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Abstract: Seasonality in glucose metabolism has been observed in adult populations; however,
little is known of the associations between season and glucose metabolism in children. In this study,
we examined whether markers of glucose metabolism (fasting glucose, insulin and HbA1c) varied by
season in a paediatric population (6–13 years of age) located in Perth (Western Australia, n = 262)
with data categorised by weight. Linear regression was used to analyse the nature of the relationships
between mean daily levels of terrestrial ultraviolet radiation (UVR) (prior to the day of the blood
test) and measures of glucose metabolism. Fasting blood glucose was significantly lower in autumn
compared to spring, for children in combined, normal and obese weight categories. Fasting insulin
was significantly lower in autumn and summer compared to winter for individuals of normal weight.
HbA1c was significantly higher in summer (compared with winter and spring) in overweight children,
which was in the opposite direction to other published findings in adults. In children with obesity,
a strong inverse relationship (r = −0.67, p = 0.002) was observed for fasting glucose, and daily
terrestrial UVR levels measured in the previous 6 months. Increased safe sun exposure in winter
therefore represents a plausible means of reducing fasting blood sugar in children with obesity.
However, further studies, using larger paediatric cohorts are required to confirm these relationships.
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1. Introduction

Type-2 diabetes (T2D) is characterised by progressive insulin resistance, raised blood glucose
levels and altered lipid metabolism that may result in macro- and micro-vascular diseases,
such as cardiovascular disease, stroke, diabetic retinopathy, neuropathy and nephropathy [1,2].
Although usually considered a disease of adulthood, rates of T2D are rising in paediatric populations.
For example, between 1990 and 2012, the annual incidence of T2D in children living in Western Australia
rose more than 10-fold, from 0.2 to 3.1 per 100,000 person-years [3]. This burden is felt particularly by
First Nation peoples, with the prevalence of T2D 8-times greater in children of Australian Indigenous,
than non-Indigenous ethnic background (10–14 years of age) [4]. The rising incidence of paediatric
T2D is associated with increasing rates of childhood obesity [5] with excessive caloric consumption
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and sedentary lifestyles [6] thought to be the main drivers. However, other environmental factors may
contribute towards the development of T2D and obesity in children. We have recently hypothesised
that one such environmental contributor in childhood may be reduced exposure to ultraviolet radiation
(UVR) from sunlight [7].

UVR is part the solar spectrum, and can be divided into UVA (λ = 315–400 nm), UVB
(λ = 280–315 nm) and UVC (λ = 100–280 nm) radiation, of which only UVA (95%) and UVB (5%) reach
the Earth’s surface. We previously observed reduced fasting insulin and glucose levels in the blood of
mice fed a high fat diet exposed to non-burning doses of UVR (compared to mock-irradiated control
mice fed a high fat diet) [8]. There is also evidence that increased exposure to UVR may improve
glucose metabolism and cardiometabolic outcomes in adults [7]. These observations suggest a role for
ongoing sub-erythemal exposure to UVR in glycaemic control. In temperate climates, time of year or
season can be used as a proxy for exposure to sunlight [9] (or UVR), whereby solar exposure is greatest
in summer and lowest in winter. Seasonality in cardiometabolic outcomes has been observed in adult
populations, often with improved outcomes reported in summer [7]. In diabetic adults, haemoglobin
A1c (HbA1c) was lower in summer compared to winter [10,11]. Furthermore, fasting glucose, body
mass index (BMI), and blood lipids in patients with coronary artery disease were greater in winter
compared with summer, and correlated with higher incidence of acute myocardial infarctions in
winter [12]. Seasonal variation in blood pressure has also been observed [13], with lower systolic blood
pressure occurring in summer compared to the other seasons [14].

While most published studies suggest glycaemic control in adults is influenced by season
(and potentially sun exposure), there is little known as to whether seasonal variation exists in children.
Some inverse associations between higher circulating levels of 25-hydroxyvitamin D (a proxy for
sun exposure) and lower fasting glucose, insulin and other markers of glucose metabolism have
been observed in paediatric populations [15,16], suggestive of inverse associations between sun
exposure and glucose metabolism. With adult clinical trials reporting only limited benefits of vitamin
D supplementation for preventing T2D [17,18], it is important to re-consider sun exposure itself
as an important environmental modifier of metabolic dysfunction. This is particularly important for
children with obesity, who are at increased risk of T2D. We hypothesise that greater exposure to UVR
in summer may improve glycaemic control in children, as observed in adults. Here, we investigated
whether there were seasonal differences in blood-based markers of glucose metabolism (fasting glucose,
insulin and HbA1c) in a community- and obesity clinic-sourced population of children (6–13 years
of age) residing in Perth (Western Australia), comparing findings across seasons from single blood
sample (per participant). We also examined the associations of these markers of glucose metabolism
with recent exposure to sunlight, using terrestrial UVR measured prior to the blood test, as a proxy for
sun exposure.

2. Methods

2.1. Study Population

Methods for the collection of data were approved by the Child and Adolescent Health Services
Human Research Ethics Committee (approval number EP853). Investigations were carried out
following the rules of the Declaration of Helsinki (1975). The study population consisted of
children and adolescents (6–13 years of age) who participated in a previously published study
with informed consent [19]. Recruitment occurred from randomly selected primary schools in
Perth (Western Australia) (n = 163), or through an initial consultation for weight-related issues with
a qualified paediatrician at Princess Margaret Hospital (Perth, Western Australia) (n = 99) [19] (Figure 1).
Inclusion criteria for the current study were a result recorded for fasting glucose, insulin or HbA1c.
Children with medical or genetic conditions which affected body weight (e.g., inflammatory bowel
disease, Prader-Willi syndrome) were excluded [19]. Recruitment occurred between 2004 and 2009 [19].
Perth is a coastal city, located at 31.96 ◦S and 115.87 ◦E, and experiences a temperate climate. In summer
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and winter, mean daily solar exposure is 28.4 and 10.7 MJ/m2, and the mean daily sunshine hours
are 10.4 and 5.5, respectively [20].
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Figure 1. Participant numbers and exclusion for missing data. A total of 262 children were included
in the study. In the analyses involving fasting glucose or insulin, 6 children were excluded, as they
did not have a result recorded for fasting glucose or insulin. Another 18 children were excluded from
analyses involving HbA1c, wh did not have a result recorded for HbA1c.

2.2. Physical Examination and Weight Classification

Upon entry to the study, anthropometric measurements were obtained. Weight was measured
using a digital balance scale to 2 decimal places. Height was obtained using a wall-mounted stadiometer
(Holtain) to the nearest millimetre. BMI was calculated as weight/(height)2. Children were classified
as being of normal weight, overweight or obese by their BMI-adjusted for age and sex as per the standard
definitions [21] with the numbers in each weight category shown in Figure 1.

2.3. Markers of Glucose Metabolism

Blood tests were performed at Princess Margaret Hospital for Children located in Perth
(Western Australia). Each child supplied one blood sample upon recruitment. Following an overnight
fast, blood was drawn for subsequent measurement of glucose, insulin and HbA1c levels. Blood glucose
was determined using a spectrophotometric (colorimetric) method (Vitros Glu, Ortho-Clinical
Diagnostics, NY, USA), plasma insulin by a chemiluminescent immunoassay (Immulite 2000 Diamond
Diagnostics, MA, USA) [19] and HbA1c on a Roche Integra 800 (Roche Diagnostics, Mannheim, Germany).
As per Figure 1, there was some data missing for these measures, with these participants excluded.

2.4. Season and Daily Terrestrial UVR

Seasons were defined as: summer = December to February; autumn = March to May; winter = June
to August; and, spring = September to November. The Australian Radiation Protection and Nuclear
Safety Agency collects daily total terrestrial UVR levels from a data logger located at Perth airport
(31.9274 ◦S, 115.9758 ◦E). The data used for this study was collected from January 2003 to December 2009
and reported in standard erythemal doses (SED), where 1 SED is equivalent to 100 J/m2 of radiant
exposure [22]. Missing data due to technical malfunctions of the data collector was substituted by
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the mean terrestrial UVR levels for the 3 previous and 3 following days. If the missing data were for
greater than 7 days, data were substituted by the mean terrestrial UVR levels collected for that date in
other years between 2003–2010. When values for known (or ‘non-missing’) levels of terrestrial UVR
were predicted using this method, they did not vary by more than 21% of the known values. The mean
daily terrestrial UVR levels were calculated for the previous week, 2 weeks, 4 weeks, 3 months
and 6 months prior to each blood draw. Each participant provided a fasting blood sample on a single
occasion (on one day of the year), with the local terrestrial UVR levels calculated for the previous 1-week
to 6-months for that person. Therefore, the day of blood collection determined terrestrial UVR levels
for each individual. These varying time periods were investigated due to the uncertainty and limited
literature on the effect of short- or long-term UV exposure on glucose metabolism, particularly in
children. The mean daily terrestrial UVR level for each season was calculated for all days within
each season.

2.5. Statistical Analyses

All data were analysed using GraphPad Prism (v7.03, 2017, GraphPad Software,
San Diego, CA, USA). We did not perform an initial power calculation for sample size, as we examined
data already collected, and thus could not modify the sample size. Individuals were classified by weight
(normal weight, overweight or obese) as per the criteria of [21]. A D’Agostino & Pearson normality test
was used to determine whether data were normally distributed. For comparison of data between seasons,
a one-way ANOVA with Tukey’s post-hoc (if normally distributed), or Kruskal-Wallis test with Dunn’s
post-hoc analysis (if not normally-distributed) was performed to determine whether there were statistical
differences within (and between) each weight category for each glycaemic outcome (mean fasting blood
glucose, insulin and Hba1c), unless otherwise stated. To further investigate the nature of the relationships
between sun exposure and measures of glucose metabolism, we used daily mean terrestrial UVR levels in
times preceeding the blood test, as a proxy for prior sun exposure. We calculated the mean daily terrestrial
UVR levels (x-axis) for the previous week, 2 weeks, 4 weeks, 3 months and 6 months prior to date of
the blood test for each individual. Linear regression was then used to assess the relationships between
each measure of glucose metabolism and terrestrial UVR levels for each time period. The slope(ß) of
each generated line-of-best fit represented the relationship between the metabolic measure (y-axis)
and mean daily terrestrial UVR for each time interval (x-axis). A Spearman’s test for linearity was
performed (as data were not normally distributed) with the correlation(r) and p-value calculated. For all
tests, differences were considered significant at p-values < 0.05.

3. Results

3.1. Population

Data were collected from 262 children who had an average age of 9.7 years (age range = 6–13 years).
The majority of the children were classified as normal weight (62.0%) compared to those classified
as overweight (30.5%) or obese (7.3%) (Table 1). Similar proportions of females (53%) and males
(47%) were recruited into this study. However, there were significantly more males in the obese
category (Table 1, Fisher’s exact test: p = 0.009). There was no significant difference between the weight
categories in blood fasting levels of glucose or HbA1c (Table 1). Fasting blood insulin levels were
significantly greater for individuals in the obese category compared to individuals from the normal
weight and overweight categories (Table 1, one-way ANOVA with Tukey post-hoc: p < 0.0001).
Fasting insulin levels for those in the overweight category were greater than those observed in
individuals of normal weight (Table 1, one-way ANOVA with Tukey post-hoc: p = 0.007). There was no
significant difference between the weight categories in daily terrestrial UVR levels measured (for any
time span) prior to the blood test (Table 1). Even though daily terresterial UVR levels were all obtained
from a single data logger at the Perth airport, there was considerable variability across the seasons
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(see Table 1). The highest daily terrestrial UVR occurred in summer (59 ± 10.6 SED, mean ± SD)
and the lowest in winter (13 ± 4.3 SED) (Table 1).

Table 1. General characteristics of the paediatric population. Shown below is the age, sex, glycaemic
data and daily terrestrial levels of UVR (measured over the past week, 2 weeks, 4 weeks, 3 months
and 6 months preceding the blood test) for the paediatric population residing in Perth (Western Australia)
for the total population (combined data), and for data from individuals categorised as normal,
overweight or obese (per an internationally-recognised assessment of childhood BMI [21]). The daily
terrestrial UVR levels for each season are also shown.

Demographic Data Combined Data Normal Weight Overweight Obese

Total (n, %) 262 163, 62 80, 31 19, 7
Age2 9.7 ± 1.8 9.6 ± 1.9 9.8 ± 1.7 10.1 ± 1.5

Males (n, %) 122, 47 79, 48 30, 38 13, 68
Females (n, %) 140, 53 84, 52 50, 63 6, 32

Glycaemic data
(mean ± SD) Combined data Normal weight Overweight Obese

Fasting glucose 2 (mmol/L) 4.7 ± 0.5 4.7 ± 0.5 4.7 ± 0.4 4.7 ± 0.5
Fasting insulin 2 (mU/L) 7.2 ± 5.0 6.0 ± 3.5 8.1 ± 4.3 14.7 ± 10.2

HbA1c 2 (%) 5.0 ± 0.3 5.0 ± 0.3 5.0 ± 0.3 5.2 ± 0.3

Daily terrestrial UVR3

(SED 1)
Combined data Normal weight Overweight Obese

Past week 2 26.5 ± 15.6 27.3 ± 16.1 24.8 ± 14.5 27.6 ± 16.7
Past 2 weeks 2 26.6 ± 15.4 27.1 ± 15.4 25.7 ± 15.5 26.9 ± 15.9
Past 4 weeks 2 27.0 ± 15.6 27.3 ± 15.5 26.6 ± 16.0 26.7 ± 15.0

Past 3 months 2 30.2 ± 16.0 30.1 ± 15.5 31.0 ± 17.4 28.3 ± 13.6
Past 6 months 2 34.6 ± 12.6 34.2 ± 12.7 35.9 ± 12.7 32.9 ± 12.0

Daily terrestrial UVR 3

(SED)
Summer Autumn Winter Spring

59 ± 10.6 27 ± 12.6 13 ± 4.3 37 ± 12.8
1 SED = standard erythemal dose; 2 Data are shown as Mean ± SD; 3 For data collected between January
2003–December 2009, whereby local terrestrial UVR levels calculated for the previous 1-week to 6-months prior to
the date of blood collection for each person. Further demographic data are reported elsewhere [5].

3.2. The Relationship between Season and Fasting Blood Glucose, Insulin and HbA1c.

Significant differences in blood levels of fasting glucose were observed, with levels lowest in
autumn and greatest in spring for individuals from the combined, normal and obese weight categories
(Figure 2A; p ≤ 0.03). There were also significantly lower levels of fasting blood glucose in autumn
than in winter, in individuals of the combined weight category (Figure 2A; p = 0.008). No significant
differences in fasting blood glucose were observed across the seasons in overweight individuals
(Figure 2A). Significant seasonal differences in fasting insulin were only observed in individuals of
the normal weight category, whereby fasting insulin was significantly greater in winter compared
to summer (p = 0.039) and autumn (p = 0.008) (Figure 2B). For individuals from the combined
and overweight weight categories, HbA1c levels were significantly higher in summer compared to
winter (Figure 2C; p ≤ 0.002) and spring (p ≤ 0.01). For individuals of normal weight, there was a trend
for HbA1c levels to be higher in winter compared to autumn (Figure 2C; p = 0.07). No significant
seasonal differences in blood HbA1c levels were observed in individuals from the obese category.
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Figure 2. Fasting blood glucose, fasting insulin and HbA1c, according to season, and BMI. Fasting
blood levels of glucose, insulin and HbA1c from a paediatric population (aged 6–13, n = 262) located in
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Perth (Western Australia) were categorised according to season of measurement, and weight status.
Single measures of fasting blood glucose (n = 256), insulin (n = 256) and HbA1c (n = 244) were obtained.
Individuals were categorised as being of normal, overweight or obese weight [21]. A one-way ANOVA
with a Tukey’s post-hoc analysis was performed to test for differences between seasons. Data are shown
as mean ± SD. Significant differences (p < 0.05) observed between seasons are denoted using an asterisk.

We also examined whether there were seasonal differences in glycolytic markers according to
the sex of participants. Overall, fasting blood glucose (but not insulin nor HbA1c) levels were higher
in males compared to females (combined data-male, 4.79 ± 0.43, n = 122; female, 4.58 ± 0.45, n = 134;
mean ± SD; unpaired t-test; p = 0.0001). This difference also observed in individuals who were
overweight (male, 4.77 ± 0.44, n = 79; female, 4.58 ± 0.50, n = 82; mean ± SD; unpaired t-test; p = 0.014).
When analysed by season, significant differences in fasting glucose and HbA1c were detected in females,
with lower fasting glucose observed in autumn compared to spring (p = 0.015), and higher HbA1c
in summer compared to winter (p = 0.031) (Figure 3). In males, similar (although non-significant)
findings were observed for males for fasting glucose (autumn v spring, p = 0.095), and HbA1c levels
were greater in summer compared to spring (p = 0.035).

Int. J. Environ. Res. Public Health 2019, 16, x FOR PEER REVIEW 7 of 13 

 

Individuals were categorised as being of normal, overweight or obese weight [21]. A one-way 

ANOVA with a Tukey’s post-hoc analysis was performed to test for differences between seasons. 

Data are shown as mean ± SD. Significant differences (p < 0.05) observed between seasons are denoted 

using an asterisk. 

We also examined whether there were seasonal differences in glycolytic markers according to 

the sex of participants. Overall, fasting blood glucose (but not insulin nor HbA1c) levels were higher 

in males compared to females (combined data-male, 4.79 ± 0.43, n = 122; female, 4.58 ± 0.45, n = 134; 

mean ± SD; unpaired t-test; p = 0.0001). This difference also observed in individuals who were 

overweight (male, 4.77 ± 0.44, n = 79; female, 4.58 ± 0.50, n = 82; mean ± SD; unpaired t-test; p = 0.014). 

When analysed by season, significant differences in fasting glucose and HbA1c were detected in 

females, with lower fasting glucose observed in autumn compared to spring (p = 0.015), and higher 

HbA1c in summer compared to winter (p = 0.031) (Figure 3). In males, similar (although non-

significant) findings were observed for males for fasting glucose (autumn v spring, p = 0.095), and 

HbA1c levels were greater in summer compared to spring (p = 0.035). 

 

 

Figure 3. Fasting blood glucose, fasting insulin and HbA1c, according to season, and sex. Fasting 

blood levels of glucose, insulin and HbA1c from a paediatric population (aged 6–13, n = 262) located 

in Perth (Western Australia) were categorised according to season of measurement and sex (males = 

squares, females = circles). Single measures of fasting blood glucose (n = 256), insulin (n = 256) and 

HbA1c (n = 244) were obtained. One-way ANOVA with Tukey’s post-hoc analysis was performed to 

test for differences between seasons. Data are shown as mean ± SD. Significant differences (p < 0.05) 

are denoted using an asterisk. 

3.3. Terrestrial UVR and Fasting Glucose, Insulin and HbA1c.  

A strong negative correlation between fasting glucose and daily terrestrial UVR levels measured 

in the previous 6 months was observed in individuals of the obese weight category (n = 19) (Table 

2A, p = 0.002, r = −0.67 (−0.87 to −0.30 95% CI)), such that every increase of 1 SED, fasting glucose 

decreased by 0.026 mmol/L (ß = −0.026). Significant but generally weak relationships were observed 

for individuals in the combined weight category (n = 262), between fasting blood glucose and mean 

daily terrestrial UVR levels of the previous 2 weeks, 4 weeks, 3 months and 6 months (Table 2A, p ≤ 

0.036, −0.131 ≥ r ≥ −0.281), with the strongest significant correlation observed when daily terrestrial 

UVR levels were measured over the previous 6 months (Table 2A, p ≤ 0.0001, r = −0.281). For 

individuals in the normal weight category (n=161), significant but generally weak relationships were 

observed between fasting glucose and mean daily terrestrial UVR levels of the previous 4 weeks, 3 

months or 6 months (Table 2A, p < 0.036, −0.165 ≥ r ≥ −0.269), with the strongest correlation observed 

S
um

m
er

A
ut

um
n

W
in
te

r 

S
pr

in
g

S
um

m
er

A
ut

um
n

W
in
te

r 

S
pr

in
g

0

10

20

30

40

Season

In
s
u
lin

 (
m

IU
/L

)

Fasting insulin

Male
Female

S
um

m
er

A
ut

um
n

W
in
te

r 

S
pr

in
g

S
um

m
er

A
ut

um
n

W
in
te

r 

S
pr

in
g

4

5

6

7

8

Season

H
b
A

1
c
 (

%
)

HbA1c

*

Male
Female

*

S
um

m
er

A
ut

um
n

W
in
te

r 

S
pr

in
g

S
um

m
er

A
ut

um
n

W
in
te

r 

S
pr

in
g

3

4

5

6

7

Season

G
lu

c
o
s
e
 (

m
m

o
l/
L
)

Fasting glucose

*

Male
Female

Figure 3. Fasting blood glucose, fasting insulin and HbA1c, according to season, and sex. Fasting blood
levels of glucose, insulin and HbA1c from a paediatric population (aged 6–13, n = 262) located in Perth
(Western Australia) were categorised according to season of measurement and sex (males = squares,
females = circles). Single measures of fasting blood glucose (n = 256), insulin (n = 256) and HbA1c
(n = 244) were obtained. One-way ANOVA with Tukey’s post-hoc analysis was performed to test
for differences between seasons. Data are shown as mean ± SD. Significant differences (p < 0.05)
are denoted using an asterisk.

3.3. Terrestrial UVR and Fasting Glucose, Insulin and HbA1c.

A strong negative correlation between fasting glucose and daily terrestrial UVR levels measured
in the previous 6 months was observed in individuals of the obese weight category (n = 19) (Table 2A,
p = 0.002, r = −0.67 (−0.87 to −0.30 95% CI)), such that every increase of 1 SED, fasting glucose
decreased by 0.026 mmol/L (ß = −0.026). Significant but generally weak relationships were observed for
individuals in the combined weight category (n = 262), between fasting blood glucose and mean daily
terrestrial UVR levels of the previous 2 weeks, 4 weeks, 3 months and 6 months (Table 2A, p ≤ 0.036,
−0.131 ≥ r ≥ −0.281), with the strongest significant correlation observed when daily terrestrial UVR
levels were measured over the previous 6 months (Table 2A, p ≤ 0.0001, r = −0.281). For individuals
in the normal weight category (n = 161), significant but generally weak relationships were observed
between fasting glucose and mean daily terrestrial UVR levels of the previous 4 weeks, 3 months
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or 6 months (Table 2A, p < 0.036,−0.165≥ r≥−0.269), with the strongest correlation observed at 6 months
(Table 2A, p = 0.0006, r = −0.269, ß = −0.008). There were no significant relationships observed between
fasting glucose and mean daily terrestrial UVR levels for individuals in the overweight category.

Table 2. The associations between daily terrestrial UVR levels and fasting blood glucose or insulin.
In a paediatric population (aged 6–13, n = 256) located in Perth (Western Australia), fasting blood glucose
(A) and insulin (B) were measured. Individuals were categorised as being of normal, overweight or
obese weight [21]. The results of the blood tests were plotted (y-axis) against the mean daily terrestrial
UVR levels (x-axis, standard erythemal doses, SED) measured in the previous week, 2 weeks, 4 weeks,
3 months and 6 months before each blood test. A line of best fit was calculated and the slope (ß) of these
linear relationships is shown ± standard error (SE). A Spearman’s test was used to test the significance
of these relationships, with the correlation coefficient (r) and p-values shown. Significant relationships
(p < 0.05) are shown in bold.

A. Fasting Blood Glucose (mmol/L).

Terrestrial UVR
(SED)

Combined
n = 256

Normal Weight
n = 161

Overweight
n = 76

Obese
n = 19

Previous week
ß ± SE −0.003 ± 0.002 −0.003 ± 0.002 −0.006 ± 0.003 0.008 ± 0.007

p-value (r) 0.057 (−0.119) 0.094 (−0.132) 0.076 (−0.205) 0.296 (0.253)

Previous
2 weeks

ß ± SE −0.004 ± 0.002 −0.004 ± 0.002 -0.006 ± 0.003 0.007 ± 0.007
p-value (r) 0.036 (−0.131) 0.066 (−0.145) 0.113 (−0.183) 0.601 (0.128)

Previous
4 weeks

ß ± SE −0.005 ± 0.002 −0.005 ± 0.002 −0.007 ± 0.003 0.004 ± 0.007
p-value (r) 0.016 (−0.151) 0.036 (−0.165) 0.095 (−0.193) 0.735 (0.0832)

Previous
3 months

ß ± SE −0.007 ± 0.002 −0.007 ± 0.002 −0.007 ± 0.003 −0.010 ± 0.007
p-value (r) 0.0003 (−0.226) 0.003 (−0.234) 0.100 (−0.19) 0.117 (−0.372)

Previous
6 months

ß ± SE −0.009 ± 0.002 −0.008 ± 0.003 −0.007 ± 0.004 −0.026 ± 0.007
p-value (r) <0.0001 (−0.281) 0.0006 (−0.269) 0.069 (−0.210) 0.002 (−0.672)

B. Fasting insulin (mU/L).

Terrestrial UVR
(SED)

Combined
n = 256

Normal Weight
n = 161

Overweight
n = 77

Obese
n = 18

Previous week
ß ± SE −0.026 ± 0.020 −0.045 ± 0.017 −0.071 ± 0.033 0.240 ± 0.140

p-value (r) 0.003 (−0.185) 0.014 (−0.193) 0.031 (−0.246) 0.117 (0.383)

Previous
2 weeks

ß ± SE −0.027 ± 0.020 −0.048 ± 0.017 −0.064 ± 0.031 0.26 ± 0.15
p-value (r) 0.003 (−0.186) 0.009 (−0.206) 0.024 (−0.257) 0.145 (0.358)

Previous
4 weeks

ß ± SE −0.033 ± 0.020 −0.054 ± 0.017 −0.059 ± 0.030 0.24 ± 0.15
p-value (r) 0.0007 (−0.208) 0.002 (−0.242) 0.030 (−0.247) 0.117 (0.383)

Previous
3 months

ß ± SE −0.046 ± 0.020 −0.059 ± 0.017 −0.039 ± 0.028 0.076 ± 0.17
p-value (r) 0.004 (−0.177) 0.005 (−0.220) 0.319 (−0.115) 0.449 (0.190)

Previous
6 months

ß ± SE −0.046 ± 0.025 −0.039 ± 0.022 −0.006 ± 0.039 −0.20 ± 0.20
p-value (r) 0.126 (−0.095) 0.084 (−0.137) 0.798 (0.030) 0.575 (−0.142)

For individuals from the combined (n = 256), and normal weight (n = 161) categories, weak negative
correlations were observed between fasting insulin and daily terrestrial UVR levels measured in
the previous week, 2 weeks, 4 weeks or 3 months (Table 2B: combined p ≤ 0.004, −0.177 ≥ r ≥ −0.208;
normal weight p ≤ 0.014, −0.193 ≥ r ≥ −0.242). For those individuals in the overweight category (n = 77),
significant weak negative correlations were observed between fasting insulin and daily terrestrial
UVR levels measured in the previous week, 2 or 4 weeks (Table 2B: p ≤ 0.031, −0.246 ≥ r ≥ −0.257).
In children who were obese (n = 18), there were no significant relationships observed between fasting
insulin and daily terrestrial UVR levels (for any duration prior to the blood test).

Weak positive correlations were observed between blood HbA1c levels and daily terrestrial UVR
levels measured in the previous 3 months for children in the combined, normal weight or overweight
categories (Table 3: p ≤ 0.035, 0.17 ≤ r ≤ 0.288). Furthermore, for individuals in the combined weight
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category, significant positive relationships were observed between HbA1c and daily terrestrial UVR
levels measured over the previous 2 or 4 weeks, or 6 months (Table 3: p ≤ 0.044, 0.129 ≤ r ≤ 0.149).
No significant relationship was observed between blood HbA1c levels and daily terrestrial UVR levels
measured in obese children.

Table 3. The associations between daily terrestrial UVR levels and fasting blood HbA1c levels.
In a paediatric population (aged 6–13, n = 244) located in Perth (Western Australia), fasting circulating
HbA1c levels were measured. Individuals were categorised as being of normal, overweight or obese
weight [21]. The results of the blood tests were plotted (y-axis) against the mean daily terrestrial UVR
levels (x-axis, standard erythemal doses, SED) measured in the previous week, 2 weeks, 4 weeks, 3
months and 6 months before each blood test. A line of best fit was calculated and the slope (ß) of these
linear relationships is shown ± standard error (SE). A Spearman’s test was used to test the significance
of these relationships, with the correlation coefficient (r) and p-values shown. Significant relationships
(p < 0.05) are shown in bold.

Terrestrial UVR
(SED)

Combined
n=244

Normal Weight
n = 154

Overweight
n = 74

Obese
n = 16

Previous
week

ß ± SE 0.002 ± 0.001 0.001 ± 0.002 0.004 ± 0.002 0.006 ± 0.004
p-value (r) 0.062 (0.120) 0.294 (0.085) 0.084 (0.202) 0.539 (0.165)

Previous
2 weeks

ß ± SE 0.002 ± 0.001 0.001 ± 0.002 0.004 ± 0.002 0.006 ± 0.004
p-value (r) 0.027 (0.142) 0.204 (0.103) 0.086 (0.201) 0.450 (0.202)

Previous
4 weeks

ß ± SE 0.003 ± 0.001 0.002 ± 0.002 0.004 ± 0.002 0.006 ± 0.005
p-value (r) 0.020 (0.149) 0.127 (0.124) 0.084 (0.202) 0.607 (0.138)

Previous
3 months

ß ± SE 0.003 ± 0.001 0.003 ± 0.002 0.004 ± 0.002 0.002 ± 0.006
p-value (r) 0.003 (0.191) 0.035 (0.170) 0.013 (0.288) 0.968 (0.011)

Previous
6 months

ß ± SE 0.003 ± 0.002 0.003 ± 0.002 0.005 ± 0.003 −0.007 ± 0.006
p-value (r) 0.044 (0.129) 0.097 (0.134) 0.062 (0.218) 0.339 (−0.254)

4. Discussion

In this study, we examined the relationships between season and terrestrial UVR on blood
markers of glucose metabolism in children living in Perth (Western Australia). We observed seasonal
differences in fasting blood glucose levels with levels lowest in autumn and highest in spring. Similarly,
we observed an inverse relationship between fasting blood glucose and mean daily terrestrial UVR
levels, with a strong significant relationship observed in children with obesity when daily terrestrial
UVR levels were measured in the 6 months prior to the blood test. In children of normal weight,
fasting insulin was significantly higher in winter compared to summer and autumn. Similarly, inverse
(but weak) associations were observed between fasting insulin and recent levels (last 1 to 4 weeks)
of terrestrial UVR for children in the normal weight and overweight categories. In contrast, HbA1c
levels were significantly higher in summer compared to winter in overweight children, and a weak
positive correlation was observed between blood HbA1c and daily terrestrial UVR levels measured
in the previous 3 months. Seasonal differences were similar when data were stratified by sex.
Together, these findings suggest there are seasonal differences in glucose metabolism in children,
which may be due to variations in exposure to UVR, although these associations do not demonstrate
causality (as discussed below).

Our observations are consistent with other studies in adults, in which seasonal differences in
fasting blood glucose have been observed. In a large study of healthy Chinese adults (n = 49,417)
fasting blood glucose decreased by 0.3 mmol/L from winter to autumn [23]. A similar phenomenon was
also observed in an American cohort of 4,541 healthy Caucasian adults, with fasting glucose 0.6 mmol/L
lower in summer compared to winter [24]. Diabetic adults in Greece had 1.5 mmol/L lower levels of
fasting blood glucose in August (summer) compared to February (winter) [10]. Combined with data
from the current study, these findings suggest that there is seasonality in fasting blood glucose in both
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adult and paediatric populations with changes in terrestrial UVR a plausible mechanism for reducing
fasting blood glucose. Preclinical studies suggest that this mechanism may involve the release of nitric
oxide bioactivity following the exposure of skin to UVR [8].

One important difference between our paediatric data and other adult data, is that fasting blood
glucose was lowest in summer and highest in winter in most of these adult studies, and not autumn
and spring, as observed in children in the current study. This may be due to differences between
paediatric and adult metabolism, physiology, seasonal behaviours (e.g., physical activity and/or sun
exposure), and variations in the latitude/weather of the study locations. However, a strength of
the study design of some adult studies was longitudinal measurement of outcomes such as fasting
blood glucose across seasons [10,23], while only a single measurement of blood was acquired from
the child participants in the current study. Other important considerations include the larger datasets
analysed in some adult studies [10,23] compared to this smaller dataset.

As expected, fasting insulin levels were significantly higher in children who were overweight
or obese compared to children of normal weight, potentially indicative of early signs of insulin
resistance. However, there were only weak associations between fasting insulin, season and terrestrial
UVR. Reports from the literature are also inconclusive as to whether fasting insulin changes with
season [7]. For example, insulin levels measured during an oral glucose tolerance test were increased
in autumn compared to spring (n = 29) in one study of non-diabetic adults [25]. However, in another
study, no seasonal difference in fasting insulin was demonstrated in 100 adults with cardiovascular
disease [26]. We observed that fasting insulin was greatest in winter (compared to summer and autumn)
in children of normal weight, in the opposite direction to some adult studies [27]. It is important to
note that fasting insulin may be a poor marker for insulin sensitivity as compared to the gold-standard
euglycemic hyperinsulinemic clamp [28]. This test is not often used (particularly in children) because
of its significant cost, time burden and invasiveness to patients.

HbA1c levels were significantly greater in summer (compared to winter and spring) in the total
population and overweight children. Similarly, positive associations were observed between fasting
HbA1c levels and daily terrestrial UVR levels. HbA1c is representative of the glycaemic control
measured over the past 2–3 months [29] (defined for adults) and is commonly used to assess glycaemic
control in patients with diabetes. In diabetic adults living in Greece (n = 638) significantly lower HbA1c
levels were recorded at the end of summer compared to the end of winter (reduced by 0.5%) [10].
Similar findings were also observed in diabetic veterans living in the USA (n = 285,705) [11], and in
young people (mean age of 13 years, n = 27,035) with type-1 diabetes living in Germany and Austria [30],
with HbA1c levels 0.2% less in summer compared to winter in both studies. These results are not
consistent with the findings of our study, and may have been due to age-specific and study design
differences highlighted above.

Individuals who lack or have restricted endogenous glucose regulation, such as those with diabetes,
may have increased susceptibility to exogenous regulation of glucose. Indeed, we hypothesize that some
of the inconsistent findings across the weight groups may be explained by this theory. One observation
that fits with this hypothesis was the strong association between terrestrial UVR and fasting blood
glucose in children with obesity, a risk factor for T2D [5], which were weaker and/or non-significant for
children in other weigt catagories. Furthermore, elevated fasting insulin levels observed in children
with obesity were suggestive of impaired endogenous glucose regulation. Other inconsistent findings
across the weight categories may be explained by the smaller subset of individuals with obesity,
and significant variation observed for some measures, particularly fasting insulin and in summer,
for individuals in this weight category, than that observed in other children.

A major limitation of the current study was the size of the paediatric cohort, which was relatively
small, particularly for individuals classified as overweight (n = 80) or obese (n = 19). Therefore, for some
outcomes this study was likely inadequately powered. Larger and better-powered studies are required
to determine whether the relationships observed in our cohort are applicable to wider paediatric
populations in Australia and other locations. Indeed, in another larger Perth-based paediatric study,
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seasonal differences in diagnosis of type-1 diabetes in 0–14 year-olds was observed [31]. Our study
was also limited by the nature of the dataset, which was acquired from a community cohort of
children recruited through random selection of primary schools, and through children attending
an obesity clinic [19]. Therefore findings observed here may not be representative of the general
paediatric population in Perth. Due to the research design and analyses undertaken, we cannot make
causal inferences based on these findings. In addition, seasonality in glycolytic measures is likely
to be multi-factorial. Our analyses were done using a previously published dataset for which some
important potential confounders were not measured, including diet, physical activity and skin tone [19].
Our study was thus unable to account for confounding for these and other factors, such as cultural
practices, and other environmental conditions (e.g., temperature, humidity). Additionally, season
and terrestrial UVR are proxies for sun exposure. To further evaluate the effects of UVR on glucose
metabolism, more accurate measures of sun exposure are required, which may include participants
wearing personal dosimeters and completing sun diaries and questionnaires [32].

These new findings may help health professionals working with paediatric populations consider
how to better manage glycaemic dysfunction, particularly in children with obesity and T2D. It may
be important to consider time-of-year, as a potential modifier of blood glucose, and lifestyle
and environmental factors that may change with season, including physical activity levels, sun exposure,
and diet. Consideration is needed around how to best address the lifestyle requirements of children
at-risk or living with obesity, especially during autumn and winter. Further research is needed to
determine whether promoting outdoor physical activity and ‘safe’ levels of sun exposure could help
reduce elevated blood sugar levels and improve glycemic control in children at-risk or living with T2D.

5. Conclusions

We observed seasonal differences, and inverse associations between terrestrial UVR levels
and fasting blood glucose in children living in Perth (Western Australia). More research is required
using larger and better-defined datasets to refine and better quantify the relationships between glucose
metabolism, and, lifestyle and environmental factors that change according season (including sun
exposure) in children taking into account the numerous confounding factors, such as temperature.
An improved understanding of the relationship between season and glycaemic control may aid in
the prevention of diabetes and its associated co-morbidities.

Author Contributions: Conceptualization, S.G., C.L.C., L.M.B., and A.S.; Methodology, C.L.C. and S.G.; Formal
Analysis, C.L.C.; Data Curation, L.M.B., C.L.C., P.G., S.H.; Writing—Original Draft Preparation, C.L.C., S.G.;
Writing—Review & Editing, S.G., C.L.C., L.M.B., P.G., S.H. and A.S.; Supervision, S.G.

Funding: S.G. is supported by an Al and Val Rosenstrauss Fellowship from the Rebecca L Cooper Medical
Research Foundation. Funding bodies had no role in the design or conduct of the study; collection, management,
analysis or interpretation of data; or preparation, review or approval of the manuscript.

Acknowledgments: Thank you to Matthew Cooper (Telethon Kids Institute, Head of Biostatistics) for statistics
advice, including that around how to account for missing data (terrestrial UVR).

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

BMI: body mass index; HbA1c: haemoglobin A1c; SED: standard erythemal dose; T2D: type-2 diabetes; UVR:
ultraviolet radiation

References

1. Nolan, C.J.; Damm, P.; Prentki, M. Type 2 diabetes across generations: From pathophysiology to prevention
and management. Lancet 2011, 378, 169–181. [CrossRef]

2. Wilmot, E.; Idris, I. Early onset type 2 diabetes: Risk factors, clinical impact and management. Ther. Adv.
Chronic Dis. 2014, 5, 234–244. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0140-6736(11)60614-4
http://dx.doi.org/10.1177/2040622314548679
http://www.ncbi.nlm.nih.gov/pubmed/25364491


Int. J. Environ. Res. Public Health 2019, 16, 3734 12 of 13

3. Haynes, A.; Kalic, R.; Cooper, M.; Hewitt, J.K.; Davis, E.A. Increasing incidence of type 2 diabetes in
Indigenous and non-Indigenous children in Western Australia, 1990–2012. Med. J. Aust. 2016, 204, 303.
[CrossRef] [PubMed]

4. Australian Institute of Health and Welfare. Type 2 Diabetes in Australia’s Children and Young People:
A Working Paper. Available online: https://www.aihw.gov.au/reports/diabetes/type-2-diabetes-children-
young-people/contents/summary (accessed on 29 July 2019).

5. Kao, K.T.; Sabin, M.A. Type 2 diabetes mellitus in children and adolescents. Aust. Fam. Phys. 2016, 45, 401–406.
6. Tremblay, M.; LeBlanc, A.G.; Kho, M.E.; Saunders, T.J.; Larouche, R.; Colley, R.C.; Goldfield, G.; Connor

Gorber, S. Systematic review of sedentary behaviour and health indicators in school-aged children and youth.
Int. J. Behav. Nutr. Phys. Act. 2011, 8, 98. [CrossRef] [PubMed]

7. Shore-Lorenti, C.; Brennan, S.L.; Sanders, K.M.; Neale, R.E.; Lucas, R.M.; Ebeling, P.R. Shining the light on
Sunshine: A systematic review of the influence of sun exposure on type 2 diabetes mellitus-related outcomes.
Clin. Endocrinol. (Oxf.) 2014, 81, 799–811. [CrossRef]

8. Geldenhuys, S.; Hart, P.H.; Endersby, R.; Jacoby, P.; Feelisch, M.; Weller, R.B.; Matthews, V.; Gorman, S.
Ultraviolet radiation suppresses obesity and symptoms of metabolic syndrome independently of vitamin D
in mice fed a high-fat diet. Diabetes 2014, 63, 3759–3769. [CrossRef]

9. D’Orazio, J.; Jarrett, S.; Amaro-Ortiz, A.; Scott, T. UV radiation and the skin. Int. J. Mol. Sci. 2013, 14, 12222–12248.
[CrossRef]

10. Gikas, A.; Sotiropoulos, A.; Pastromas, V.; Papazafiropoulou, A.; Apostolou, O.; Pappas, S. Seasonal variation
in fasting glucose and HbA1c in patients with type 2 diabetes. Prim. Care Diabetes 2009, 3, 111–114. [CrossRef]

11. Tseng, C.L.; Brimacombe, M.; Xie, M.; Rajan, M.; Wang, H.; Kolassa, J.; Crystal, S.; Chen, T.C.; Pogach, L.;
Safford, M. Seasonal patterns in monthly hemoglobin A1c values. Am. J. Epidemiol. 2005, 161, 565–574.
[CrossRef]

12. Mavri, A.; Guzic-Salobir, B.; Salobir-Pajnic, B.; Keber, I.; Stare, J.; Stegnar, M. Seasonal variation of some
metabolic and haemostatic risk factors in subjects with and without coronary artery disease. Blood Coagul.
Fibrinolysis 2001, 12, 359–365. [CrossRef] [PubMed]

13. Rose, G. Seasonal variation in blood pressure in man. Nature 1961, 189, 235. [CrossRef] [PubMed]
14. Al-Tamer, Y.Y.; Al-Hayali, J.M.; Al-Ramadhan, E.A. Seasonality of hypertension. J. Clin. Hypertens. (Greenwich)

2008, 10, 125–129. [CrossRef]
15. Chung, S.J.; Lee, Y.A.; Hong, H.; Kang, M.J.; Kwon, H.J.; Shin, C.H.; Yang, S.W. Inverse relationship

between vitamin D status and insulin resistance and the risk of impaired fasting glucose in Korean children
and adolescents: The Korean National Health and Nutrition Examination Survey (KNHANES) 2009–2010.
Public Health Nutr. 2014, 17, 795–802. [CrossRef] [PubMed]

16. Hirschler, V.; Maccallini, G.; Aranda, C.; Fernando, S.; Molinari, C. Association of vitamin D with glucose
levels in indigenous and mixed population Argentinean boys. Clin. Biochem. 2013, 46, 197–201. [CrossRef]

17. Pittas, A.G.; Dawson-Hughes, B.; Sheehan, P.; Ware, J.H.; Knowler, W.C.; Aroda, V.R.; Brodsky, I.; Ceglia, L.;
Chadha, C.; Chatterjee, R.; et al. Vitamin D Supplementation and Prevention of Type 2 Diabetes. N. Engl.
J. Med. 2019, 381, 520–530. [CrossRef] [PubMed]

18. He, S.; Yu, S.; Zhou, Z.; Wang, C.; Wu, Y.; Li, W. Effect of vitamin D supplementation on fasting plasma
glucose, insulin resistance and prevention of type 2 diabetes mellitus in non-diabetics: A systematic review
and meta-analysis. Biomed. Rep. 2018, 8, 475–484. [CrossRef]

19. Bell, L.M.; Curran, J.A.; Byrne, S.; Roby, H.; Suriano, K.; Jones, T.W.; Davis, E.A. High incidence of obesity
co-morbidities in young children: A cross-sectional study. J. Paediatr. Child Health 2011, 47, 911–917.
[CrossRef]

20. Australian Bureau of Meteorology. Climate Statistics for Australian Locations. Available online: http:
//www.bom.gov.au/climate/averages/tables/cw_009034_All.shtml (accessed on 29 July 2019).

21. Cole, T.J.; Flegal, K.M.; Nicholls, D.; Jackson, A.A. Body mass index cut offs to define thinness in children
and adolescents: International survey. BMJ 2007, 335, 194. [CrossRef]

22. Lucas, R.M.; Neale, R.E.; Madronich, S.; McKenzie, R.L. Are current guidelines for sun protection optimal for
health? Exploring the evidence. Photochem. Photobiol. Sci. 2018, 17, 1956–1963. [CrossRef]

23. Li, S.; Zhou, Y.; Williams, G.; Jaakkola, J.J.; Ou, C.; Chen, S.; Yao, T.; Qin, T.; Wu, S.; Guo, Y. Seasonality
and temperature effects on fasting plasma glucose: A population-based longitudinal study in China.
Diabetes Metab. 2016, 42, 267–275. [CrossRef] [PubMed]

http://dx.doi.org/10.5694/mja15.00958
http://www.ncbi.nlm.nih.gov/pubmed/27125801
https://www.aihw.gov.au/reports/diabetes/type-2-diabetes-children-young-people/contents/summary
https://www.aihw.gov.au/reports/diabetes/type-2-diabetes-children-young-people/contents/summary
http://dx.doi.org/10.1186/1479-5868-8-98
http://www.ncbi.nlm.nih.gov/pubmed/21936895
http://dx.doi.org/10.1111/cen.12567
http://dx.doi.org/10.2337/db13-1675
http://dx.doi.org/10.3390/ijms140612222
http://dx.doi.org/10.1016/j.pcd.2009.05.004
http://dx.doi.org/10.1093/aje/kwi071
http://dx.doi.org/10.1097/00001721-200107000-00004
http://www.ncbi.nlm.nih.gov/pubmed/11505078
http://dx.doi.org/10.1038/189235a0
http://www.ncbi.nlm.nih.gov/pubmed/13743262
http://dx.doi.org/10.1111/j.1751-7176.2008.07416.x
http://dx.doi.org/10.1017/S1368980013002334
http://www.ncbi.nlm.nih.gov/pubmed/24050711
http://dx.doi.org/10.1016/j.clinbiochem.2012.11.005
http://dx.doi.org/10.1056/NEJMoa1900906
http://www.ncbi.nlm.nih.gov/pubmed/31173679
http://dx.doi.org/10.3892/br.2018.1074
http://dx.doi.org/10.1111/j.1440-1754.2011.02102.x
http://www.bom.gov.au/climate/averages/tables/cw_009034_All.shtml
http://www.bom.gov.au/climate/averages/tables/cw_009034_All.shtml
http://dx.doi.org/10.1136/bmj.39238.399444.55
http://dx.doi.org/10.1039/C7PP00374A
http://dx.doi.org/10.1016/j.diabet.2016.01.002
http://www.ncbi.nlm.nih.gov/pubmed/26851820


Int. J. Environ. Res. Public Health 2019, 16, 3734 13 of 13

24. Suarez, L.; Barrett-Connor, E. Seasonal variation in fasting plasma glucose levels in man. Diabetologia 1982,
22, 250–253. [CrossRef] [PubMed]

25. Behall, K.M.; Scholfield, D.J.; Hallfrisch, J.G.; Kelsay, J.L.; Reiser, S. Seasonal variation in plasma glucose
and hormone levels in adult men and women. Am. J. Clin. Nutr. 1984, 40, 1352–1356. [CrossRef] [PubMed]

26. Fahlen, M.; Oden, A.; Bjorntorp, P.; Tibblin, G. Seasonal influence on insulin secretion in man. Clin. Sci. 1971,
41, 453–458. [CrossRef] [PubMed]

27. Chen, S.H.; Chuang, S.Y.; Lin, K.C.; Tsai, S.T.; Chou, P. Community-based study on summer-winter difference
in insulin resistance in Kin-Chen, Kinmen, Taiwan. J. Chin. Med. Assoc. 2008, 71, 619–627. [CrossRef]

28. Levy-Marchal, C.; Arslanian, S.; Cutfield, W.; Sinaiko, A.; Druet, C.; Marcovecchio, M.L.; Chiarelli, F.;
ESPE-LWPES-ISPAD-APPES-APEG-SLEP-JSPE; Insulin Resistance in Children Consensus Conference Group.
Insulin resistance in children: Consensus, perspective, and future directions. J. Clin. Endocrinol. Metab. 2010,
95, 5189–5198. [CrossRef]

29. Little, R.R.; Sacks, D.B. HbA1c: How do we measure it and what does it mean? Curr. Opin. Endocrinol.
Diabetes Obes. 2009, 16, 113–118. [CrossRef]

30. Gerstl, E.M.; Rabl, W.; Rosenbauer, J.; Grobe, H.; Hofer, S.E.; Krause, U.; Holl, R.W. Metabolic control
as reflected by HbA1c in children, adolescents and young adults with type-1 diabetes mellitus: Combined
longitudinal analysis including 27,035 patients from 207 centers in Germany and Austria during the last
decade. Eur. J. Pediatr. 2008, 167, 447–453. [CrossRef]

31. Haynes, A.; Bower, C.; Bulsara, M.K.; Jones, T.W.; Davis, E.A. Continued increase in the incidence of childhood
Type 1 diabetes in a population-based Australian sample (1985–2002). Diabetologia 2004, 47, 866–870.
[CrossRef]

32. King, L.; Xiang, F.; Swaminathan, A.; Lucas, R.M. Measuring sun exposure in epidemiological studies:
Matching the method to the research question. J. Photochem. Photobiol. B 2015, 153, 373–379. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/BF00281300
http://www.ncbi.nlm.nih.gov/pubmed/6980156
http://dx.doi.org/10.1093/ajcn/40.6.1352
http://www.ncbi.nlm.nih.gov/pubmed/6391139
http://dx.doi.org/10.1042/cs0410453
http://www.ncbi.nlm.nih.gov/pubmed/5123232
http://dx.doi.org/10.1016/S1726-4901(09)70004-8
http://dx.doi.org/10.1210/jc.2010-1047
http://dx.doi.org/10.1097/MED.0b013e328327728d
http://dx.doi.org/10.1007/s00431-007-0586-9
http://dx.doi.org/10.1007/s00125-004-1385-8
http://dx.doi.org/10.1016/j.jphotobiol.2015.10.024
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Study Population 
	Physical Examination and Weight Classification 
	Markers of Glucose Metabolism 
	Season and Daily Terrestrial UVR 
	Statistical Analyses 

	Results 
	Population 
	The Relationship between Season and Fasting Blood Glucose, Insulin and HbA1c. 
	Terrestrial UVR and Fasting Glucose, Insulin and HbA1c. 

	Discussion 
	Conclusions 
	References

