.928
Renal bulo-interstitial diseases (N10-N16) 4,608 /279,579 ol 1.019 (1.001, 1.036) 0.111 L 1.000 (0,969, 1.031) 0.986 ] 1,020 (0.995, 1.046)  0.28]
Kidney failure (N17, N19) 12,095 / 280,241 * 0.998 (D.988, 1.009) 0.827 - 0.992 (0.974, 1.011) 0.604 b 0.995 (0.980, 1.011) 0.716
Chronic kidney disease (N18) 11,698 / 278,462 - 1,006 (0,995, 1.016)  0.504 - 0.998 (0.980, 1.017)  0.919 - 1.005 (0.990,1.021)  0.688
Urolithiasis (N20-N23) 3,798 /275,926 i 1.022 (1.003, 1.041) 0.087 et 1.039(1.004, 1.074) 0.093 - 1.037 (1.008, 1.065) 0.050
Bladder diseases (N30-N33) 10,698 / 270,067 & 1.003 (0.992, 1.015) 0.720 L.} 0.996 (0,976, 1.016) 0.801 - 1.002 (0,986, 1.019)  0.860
Urethral diseases (N34-N37) 2,708 /279,388 v 0.993 (0.971, 1.015) 0.700 = 0.960 (0.922, 1.000) 0.147 L 0979 (0.947, 1.012) 0383
Other disorders of urinary system (N39) 15,515 /266,117 - 1.002 (0,992, 1.011) 0.827 - 0.986 (0,969, 1.003) 0.238 + 0.997 (0.983, 1.011)  0.790
Benign prostatic hyperplasia (N40) 11,795 /274,115 - 0.987 (0.977,0.998) 0.076 - 0.969 (0.950, 0.987) 0.011 - 0.976 (0.961,0.991) 0.018
Orehitis and epididymitis (N45) 738 /280459 ey 1.025 (0.983, 1.069) 0423 == L.043(0.968, 1.124) 0.459 —5‘—* 1.042 (0.980, 1.107) 0.369
Endometriosis (N80) 982 / 276,396 — 1.007 (0.969, 1.046) 0.827  —=— 0.974 (0,905, 1.049) 0.687 —— 1.000 (0.943, 1.059) 0.994
Polyp of female genital tract (N84) 4271 /274,511 - 0.979 (0,961, 0.998) 0.097 et 0.972 (0.938, 1.008) 0.282 - 0.968 (0,941, 0.996) 0.088
M | and other peri | disorders (N95) 8,810/ 268,065 0.989 (0.976, 1.002) 0.230 - 0.966 (0.942, 0.990)  0.040 ~ 0.977 (0.958, 0.996) 0.081
Neoplasms i
Malignant neoplasms of lip, oral cavity and pharynx (C00-C14) 638 /281,014 —— 0.959 (0.915, 1.005) 0.204 +—— 0.950 (0.873, 1LO34) 0.415 —t 0,939 (0.877, 1.006) 0,200
Malignant neoplasm of esophagus (C15) 608 [ 281,226 Ly oo 1.008 (0.963, 1.055) 0.827 —— 1.027 (0.947, 1.114) 0.707 Lancomt 1.018 (0.951, 1.089) 0.757
Malignant neoplasm of colon (C18) 2,420/ 280,573 s 0.986 (0.962, 1.009) 0415 L 0.987 (0.946, 1.031) 0,727 : 0,980 (0.946, 1.015)  0.453
Malignant neoplasm of rectum (C20) 1,013/280,934 o 1.013 (0.977, 1.031) 0.676 — 1.027 (0.962, 1.096) 0.636 1.023 (0.970, 1.080) 0.604
Malignant neoplasms of digestive organs (C15-C26) 6,180 /279,854 - 0.999 (0,984, 1.014) 0916 s 0.994 (0.968, 1.020) 0.773 0.996 (0.975, 1.018)  0.838
Malignant neoplasms of respiratory and intrathoracic organs (C30-C39) 2,255/ 281,045 Lol 1.018 (0.994, 1.042) 0320 el 1.005 (0.963, 1.049) 0.884 1.021 (0986, 1.058) 0.424
Malignant neoplasm of bronchus and lung (C34) 2,096 /281,135 fo. 1.020 (0.995, 1.045) 0.279 e ) 1.005 (0,962, 1.051) 0.884 0.397
Malignant melanoma of skin (C43) 1,972/280,159 - 1,051 (1.024, 1.079)  0.002 o ol 0.989 (0.942, 1.039) 0.789 0.049
Other and unspecified malignant neoplasm of skin (C44) 15,601 / 275,814 - 1.037 (1.027, 1.047) <0.001 P 1.027(1.010, 1.044) 0.019 <0.001
Malignant neoplasm of breast (C50) 5,896 /276,380 L] 0.986 (0.971, 1.002) 0.225 ok 0.981 (0,952, 1.010) 0.382 0.979 (0.956, 1.002)  0.200
Malignant neoplasms of female genital organs (C51-C58) 1,859/ 280,154 ) 0.979 (0.952, 1.007) 0.301 s 0.961 (0.912, L.012) 0302 0.964 (0.924, 1.005) 0.212
Malignant neoplasm of corpus uteri (C54) 954 /280,821 e 0.976 (0.939, 1.015) 0414 r—— 0.950 (0.883, 1.022) 0.345 0.958 (0.903, 1.015)  0.317
Malignant neoplasm of ovary (C56) 636/280.925 L 0.975(0.929, 1.023) 0.504 —— 0.968 (0.886, 1.057) 0.672 0.962 (0.896, 1.034) 0.491
Malignant neoplasm of prostate (Co1) 6,616 /279,598 - 0.987 (0.973, 1.001) 0.194 - 0.971 (0,946, 0.996) 0,085 0.976 (0.956, 0.997)  0.087
Malignant neoplasms of urinary tract (C64-C68) 1,661/ 280,752 e 1.012 (0.984, 1.041) 0616 | 0.949 (0.902, 0.999) 0.138 0.995 (0.955, 1.038) 0.854
Malignant neoplasms of lymphoid and hematopoietic tissue (C81-C96) 2,815/280,222 " 1.004 (0.982, 1.026) 0.827 - 1.012 (0.973, 1.052) 0.729 1.008 (0.976, 1.041)  0.760
In situ neoplasms (D00-D09) 4,387/277.146 ol 1.025 (1.007, 1.043) 0.041 [ e 1.035(1.003, 1.069) 0.111 1.039 (1.012, 1.066) 0.030
Benign neoplasms (D10-D36) 507 /280,893 e 0.985 (0.934,1.039) 0.743 —— 0.973 (0.882, 1.073) 0.743 0.975 (0.901, 1.055) 0.713
Neoplasms of uncertain behavior (D37-D48) 1,377 /280,557 e 1,012 (0.981, 1.044)  0.659 el 0.979 (0,926, 1.037) 0.676 1.006 (0.961, 1.054)  0.871

FIGURE 1
Associations between sunlight exposure and 134 diseases. All the models adjusted for age, sex, education, TDI, employment status, location, skin color,
BMI, MET, HDI, sleep duration, smoking status, drinking status, sun protection, Vitamin D supplement, and family history of diabetes and hypertension.
Case indicates incident cases of specific disease; N indicates the sample size of specific analysis excluding the prevalent cases, thus N is less than
281,282 and varies among diseases. HR, hazard ratio; Cl, Confidence interval; P-adj, Adjusted p-value; TDI, Townsend deprivation index; BMI, Body
mass index; MET, Metabolic equivalent of task; HDI, Healthy diet index.
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HR, hazard ratio; TDI, Townsend deprivation index; BMI, Body mass index; MET, Metabolic equivalent of task; HDI, Healthy diet index.
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Disease with decreased risk Disease with increased risk Disease with U-shaped risk

Associations of sunlight with specific classes of diseases. Panels (A—C) show the associations for summer, winter, and average sunlight exposure,
respectively. All models were adjusted for age, sex, education, TDI, employment status, location, skin color, BMI, MET, HDI, sleep duration, smoking
status, drinking status, sun protection, vitamin D supplementation, and family history of diabetes and hypertension. HR, hazard ratio; TDI, Townsend
deprivation index; BMI, Body mass index; MET, Metabolic equivalent of task; HDI, Healthy diet index.
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whereas the inverse association with the aggregated decreased-risk dis-
ease group was stronger among younger individuals (<60 years; P for
interaction <0.001), females (P for interaction <0.001), and individuals
residing in Wales (P for interaction = 0.001).

Exploratory mediation analyses identified several baseline bio-
markers and lifestyle factors that statistically accounted for part of the
observed associations between sunlight exposure and disease risk
(Figure 5 and Supplementary Table S4). For the aggregated increased-
risk disease group (37 diseases), the association with summer sun-
light exposure was statistically accounted for in part by BA (3.9%),
neutrophil count (2.2%), BMI (18.8%), and vitamin D concentration
(4.3%). For the aggregated decreased-risk disease group (13 diseases),
cholesterol (2.6%), MET (27.6%), and vitamin D concentration
(7.5%) statistically accounted for part of the association.

4 Discussion

To our knowledge, this is the first outcome-wide cohort study
exploring associations between sunlight exposure and the risk of
developing 134 different diseases. Our findings from the UK
Biobank included the following: (1) considerable heterogeneity in
the significance and shape of the associations between sunlight
exposure and the risk of developing various diseases, with the risk
of developing 36 different diseases were significantly associated with
sunlight exposure after FDR correction, and the risk of developing
30 different diseases exhibiting a U-shaped association with sunlight
exposure; (2) age, sex, location, and BMI modified the sunlight
exposure-disease associations; and (3) aging and inflammatory
markers, lipid and vitamin D concentrations, and lifestyle factors
may represent potential pathways of the observed associations.

Frontiers in Public Health 08

4.1 Comparison to other studies

Consistent with the results of previous studies, this study revealed
that sunlight exposure increased the risk of developing melanoma and
skin cancer (9, 10); reduced the risk of developing osteoporosis (28),
Parkinson’s disease (13), and refractive disorders (29, 30); and exhib-
ited a U-shaped relationship with the risk of developing depression
(11). However, this study also revealed inconsistencies with previous
research. For instance, McCarty et al,, the authors of a review study,
concluded that the evidence available at that time supported the asso-
ciation between ultraviolet radiation exposure and the risk of develop-
ing cataracts (29), which was nonsignificant in this study. This
discrepancy may be due to our focus on the duration of sunlight expo-
sure, lack of data on specific sunlight wavelengths, failure to investi-
gate various cataract subtypes, and possibly missing covariates related
to the risk of developing eye diseases, such as the use of sunglasses.
Moreover, current research suggested that sunlight exposure might be
associated with lower blood pressure (2, 3), whereas this study
revealed a greater risk of hypertension related to sunlight exposure.
For example, Weller et al. reported that in hemodialysis patients, ultra-
violet intensity exposure matched by address was correlated with
lower systolic blood pressure (3). This discrepancy may be due to that
study being cross-sectional, involving patients rather than the general
population, and using a definition of sunlight exposure that differed
from the one used in the present study.

Multiple dimensions of sunlight exposure, such as intensity, wave-
length, timing, and duration, are related to health (30). Among these fac-
tors, sunlight exposure intensity and duration determine the total amount
of exposure (7), while wavelength (31) and timing (32) are related to the
health effects of sunlight exposure. The self-reported sunlight exposure
data collected in this study included only the duration of exposure. To
account for intensity, we included survey location as a covariate.

frontiersin.org


https://doi.org/10.3389/fpubh.2026.1896657
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Lietal 10.3389/fpubh.2026.1896657

TABLE 2 Summary of the sunlight—disease associations in terms of the direction and shape.

Classification of No. of No. of Summer light Winter light Average light

diseases (ICD-10) diseases cases

Certain infectious and parasitic 5 46,921 1 0 1 3 1 1 1 2 1 0 1 3
diseases
Diseases of the blood involving 5 28,610 0 0 2 3 0 0 2 3 0 0 2 3

the immune mechanism

Endocrine, nutritional and 11 131,533 2 4 0 5 0 2 2 7 1 3 0 7

metabolic diseases

Mental and behavioral disorders 6 55,592 2 0 3 1 0 0 2 4 2 0 3 1
Diseases of the eye and adnexa 9 78,844 1 4 0 4 1 2 0 6 1 4 0 4
Diseases of the nervous system 9 35,680 2 1 0 6 1 3 1 4 2 2 0 5
Diseases of the ear and mastoid 4 29,613 1 0 0 3 1 0 0 3 1 0 0 3
process

Diseases of the circulatory system 9 124,226 3 0 0 6 0 1 4 4 3 1 0 5
Diseases of the respiratory system 9 86,413 4 0 1 4 2 0 4 3 4 0 0 5
Diseases of the digestive system 13 123,563 4 0 0 9 0 1 2 10 3 1 0 9
Diseases of the skin and 8 67,722 3 1 1 3 1 1 2 4 3 1 1 3

subcutaneous tissue

Diseases of the musculoskeletal 14 157,903 9 1 0 4 5 1 3 5 9 1 0 4

system and connective tissue

Diseases of the genitourinary 13 89,235 2 2 4 5 1 2 4 6 1 3 2 7
system

Neoplasms 19 59,491 3 0 1 15 2 21 0 14 3 1 1 14
Total 134 1,115,346 % 37 13 13 71 15 16 27 75 34 17 10 73

*Based on the results of the Cox model and RCS model, the sunlight-diseases associations were classified into four main categories, namely, the increasing group (I), the decreasing group (D),
the U-shaped group (U) and the no association group (N). tThe association between winter light and rectum cancer approximated an inverted U-shape and could not be classified into these
four categories, so results are shown here for only 18 cancers. +Over more than 13 years of follow-up, participants can develop multiple new diseases, so the number of cases here is much
larger than the sample size of the study.

Group Summer (increase) P-inf Summer (decrease) P-inf Winter (increase) P-int ‘Winter (decrease) P-inf Average (increase) P-inf Average (decrease) P-inf
Age . | : ! :
=60 - Ref - Ref gl Ref Ref L Ref - Ref
<60 . 0.020 - 0283 e 0.021 0.000 [ 0.125 - 0.023
Sex ' '
Female = Ref - Ref - Ref Ref I Ref - Ref
Male = 0.018 - 0.000 [ 0,000 0.000 - 0.000 - 0.000
Skin colour |
Black —t Ref e Ref Ref Ref s—r+——  Ref e Ref
Brown b 0.127 — 0.740 — 0477 0.471 —— 0472 — 0503
Dark olive et 0.074 —_— 0.236 0,765 0.709 [—— 0310 —— 0.388
Fair = 0.135 - 0.288 e 0.786 0.499 Do 0.655 - 0.466
Light olive - 0.267 - 0.309 — 0.780 0.505 o 0.888 - 0475
Very fair for 0.227 ~ 0349 - 0834 0.889 e 0.724 = 0,546
Location ; ;
England . Ref - Ref kst Ref Ref (L Ref L Ref
Scotland - 0.044 - 0.017 — 0.150 0.196 o 0.586 - 0011
Wales - 0.109 — 0.018 | 0045 0.001 - 0.066 — 0.004
vitamin D i i i |
No L] Ref - Ref Ref L Ref ] Ref ; Ref
Yes el 0.516 —-— 0193 0.670 — 0.992 = 0.630 — 0.390
Sun protection ! ‘ |
Always ol Ref Ll Ref Ref ol Ref i Ref el Ref
Do not go out in sunshine —— 0228 — 0.106 841 T 0.563 ——— 0.743 —_— 0289
Most of the time i 0.255 - 0,269 0.295 b 0.324 [ 0.034 - 0.196
Never/rarely et 0372 - 0.162 0088 — 0.001 - 0.025 - 0.006
Sometimes I 0415 - 0.235 0.017 - 0.008 ] 0.051 - 0.021
Obesity | | | i |
BMI<30 Ref - Ref b Ref - Ref |- Ref - Ref
BMI==30 " . 0.000 :‘ 0.147 . I—— 0415 . e 0.562 . Ll . 0.000 - L 0.090
09 1 11 09 1 11 09 1 11 09 1 11 09 1 11 09 1 11
FIGURE 4
Potential effect modifiers in sunlight—disease associations. All the models adjusted for age, gender, education, TDI, employment status, location, skin
color, BMI, MET, HDI, sleep duration, smoking status, drinking status, sun protection, Vitamin D supplement, and family history of diabetes and
hypertension. The effect estimates given in the figure are HRs and 95% Cls. Ref, Reference; HDI, Healthy diet index; MET, Metabolic equivalent of task;
BP, Blood pressure; TDI, Townsend deprivation index; BMI, Body mass index; HR, Hazard ratio; Cl, Confidence interval.
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FIGURE 5

Summer light increases risk Summer light decreases risk  Winter light increases risk  Winter light decreases risk  Average light inereases risk  Average light decreases risk

Potential mediators in the sunlight—disease associations. Both the exposure-mediator and exposure-mediator-outcome models adjusted for age, sex,
education, TDI, employment status, location, skin color, BMI, MET, HDI, sleep duration, smoking status, drinking status, sun protection, Vitamin D
supplement, and family history of diabetes and hypertension. When the lifestyle variable acts as a mediator, the exposure-mediator model does not
control for it. Gray indicates the absence of a mediating effect (total effect and indirect effect are reversed). Red indicates a mediating effect by
elevating the mediator variable, while blue indicates a mediating effect by lowering the mediator variable. The darker the color, the higher the
proportion mediated. HDI, Health diet index; MET, Metabolic equivalent of task; BMI, Body mass index; VD, Vitamin D; GLU, Glucose; ALP, Alkaline
phosphatase; ALB, Albumin; HBA,., Hemoglobin A,; IGF1, Insulin-like growth factors-1; GGT, Gamma-glutamyl transferase; AST, Aspartate
aminotransferase; ALT, Alanine aminotransferase; HDL, High-density lipoprotein; LDL, Low-density lipoprotein; APO B, Apolipoprotein B; APO A,
Apolipoprotein A; WBC, White blood cell; CRP, C-reactive protein; SlI, Systemic immune-inflammation index; BA, biological age; TDI, Townsend
deprivation index; *0.01 < P-adj < 0.05; **0.001 < P-adj < 0.01; ***P-adj < 0.001.

proportion
0.3
0.2
0.1
0.0

According to our subgroup analysis, higher-intensity sunlight exposure
in Wales had stronger effects, confirming the consistency of our conclu-
sions on the total amount of sunlight exposure. In this study, different
bands of sunlight could not be distinguished due to unavailable data, but
we controlled for potential reductions in ultraviolet exposure resulting
from sun protection measures. Last, information on the timing of sunlight
exposure was not gathered in this study. However, we mitigated the risk
of participants reporting nighttime sunlight exposure due to misunder-
standing by excluding those with extreme exposure durations. In sum-
mary, although this study considered only the duration of sunlight
exposure, we still accounted for other dimensions of sunlight as much as
possible to reduce the risk of unclear definitions of exposure. Notably,
caution is still needed when comparing and extrapolating epidemiological
studies using sunlight as the exposure.

4.2 Potential mechanisms

The association between sunlight exposure and the risk of devel-
oping skin diseases has been thoroughly investigated, with potential
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mechanisms involving the induction of DNA and mitochondrial
damage, lipid peroxidation, and the activation of inflammatory signal-
ing pathways (5). However, how sunlight exposure affects organs and
systems beyond the skin remains unclear. From an anatomical and
histological perspective, ultraviolet radiation affects the activation of
Langerhans cells (antigen-presenting cells related to immune func-
tion) in the epidermis and the recruitment of immune cells in the
dermis and may exert systemic effects through the rich blood vessels
and leukocytes in subcutaneous tissue (7).

Some research indicates that sunlight exposure, especially ultraviolet
B (UVB) exposure, promotes the synthesis of vitamin D, which in turn
affects health (33). The results of the mediation analysis also suggested
that the effect of sunlight exposure on health is associated with elevated
vitamin D levels. Vitamin D may reduce the risk of upper-respiratory tract
infections by influencing immune cells and cytokines (28, 34). However,
this study revealed a positive association between those variables, which
might be due to additional environmental risk factors from prolonged
outdoor activities. Despite the consideration of available environmental
variables in the sensitivity analyses, this approach might still be insuffi-
cient. Moreover, vitamin D can regulate mineral metabolism and reduce
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the risk of developing osteoporosis (34), which is consistent with our
results. However, the latest review study, which involved the consolidation
of numerous randomized controlled trials and Mendelian randomization
studies, did not support the benefits of vitamin D supplementation for
reducing the risk of developing diabetes, cancer, and cardiovascular dis-
eases (14). In this study, in addition to the risk of developing arrhythmias,
which show a U-class association with sunlight exposure, the risk of
developing other cardiovascular diseases, such as hypertension, cerebro-
vascular disease, and cerebral infarction, all display I-class associations
with sunlight exposure, further indicating the important role of potential
mechanisms beyond the vitamin D concentration.

Aging, inflammation, and weight gain were suggested to play
important roles in the health hazards of sunlight exposure in this
study. For example, Gunn et al. reported an association between facial
appearance and the risk of developing cardiovascular diseases (35).
We hypothesize that inflammation caused by facial photoaging may
be related to systemic inflammation (15), thereby increasing the risk
of developing cardiovascular disease. If our hypothesis holds, as a
component of aging (36), inflammation in the skin may be related to
systemic aging (16). Regarding the association between sunlight expo-
sure and obesity, epidemiological studies have shown that sunlight
exposure is associated with a reduction in subcutaneous fat (37), an
increase in visceral fat (37), and childhood obesity (38). Similarly, Kim
et al. discovered that ultraviolet radiation may induce subcutaneous
fat cells to produce specific chemokines, leading to subcutaneous fat
loss, which could be associated with systemic inflammation and obe-
sity (39). Parikh et al. discovered that UVB radiation increases appe-
tite and weight gain in mice (40), particularly in males, whose skin
appears more sensitive to sunlight exposure (41). For instance, male
mice exhibit weaker antioxidant responses to UV radiation (42),
which may explain why men are more sensitive to the harmful effects
of sunlight according to subgroup analyses. Furthermore, the newly
identified skin-gut axis suggests that sunlight exposure is associated
with alterations in gut microbiota (43), including an increase in
Proteobacteria, which is associated with low-grade inflammation and
a predisposition to obesity (44), and a decrease in Bacteroidetes, which
is associated with the risk of developing obesity (45, 46). Given that
obesity is a significant mediator, the adverse effects of sunlight expo-
sure on certain metabolic diseases may be diminished in individuals
with obesity, which also partly explains the results of our subgroup
analysis.

In addition to the vitamin D concentration, this study revealed
that changes in lifestyle and blood lipids may be potential mecha-
nisms by which sunlight exposure benefits health. Previous studies
have shown that longer sunlight exposure is associated with healthier
dietary habits (47) and increased physical activity (26), which is con-
sistent with our findings. Epidemiological studies have also shown
that longer sunlight exposure is related to higher HDL levels (48),
which may benefit health and is consistent with our results. However,
the present study revealed that sunlight exposure reduces disease risk
through increased cholesterol and apolipoprotein A concentrations,
which contradicts the findings of previous studies (49), although the
increase in those concentrations occurring as a result of 1 h of sun-
light exposure is only approximately one one-thousandth of the aver-
age concentration. We speculate that the increase in blood lipids
might be related to increased appetite. Since cholesterol is vital for the
normal function of the immune system (50), this could explain why
sunlight exposure reduces the risk of developing central nervous
system inflammation (although this association was not significant
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after FDR correction). Moreover, animal experiments have shown
that high serum cholesterol levels can enhance the antitumor func-
tion of natural killer cells (51), potentially explaining how sunlight
exposure reduces the risk of developing certain tumors, such as pros-
tate cancer (although this association was not significant after FDR
correction).

The sunlight exposure-disease associations vary between summer
and winter. Sunlight exposure in summer appears to be more strongly
correlated with an increased risk of developing various diseases, while
in winter, sunlight exposure shows more of a U-shaped association
with the risk of developing various diseases. The reasons for this varia-
tion may include sunlight intensity and environmental temperature.
The sunlight intensity in winter is significantly lower than that in
summer, requiring longer exposure times in winter to reach the same
total exposure level as in summer. For instance, there is a U-shaped
relationship between cerebrovascular diseases and sunlight exposure
in winter, with the lowest risk occurring after 1 h of exposure.
However, when considering seasonal variations in sunlight intensity,
differences in exposure area due to clothing, and disregarding tem-
perature differences, sunlight exposure in summer may reach the
lowest risk point in a shorter time, such as half an hour. Since the
reported duration of sunlight exposure has a resolution of 1 h, the
summer sunlight exposure-disease association might overlook this
turning point and thus be linear. In addition, temperature may also
play an important role. Since the exposure in this study is sunlight
exposure duration, the influence of outdoor temperature may be
included in the observed effects, even after adjusting for location. This
explains why the risk of developing most diseases tends to increase
with longer exposure durations. Additionally, Marion et al. discovered
an interaction between sunlight exposure and temperature in relation
to sunburn (52). Therefore, we hypothesize that temperature, whether
high in summer or low in winter, may influence the effects of sunlight
exposure, contributing to the observed seasonal variations in the
effects of sunlight exposure.

4.3 Clinical implications

This study revealed complex associations between outdoor sun-
light exposure duration and the risk of developing a broad spectrum
of diseases. Given the bidirectional associations observed, the findings
may provide preliminary evidence for considering moderate outdoor
sunlight exposure at the population level. Based on the observed expo-
sure-response patterns, approximately 1 h of summer outdoor sun-
light exposure and 1-2 h of winter exposure per day may represent
preliminary population-level reference ranges rather than definitive
recommendations. Similarly, disease-specific exposure durations sug-
gested by the observed curves, such as approximately 2 h for osteopo-
rosis, should be regarded as hypothesis-generating targets that require
validation in independent studies. Given the observational nature of
this study, the modest magnitude of the observed associations, and the
possibility of residual confounding, these findings should not be used
to prescribe individualized sunlight exposure durations. Appropriate
sun protection should also be considered when interpreting potential
public health implications.

4.4 Limitations and strengths

We acknowledge several limitations. First, self-reported sunlight
exposure duration may be impacted by recall bias and a lack of
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measurements of other dimensions of sunlight exposure. However,
we considered covariates related to sunlight intensity, timing, and
wavelength, reducing the risk of unclear definitions of exposure. In
addition, the approximately 1-h resolution of self-reported sunlight
exposure may have obscured finer nonlinear exposure-response pat-
terns and turning points, particularly during summer when relevant
differences in exposure may occur within shorter time intervals.
Second, the complete-case analysis excluded a substantial number
of participants with missing data, and several baseline characteristics
differed between included participants and the population before
missing-data exclusion, potentially introducing selection bias and
limiting generalizability. However, the multiple-imputation sensitiv-
ity analysis yielded generally consistent results, reducing but not
eliminating this concern. Third, although a cohort study design was
employed and participants with specific diseases at baseline were
excluded, the risk of reverse causation persisted. Consistent results
were obtained in sensitivity analyses where participants who devel-
oped disease within the first 2 years of the follow-up period were
excluded, easing our concerns. Fourth, a single covariate control
strategy was used for the risk of developing 134 different diseases,
and potential unmeasured confounders may impact the results.
Although we performed sensitivity analyses for numerous variables
and derived similar conclusions, the risk remains. Fifth, sunlight
exposure and most candidate mediators were assessed at or around
baseline, preventing confirmation of the temporal sequence between
exposure and mediator. Therefore, the mediation findings should be
interpreted as exploratory statistical decompositions rather than
evidence of causal mechanisms. Sixth, diseases were grouped
according to the direction and shape of their Cox model associations
for exploratory subgroup and mediation analyses. However, diseases
within the same group may differ in their pathological characteris-
tics and underlying mechanisms. Therefore, the grouped findings
should be interpreted cautiously and cannot be directly extrapolated
to individual diseases. Finally, the study population was drawn from
the UK Biobank and consisted predominantly of participants with
lighter skin colors living in the United Kingdom. Therefore, the gen-
eralizability of these findings to other geographic regions, climates,
and ethnic groups is limited and requires external validation.

This study has several strengths. First, we utilized an outcome-
wide strategy, incorporating 134 different diseases across 14 major
ICD-10 chapters, providing comprehensive insights into the effects of
sunlight exposure on health, including detrimental, protective, and
nonlinear effects. Second, we employed a large-scale cohort study
design, offering a high strength of evidence, and the long-term follow-
up of over 13 years ensured sufficient new cases and adequate statisti-
cal power. Third, we conducted thorough statistical analyses, including
sensitivity analyses to verify the robustness of the findings, subgroup
analyses to identify susceptible subpopulations, and mediation analy-
ses to explore potential mechanisms.

5 Conclusion

In conclusion, outdoor sunlight exposure duration showed posi-
tive, inverse, and nonlinear associations with the risk of developing a
broad range of diseases, with patterns varying across seasons and
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population subgroups. These findings support the importance of
maintaining an appropriate duration of outdoor exposure while con-
sidering environmental conditions and adequate UV protection.
Further studies are needed to validate these associations before spe-
cific population-level or individualized exposure recommendations
can be established.
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