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Context: Seasonal variation in cold and light exposure may influence metabolic health. 
Objective: We assessed the associations of bright sunlight and outdoor temperature with 
measures of glucose and lipid metabolism in two populations of middle-aged European 
subjects. 
Design: Cross-sectional study. 
Setting: Two population-based European cohorts. 
Patients or Other Participants: Middle-aged non-diabetic subjects from the Oxford Biobank 
(OBB; N=4,327; mean age 41.4 years) and the Netherlands Epidemiology of Obesity Study 
(NEO; N=5,899; mean age 55.6 years).  
Intervention(s): Data on outdoor bright sunlight and temperature collected from local 
weather stations. 
Main Outcome Measure(s): Insulin resistance and fasting lipid levels.  
Statistical analyses: Multivariable regression analyses adjusted for age, sex, percentage body 
fat, season, and either outdoor temperature or bright sunlight. 
Results: In the OBB cohort, increased bright sunlight exposure was associated with lower 
fasting insulin (-1.27% [95% confidence interval: -2.09, -0.47] per extra hour of bright 
sunlight), lower homeostatic model assessment for insulin resistance (-1.36% [-2.23, -0.50]), 
lower homeostatic model assessment for  beta cell function (-0.80% [-1.31, -0.30]), and lower 
triglyceride (-1.28% [-2.07, -0.50]) levels. In the NEO cohort generally unidirectional but 
weaker associations were observed. No associations between outdoor temperature and 
measures of glucose or lipid metabolism were detected following adjustment for bright 
sunlight.  
Conclusions: Bright sunlight, but not outdoor temperature, might be associated with 
increased insulin sensitivity and lower triglyceride levels. 

Outdoor temperature and sunlight were studied in relation to cardiometabolic traits and it was found 
that specifically outdoor sunlight showed beneficial associations on insulin resistance. . 
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Introduction 

Several studies have been conducted to date to identify modifiable (e.g., lifestyle) and non-
modifiable (e.g., genetic variation) risk factors for developing cardiometabolic disease. Recent 
preclinical and clinical studies have linked environmental temperature to cardiometabolic 
health, with thermogenesis in muscle and brown adipose tissue as potential mediators (1-7). 
For example, Blauw et al. (7) reported an increased incidence of type 2 diabetes (T2D) with 
higher mean annual outdoor temperature both across US states and worldwide. Similarly, 
Speakman & Heidari-Bakavoli (8) calculated that ambient temperature explained 12.4% of 
the variation in the prevalence of T2D across mainland USA after accounting for obesity, 
poverty and race. These findings may be attributable to lifestyle adaptations to changes in 
outdoor temperature, but it has also been hypothesized that metabolism can rapidly adapt to 
changes in environmental temperature. For example, seasonal fluctuations in measures of 
insulin sensitivity were reported in the Rotterdam study cohort, which could only partly be 
attributed to seasonal changes in lifestyle (9,10). Furthermore, using a hyperinsulinemic 
euglycemic clamp, researchers in another study (11) found that insulin sensitivity was lowest 
during winter in addition to demonstrating a positive effect of outdoor temperature on insulin 
sensitivity irrespective of season. More directly, Hanssen et al showed that short-term cold 
acclimation improves insulin sensitivity in patients with T2D, an effect which was associated 
with markedly increased basal skeletal muscle GLUT4 translocation (5). 

As outdoor temperature is associated with outdoor bright sunlight, the interpretation of 
these studies is complicated. Increased exposure to bright sunlight can increase nocturnal 
melatonin levels (12), which in turn inhibit pancreatic insulin secretion (13). Vitamin D which 
is primarily produced in the skin in response to sunlight exposure has also been linked with 
the development of insulin resistance (14). In addition, brown adipose tissue exhibits a daily 
rhythm in glucose and lipid uptake (15,16), which at least in rodents, is modulated by the 
duration of daily light exposure (16). In this study, we aimed to examine the associations of 
outdoor temperature and bright sunlight with measures of body composition, insulin 
sensitivity and fasting lipid concentrations in a combined cohort of >10,000 middle-aged 
healthy European subjects enrolled in the Oxford Biobank (OBB) and the Netherlands 
Epidemiology of Obesity (NEO) study.  

Methods 

Study settings  
The OBB is a population-based cohort of randomly selected healthy participants aged 30 to 50 
years from Oxfordshire (UK). Individuals with a history of myocardial infarction, diabetes 
mellitus, heart failure, untreated malignancy, other ongoing systemic diseases or ongoing 
pregnancy were not eligible for study inclusion. Enrolment of participants started in 1999 and 
as of May 2015 the OBB cohort comprised 7,185 individuals  (4,054 women and 3,131 men). 
A more detailed description of the study recruitment criteria and population characteristics is 
reported elsewhere (17).  

The NEO study is population-based prospective cohort study of men and women aged 
between 45 and 65 years with an oversampling of individuals with a BMI of 27 kg/m2 or 
higher, living in the greater area of Leiden (in the West of the Netherlands). In addition, all 
inhabitants aged between 45 and 65 years from one municipality (Leiderdorp) were invited in 
the study irrespective of their BMI, to allow for a reference distribution of BMI. Between 
September 2008 and September 2012, 6,671 individuals were included in the study. Detailed 
information about the study design and data collection has been described previously (18).  

In both cohorts, participants were invited for a detailed baseline assessment, conducted 
after an overnight fast, which included blood sampling and anthropometry. Both studies were 
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approved by local ethics committees, and written informed consent was obtained from all 
study participants.  

Study population 
In the OBB, we excluded individuals with missing data on mean outdoor temperature and 
bright sunlight on the day of the study visit (N = 406) and individuals with missing data on 
body composition (N=2,452). From NEO, we excluded individuals with both treated and 
diagnosed diabetes, as well as, subjects with a fasting glucose concentration above 7.0 
mmol/L (N = 749) in order to have a uniform population, in terms of glycaemic status, as that 
of the OBB. In addition, we excluded participants who were not fasted (self-reported; N = 23).  

Data collection on outdoor temperature and bright sunlight  
Data on mean outdoor temperature and hours of bright sunlight (defined as global radiation 
>120W/m2) were collected from local weather stations. Based on these data, we calculated the 
mean outdoor temperature and bright sunlight duration over a 7-and 30-day period before the 
date of blood sampling. For the OBB data were obtained from the Radcliffe Meteorological 
Station (School of Geography and the Environment, University of Oxford, UK) whilst for the 
NEO study we obtained meteorological data from the Koninklijk Nederlands Meteorologisch 
Instituut (Royal Dutch Meteorological Institute) which has the closest proximity to the city of 
Leiden.  

Laboratory assays 
In the OBB, fasting glucose, total cholesterol and triglyceride concentrations were measured 
in plasma using Instrumentation Laboratory IL TestTM kits on an ILab 600/650 clinical 
chemistry analyzers (Werfen, Warrington, UK). HDL- and LDL-cholesterol levels were 
measured in plasma using the Randox direct clearance method adapted for use on the ILab 
600/650 analysers (Randox Laboratories, Crumlin, Northern Ireland). Fasting insulin levels 
were measured with the Millipore Human Insulin specific radioimmunoassay (Millipore UK, 
Watford, UK). 

In NEO, fasting serum glucose, total cholesterol and triglycerides concentrations were 
determined by enzymatic colorimetric methods (Roche Modular Analytics P800, Roche 
Diagnostics, Mannheim, Germany; CV < 5%). HDL-cholesterol concentration was measured 
with the homogenous HDLc method (3rd generation; Roche Modular Analytics P800, Roche 
Diagnostics, Mannheim, Germany; CV < 5%); Serum insulin concentration was measured 
with an immunometric method (Siemens Immulite 2500, Siemens Healthcare Diagnostics, 
Breda, The Netherlands; CV < 5%). LDL-cholesterol concentration was estimated using the 
Friedewald formula (19) 

In both cohorts, the Homeostatic Model Assessment for Insulin Resistance (HOMA-IR) 
was calculated as [fasting insulin (µU/mL)]*[fasting glucose (mmol/L)]/22.5, and the 
Homeostatic Model Assessment for Insulin Secretion (HOMA-B) was calculated as [20 x 
fasting insulin (µU/mL)]/[glucose (mmol/L) – 3.5] (20,21). 

Measurements 
In the OBB, body fat percentage was determined by Dual-energy X-ray absorptiometry using 
a GE Lunar iDXA. All data were analyzed with Encore software (version 11.0; GE. Medical 
Systems, Madison, WI, USA). For NEO, body weight and percent body fat were measured by 
the Tanita bioimpedance balance (TBF-310, Tanita International Division, UK). Height and 
weight were measured by research nurses at the OBB and NEO study centers. BMI was 
calculated by dividing the weight in kilograms by the height in meters squared. Season was 
derived from the date of the blood sampling (winter: December – February, spring: March – 
May: summer: June – August; autumn: September – November). Use of lipid-lowering 
medication was determined from the medication inventory.  
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Statistical analyses 
In the NEO study, individuals with a BMI of 27 kg/m2 or higher were oversampled. To 
correctly represent associations for the general population (22), adjustments for the 
oversampling of participants with a BMI ≥ 27 kg/m2 were made. This was done by weighting 
all participants towards the BMI distribution of participants from the Leiderdorp municipality 
(23), whose BMI distribution was similar to the BMI distribution of the general Dutch 
population (18). All results in NEO were based on weighted analyses. Consequently, the 
results apply to a population-based study without oversampling of individuals with a BMI≥27 
kg/m2. As a result of the weighting procedure, the numbers of participants per group in NEO 
are presented as percentages.  

All analyses in the OBB and NEO were performed using STATA version 12.1 (StataCorp 
LP, TX, US). Characteristics of the OBB and NEO study populations separately were 
expressed as (weighted) mean (with standard deviation [SD], (weighted) median (inter 
quartile range [IQR]) or (weighted) proportion (%).  

 As most of the outcome variables were not normally distributed, we log-transformed 
all outcome variables to be able to better compare the effect sizes of the different study 
outcomes. Associations of mean bright sunlight and temperature with measures of insulin 
resistance and dyslipidemia were examined using multivariable linear regression analyses 
separately for the OBB and NEO study populations. Estimates retrieved from the analyses in 
the OBB and NEO study populations were subsequently meta-analyzed using inverse-
variance weighting using the rmeta statistical package in R. Beta estimates from the separate 
results and results from the meta-analyses were back-transformed and were expressed as the 
percentage difference in outcome variable per unit increase in outdoor temperature or bright 
sunlight (95% confidence interval (95%CI)). Model 1 was adjusted for age, sex and 
percentage body fat. Model 2 was additionally adjusted for season. Model 3 was additionally 
adjusted either for the mean temperature or mean hours of bright sunlight. In sensitivity 
analyses on blood lipid levels, we further adjusted for use of lipid-lowering medication. We 
additionally adjusted all associations for BMI rather than for percentage body fat. 
Furthermore, we repeated the analyses using a mean temperature/bright sunlight exposure 
over 30 days as exposure. For presentation purposes, we analyzed the data per 5 degrees 
Celsius increase in temperature and per hour increase in sunlight exposure.  

Results 

Characteristics of the study populations 
The total study population (N = 10,226) comprised of 4,327 individuals from the OBB and 
5,899 individuals from the NEO study (Table 1). Participants from the OBB were younger 
(mean age 41.4 versus 55.6 years) and had higher mean percentage body fat (42.1 versus 
31.5%) compared with participants from the NEO study. Median insulin concentrations (11.5 
versus 7.5 mIU/L), median HOMA-IR values (2.6 versus 1.8) and median HOMA-B values 
(106 versus 87), were higher in the OBB than in the NEO cohort whilst use of lipid-lowering 
medication was higher in NEO (8.2 versus 0.7%). Mean outdoor temperature was similar in 
the two geographic regions, although the median number of hours of bright sunlight duration 
was lower in Oxfordshire than in the Leiden area during the study period (3.8 versus 5.0 
hours).  

Temperature and bright sunlight during a representative 3-months period for Oxfordshire 
and Leiden are presented in Supplementary Figure 1 (24). Whilst bright sunlight duration 
fluctuated markedly on a day-to-day basis variation variation in temperature was less 
pronounced. As expected, a higher number of hours of bright sunlight was associated with a 
higher outdoor temperature (1.30 degrees Celsius per 1 extra hour of bright sunlight [95%CI: 
1.25, 1.35] in Oxfordshire and 0.96 per 1 extra hour of bright sunlight [95%CI: 0.91, 1.01] in 
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Leiden). Independent of season, outdoor bright sunlight was associated with a lower BMI in 
the OBB cohort (-0.09 kg/m2 per 1 hour [95%CI: -0.16, -0.02]) and a higher BMI in the NEO 
cohort (0.06 kg/m2 per 1 hour [95%CI: 0.00, 0.12]). No association between duration of bright 
sunlight and percentage total body fat was observed in either cohort. Independent of season, a 
higher outdoor temperature was associated with a lower BMI in both the OBB cohort (-0.19 
kg/m2 per 5 degrees Celsius [95%CI: -0.43, 0.05]) and the NEO cohort (-0.44 kg/m2 per 5 
degrees Celsius [95%CI: -0.62, -0.25]). Directionally similar associations were observed for 
percentage total body fat in both populations. 

Outdoor temperature and glucose and lipid metabolism 
Cohort-specific results for associations between outdoor temperature and measures of glucose 
and lipid metabolism are presented in Table 2. After adjustment for age, sex, and percentage 
body fat, higher mean outdoor temperature during the 7 days prior to the center visit was 
associated with lower HOMA-IR (-1.42% per 5 degrees Celsius increase in mean outdoor 
temperature [95%CI: -2.86, -0.01]) in the OBB. This association became stronger after 
additional adjustment for season (-3.11% [95%CI: -5.74, -0.54]) and was primarily driven by 
lower glucose levels at higher mean outdoor temperatures (-0.51% [95%CI -0.92, -0.09]). 
However, both associations attenuated towards the null after additional adjustment for mean 
bright sunlight. In the NEO cohort, no associations between mean outdoor temperature and 
glucose or lipid metabolism were detected in any of the models studied.  

In the meta-analysis, only the association between mean outdoor temperature and HOMA-
IR persisted after adjustment for age, sex, percentage body fat and season (-2.15% [95%CI: -
4.16, -0.18]; Supplementary Table 1) (24). Additional adjustment for mean daily hours of 
outdoor bright sunlight attenuated this association (-1.04% [95%CI: -3.22, 1.10]). Results 
were not materially different when we adjusted associations for BMI rather than percentage 
body fat. When taking into account the mean outdoor temperature during the 30 days prior to 
the center visit in the basic model (Supplementary Table 2) (24), the association with 
HOMA-IR became stronger (-1.22% [95%CI: -2.44, -0.01]). No associations between mean 
outdoor temperature and glucose or lipid levels were detected although, as highlighted in the 
preceding paragraph, we observed heterogeneity between the two cohorts. 

Bright sunlight and glucose and lipid metabolism 
Cohort-specific results on the associations between bright sunlight hours and measures of 
glucose and lipid metabolism are presented in Table 3. In the OBB, after adjustment for age, 
sex, and percentage body fat, longer mean bright sunlight duration was associated with lower 
HOMA-IR (-1.05% [95%CI: -1.65, -0.45]) and lower HOMA-B (-0.54% [95%CI: -0.89, -
0.19]). Both these associations were driven by lower fasting insulin levels (-0.92% per hour 
increase in bright sunlight [95%CI: -1.48, -0.36]) in the presence of prolonged sunshine. 
Longer mean bright sunlight hours were additionally associated with lower LDL-cholesterol (-
0.36% [95%CI: -0.66, -0.07]), and lower triglyceride levels (-0.57% [95%CI: -1.12, -0.03]). 
With the exception of LDL-cholesterol, all associations persisted and indeed became stronger 
after adjustment for season and mean outdoor temperature. No association between outdoor 
bright sunlight hours and glucose concentration was detected. In the NEO cohort, associations 
between bright sunlight hours and glucose and lipid traits were in the same direction as those 
observed in the OBB but with smaller effect sizes. 

In the meta-analysis (Supplementary Table 3) results did not materially differ from the 
data presented for the OBB cohort (24). This was also true after we adjusted our data for BMI 
rather than percentage body fat (data not shown) or when we additionally adjusted the 
associations between bright sunlight duration and lipid levels for use of lipid-lowering 
medication. Specifically after meta-analyses, the results become somewhat weaker 
considering a 30-days period to calculate the mean hours of bright sunlight (Supplementary 
Table 4) (24).  
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Discussion 

In the present study, we examined the associations of outdoor temperature and bright sunlight 
with measures of glucose and lipid metabolism. Using two independent study populations 
with a combined sample size of more than 10,000 non-diabetic subjects of European descent, 
we detected little evidence for associations between mean outdoor temperature and glucose or 
lipid traits. In contrast, we found that bright sunlight was associated with a ‘healthier’ 
metabolic profile conditional on season and mean outdoor temperature. These associations 
between bright sunlight duration and measures of glucose and lipid metabolism were 
generally stronger in the OBB than in NEO. This may have been due to differences in body 
composition and/or metabolic profile between the two cohorts.  Nevertheless, our study is the 
first to suggest that regular exposure to bright sunlight could improve glucose and lipid 
metabolism, thereby decreasing the lifetime risk of developing cardiometabolic disease.  

 Previous studies have suggested a link between lower outdoor temperature and 
reduced T2D risk with thermogenesis in muscle and brown adipose tissue as potential 
mediators (7,8). When taking into account the mean outdoor temperature in the 30 days prior 
to the center visit we found that, in non-diabetic subjects, a higher mean outdoor temperature 
was associated with lower HOMA-IR. We suspect that this might be primarily related to 
increased physical activity and/or altered habitual food intake when the outdoor temperature 
starts to increase as evidenced by the association of higher outdoor temperature with lower 
BMI in both cohorts, although we were not able to test this hypothesis. At least from the 
perspective in which cold acclimatization promotes the thermogenic activity of brown adipose 
tissue (25-27), this was an unexpected result. We can think of several reasons for the lack of 
expected associations. First, our study populations comprised primarily of middle-aged 
overweight subjects. Both age and BMI are known to be inversely associated with the amount 
and activity of brown adipose tissue as measured by the uptake of [18F]fluorodeoxyglucose 
(25). We note, however, that older and heavier subjects may benefit most from strategies that 
promote brown fat activation and are therefore an important population to study. Secondly, 
the impact of mean outdoor temperature on cardiometabolic outcomes could have been 
diluted due to controlled in-door climate and clothing habits. To further dissect the roles of 
outdoor temperature and bright sunlight on systemic metabolism whilst simultaneously 
accounting for physical activity larger studies with more dense phenotyping are required.  

To the best of our knowledge, this is the first human population study to show a positive 
association between hours of ambient bright sunlight and metabolic health. We acknowledge 
that we have no data available as to whether the participating individuals in our study were 
actually exposed to more sunlight during days with more sunshine. Nonetheless, such effects 
would dilute the exposure variables and hence the true effect of bright sunlight on measures of 
glucose and lipid metabolism may actually be larger than observed here. One candidate 
mechanism via which bright sunlight exposure may improve insulin sensitivity and lipid 
metabolism is through enhanced vitamin D generation (14). However, this is unlikely due to 
the lack of a causal association between vitamin D and T2D (28). A more conceivable 
biological mechanism, in addition to light-associated changes in diet and/or lifestyle, is the 
involvement of melatonin signaling; with nocturnal melatonin concentrations increasing with 
prolonged exposure to bright light (12). In turn, increased nocturnal melatonin levels may lead 
to reduced insulin secretion, as has been demonstrated in rodent studies (13). Interestingly, a 
role for melatonin in glucose metabolism has also been demonstrated by genetic association 
studies; common genetic variation in MTNR1B, which encodes one of the melatonin 
receptors, was associated with fasting glucose levels and T2D risk (29) and rare partial- and 
total loss-of-function MTNR1B variants were associated with increased T2D risk (30). 
Furthermore, clinical trials have revealed that treatment with melatonin improves blood 
pressure and lipid metabolism in subjects with the metabolic syndrome (31). Based on these 
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findings and our own data, we postulate that bright sunlight exposure might be of benefit to 
individuals with an unhealthy cardiometabolic risk profile through activation of melatonin 
signaling. Indeed, an ongoing clinical trial is currently assessing the role of light therapy in 
improving insulin sensitivity in patients with depression and T2D (32). Further results from 
such studies are necessary to determine the clinical relevance of our findings and to test our 
hypothesis that altered melatonin signaling mediates the beneficial effects of bright sunlight 
exposure on systemic metabolism.  

 The present study has a number of strengths and limitations. The study made use of 
data collected from 2 independent cohorts with a combined sample size of more than 10,000 
participants. Another strength of our study was that both the OBB and NEO participants were 
residing in relatively small geographic areas, hence we were able to accurately couple data 
from local weather stations with anthropometric and biochemical data collected during the 
center visits. Limitations include that, effect sizes were small, and whilst generally 
unidirectional in the two study populations, associations were generally stronger in OBB than 
in NEO. This is likely due to differences in population characteristics as discussed above (see 
also Table 1). Due to this inherent heterogeneity in cohort characteristics, the results of the 
meta-analyses should be interpreted with caution. Given that all outcome variables, especially 
those related to glucose metabolism, are highly interrelated we did not correct our data for 
multiple testing. Notwithstanding, associations between bright sunlight duration and 
metabolic measures within the OBB were robust and most would have survived multiple 
testing correction. Finally, we were unable to examine the potential contribution of lifestyle 
factors such as habitual food intake, sleep patterns, and physical activity to the observed 
associations. However, none of these factors can affect our exposures i.e. outdoor temperature 
and bright sunlight duration. Hence, instead of acting as confounders these factors are more 
likely to act as mediators and could potentially explain the biological mechanisms behind our 
observations.  

In summary, in this large study we have found evidence of an association between bright 
sunlight, but not outdoor temperature, and a healthier metabolic profile. Although all 
associations had a similar direction of effect in both of our study cohorts, positive findings 
were predominantly observed in the OBB population, and only to a lesser extent in the NEO 
cohort. In addition, causality as well as the potential direct effects of sunlight on a healthier 
metabolic profile remain to be investigated.  
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Table 1: Characteristics of the study populations 

 OBB (N = 4,327) NEO (N = 5,899 ) 

Age in years, mean (SD) 41.4 (5.9) 55.6 (6.0) 

Men, % 43.2 42.8 

Body mass index in kg/m2, mean (SD) 25.9 (4.7) 26.1 (4.3) 

Percentage body fat, mean (SD) 42.1 (12.0) 31.5 (8.6) 

Glucose in mmol/L, mean (SD) 5.2 (0.5) 5.3 (0.5) 

Insulin in mIU/L, median (IQR) 11.5 (8.7, 15.2) 7.5 (5.1, 11.3) 

HOMA-IR, median (IQR) 2.6 (1.9, 3.6) 1.8 (1.2, 2.7) 

HOMA-B, median (IQR) 106 (89, 126) 87 (61, 126) 

LDL-cholesterol in mmol/L, mean (SD) 3.2 (1.2) 3.6 (1.0) 
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HDL-cholesterol in mmol/L, mean (SD) 1.4 (0.4) 1.6 (0.5) 

Triglycerides in mmol/L, median (IQR) 0.9 (0.7, 1.3) 1.0 (0.7; 1.5) 

Use of lipid-lowering medication, % 0.7 8.2 

Winter, % 24.5 24.0 

Spring, % 25.0 26.5 

Summer, % 23.1 24.3 

Autumn, % 27.4 25.3 

Outdoor temperature (7 days) in °C, mean (SD) 10.6 (5.2) 10.5 (5.6) 

Outdoor bright sunlight in hours (7 days), median (IQR) 3.8 (2.4, 5.9) 5.0 (2.7, 7.0) 

Results of the NEO study population are weighted towards the body mass distribution of the general population. 
Abbreviations: HOMA-B, homeostatic model assessment for beta cell function; HOMA-IR, homeostatic model 
assessment for insulin resistance; IQR, interquartile range; NEO, Netherlands Epidemiology of Obesity; N, 
number of participants; OBB, Oxford Biobank; SD, standard deviation. 

Table 2: Association between outdoor temperature and measures of glucose and lipid 
metabolism in the OBB and NEO study populations 

 Model 1 Model 2 Model 3 

Glucose metabolism    

 Glucose, %, OBB -0.06 (-0.29, 0.17) -0.51 (-0.92, -0.09) -0.38 (-0.85, 0.09) 

 Glucose, %, NEO 0.22 (-0.09, 0.52) 0.19 (-0.36, 0.73) 0.23 (-0.33, 0.78) 

 Insulin, %, OBB -1.10 (-2.44, 0.22) -2.22 (-4.67, 0.17) -0.79 (-3.50, 1.84) 

 Insulin, %, NEO -0.37 (-2.21, 1.44) -0.94 (-3.85, 1.95) -0.69 (-3.70, 2.41) 

 HOMA-IR, %, OBB -1.42 (-2.86, -0.01) -3.11 (-5.74, -0.54) -1.47 (-4.38, 1.36) 

 HOMA-IR, %, NEO -0.15 (-2.08, 1.82) -0.75 (-3.75, 2.34) -0.46 (-3.81, 2.76) 

 HOMA-B, %, OBB -0.65 (-1.48, 0.18) -0.53 (-2.04, 0.96) 0.19 (-1.49, 1.83) 

 HOMA-B, %, NEO -0.85 (-2.56, 0.82) -1.47 (-4.55, 1.52) -1.25 (-4.49, 1.88) 

Lipid metabolism    

  LDL-cholesterol, %, OBB -0.20 (-0.91, 0.50) -0.33 (-1.61, 0.93) -0.08 (-1.49, 1.32) 

  LDL-cholesterol, %, NEO 0.00 (-0.86, 0.84) 1.26 (-0.26, 2.76) 1.46 (-0.14, 3.04) 

  HDL-cholesterol, %, OBB -0.19 (-0.92, 0.53) -0.59 (-1.91, 0.71) -0.56 (-2.04, 0.90) 

  HDL-cholesterol, %, NEO -0.76 (-1.55, 0.03) -0.81 (-2.20, 0.56) -0.83 (-2.28, 0.60) 

  Triglycerides, %, OBB 0.08 (-1.21, 1.35) -2.02 (-4.40, 0.31) -0.31 (-2.93, 2.25) 

  Triglycerides, %, NEO -0.37 (-1.97, 1.21) -0.25 (-3.17, 2.59) 0.38 (-2.58, 3.27) 

Presented associations are from the OBB (N = 4,327) and NEO study (N = 5,899) populations. Results from the 
Netherlands Epidemiology of Obesity Study are weighted toward to body mass index distribution of the general 
population. Associations are presented as the percentage difference in the outcome measure per 5 degrees Celsius 
increased outdoor temperature during the 7 days before the center visit (95% confidence interval). Model 1, 
analyses adjusted for age, sex and percentage of body fat. Model 2, analyses adjusted for age, sex, percentage of 
body fat, and season. Model 3, analyses adjusted for age, sex, percentage body fat, season, outdoor bright 
sunlight. Abbreviations: HDL, high-density lipoprotein; HOMA-B, homeostatic model assessment for beta cell 
function; HOMA-IR, homeostatic model assessment for insulin resistance; LDL, low-density lipoprotein, NEO, 
Netherlands Epidemiology of Obesity; OBB, Oxford Biobank.  
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Table 3: Association between outdoor bright sunlight and measures of glucose and lipid 
metabolism in the OBB and NEO study populations 

 Model 1 Model 2 Model 3 

Glucose metabolism    

 Glucose, %, OBB -0.05 (-0.15, 0.05) -0.08 (-0.21, 0.04) -0.03 (-0.17, 0.11) 

 Glucose, %, NEO -0.02 (-0.14, 0.10) -0.04 (-0.20, 0.13) -0.05 (-0.22, 0.12) 

 Insulin, %, OBB -0.92 (-1.48, -0.36) -1.37 (-2.09, -0.65) -1.27 (-2.09, -0.47) 

 Insulin, %, NEO 0.21 (-0.47, 0.88) -0.40 (-1.37, 0.55) -0.36 (-1.38, 0.65) 

 HOMA-IR, %, OBB -1.05 (-1.65, -0.45) -1.54 (-2.32, -0.77) -1.36 (-2.23, -0.50) 

 HOMA-IR, %, NEO 0.19 (-0.53, 0.90) -0.44 (-1.47, 0.58) -0.41 (-1.50, 0.67) 

 HOMA-B, %, OBB -0.54 (-0.89, -0.19) -0.78 (-1.23,-0.33) -0.80 (-1.31, -0.30) 

 HOMA-B, %, NEO 0.27 (-0.40, 0.93) -0.39 (-1.30, 0.52) -0.31 (-1.26, 0.64) 

Lipid metabolism    

  LDL-cholesterol, %, OBB -0.36 (-0.66, -0.07) -0.19 (-0.57, 0.19) -0.16 (-0.58, 0.27) 

  LDL-cholesterol, %, NEO -0.09 (-0.44, 0.25) -0.19 (-0.64, 0.26) -0.28 (-0.76, 0.19) 

  HDL-cholesterol, %, OBB -0.25 (-0.56, 0.06) 0.00 (-0.39, 0.39) -0.01 (-0.45, 0.43) 

  HDL-cholesterol, %, NEO -0.10 (-0.41, 0.21) -0.03 (-0.43, 0.37) 0.02 (-0.39, 0.44) 

  Triglycerides, %, OBB -0.57 (-1.12, -0.03) -1.36 (-2.07, -0.66) -1.28 (-2.07, -0.50) 

  Triglycerides, %, NEO -0.97 (-1.62, -0.32) -0.89 (-1.75, -0.03) -0.91 (-1.80, -0.03) 

Presented associations are from the OBB (N = 4,327) and the NEO study (N = 5,899) populations. Results from 
the Netherlands Epidemiology of Obesity Study are weighted toward to body mass index distribution of the 
general population. Associations are presented as the percentage difference in the outcome measure per hour 
increase in bright sunlight during the 7 days before the center visit (95% confidence interval). Model 1, analyses 
adjusted for age, sex and percentage of body fat. Model 2, analyses adjusted for age, sex, percentage body fat, 
and season. Model 3, analyses adjusted for age, sex, percentage of body fat, season, outdoor temperature. 
Abbreviations: HDL, high-density lipoprotein; HOMA-B, homeostatic model assessment for beta cell function; 
HOMA-IR, homeostatic model assessment for insulin resistance; LDL, low-density lipoprotein; NEO, 
Netherlands Epidemiology of Obesity; OBB, Oxford Biobank. 
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