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Skin pigmentation is believed to contribute to the generally low serum 25-hydroxyvitamin D (25(OH)D)

concentrations observed in darker-skinned persons. The influence of measured skin pigmentation on

UVB-induced 25(OH)D increase was investigated together with 9 demographic and 13 genetic parameters

(pigment SNPs). Forty participants representing a wide range in measured skin pigmentation were

exposed to identical UVB doses on identical body areas over nine weeks with weekly measurements of

serum 25(OH)D. This study took place in Denmark during winter, a period with negligible ambient UVB,

so variation in 25(OH)D synthesis was not influenced by latitude, season, sun and clothing habits. The

increase in 25(OH)D concentration displayed considerable variation (range: 2.9 to 139 nmol L−1).

Constitutive and facultative skin pigmentation exerted separate influence on the variation of the UVB-

induced linear 25(OH)D increase. However, this influence was statistically non-significant in the presence

of separate significant pigment SNPs. The variation in the 25(OH)D increase in the combined linear model

was not explained by measured skin pigmentation but by sex, height, age and seven SNPs located in the

ASIP, MTAP, MIR196A29 and Solute Carrier Family genes. This linear model including individual intercepts

and the 10 parameters influencing the slope explained 77.4% of the variation. This study confirmed the

influence of sex, age and height on 25(OH)D increase and found that pigment genes provided a better

relation to UVB-induced 25(OH)D increase compared to the actual measured skin pigmentation.

Therefore, only investigating skin pigmentation obscures other causal parameters for low 25(OH)D.

1. Introduction

The short wavelengths in terrestrial sunlight (UV type B, UVB)
are absorbed by the previtamin D3 precursor 7-dehydrochol-
esterol (7-DHC) in human skin leading to the photo-conver-
sion of 7-DHC to previtamin D3. This is the initial process of a
pathway ultimately leading to the formation of the bioactive
form of vitamin D, 1,25(OH)2D3. Melanin (pigment) in skin
absorbs UVB and is thought to reduce the photo-conversion of
7-DHC.1 Darker-skinned immigrant populations residing in
countries located at high latitudes have been reported more
frequently with deficient (<25 nmol l−1) serum 25-hydroxyvita-
min D (25(OH)D) compared to the native and light-skinned

inhabitants.2–13 Moreover, several intervention studies have
demonstrated significantly lower 25(OH)D response to artifi-
cial UV in darker-skinned persons.14–17 Consequently, it is
widely believed that skin pigmentation has an important influ-
ence on UVB-induced conversion of 7-DHC to previtamin D3.
However, studies on darker-skinned populations in their
native countries, with more intense sunlight, revealed a high
incidence of inadequate 25(OH)D levels too.6 Furthermore,
other intervention studies have failed to demonstrate an
influence of skin pigmentation on serum 25(OH)D response
to UVB.18–22 Consistent with this, we have previously found
no influence of measured skin pigmentation in a short-term
UVB study during winter, when melanin is predominantly
located in the deepest layer of the epidermis, stratum
basale.23 After summer, the upper epidermis contains more
melanin, which might result in a pronounced reduction in
converted 7-DHC.24 In our previous work, the UVB-induced
25(OH)D synthesis was found to be influenced by their
inborn (constitutive) skin pigmentation and not their sun-
induced and UVB-induced (facultative) skin pigmentation.25

This could suggest a possible, underlying genetic back-
ground. As this previous study represented a narrow range
of skin pigmentation, it was not optimally designed to
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clarify the influence of skin pigmentation on 25(OH)D
synthesis.

In the present study, the main purpose was to investigate
the influence of skin pigmentation on the UVB-induced 25
(OH)D response after long-term and identical UVB doses on
summer pigmented skin. Furthermore, the influence of demo-
graphic parameters and genetic parameters (pigment SNPs)
on the UVB-induced 25(OH)D response was also investigated.
The study took place during autumn/winter, a season where
ambient UVB in Denmark does not induce a significant 25
(OH)D increase.26–28

2. Results
2.1. Compliance

Forty out of the 43 participants included, all residents in
Denmark, completed the study, as three participants dropped
out for personal reasons. All completing participants had a
100% treatment and 25(OH)D sampling compliance.

2.2. Demographic characteristics

Demographic data are shown in Table 1. Individual facultative
and constitutive skin pigmentation were objectively measured
as pigment protection factor (PPF) assessed with a skin reflec-
tance meter (measuring range of 1 to 25). Individual facultative
PPF ranged from 5.3 to 19 and individual constitutive PPF
ranged from 2.4 to 21. Thus, both measures represented a
wide range. Facultative PPF was significantly (P = 1.7 × 10−8)
higher (i.e. darker) than constitutive PPF. Constitutive PPF
(P = 0.059) and facultative PPF (P = 0.81) did not change sig-
nificantly after the non-erythemogenic UVB treatment with
UV6 lamps (F85/100W, broadband UVB: 290–365 nm).

2.3. Individual variation in the UVB-induced 25(OH)D response

At study-end, the mean increase in 25(OH)D was 51 nmol l−1

with a range of 2.9 to 139 nmol l−1 (Table 1) and thus dis-
played considerable individual variation despite the identical

UVB exposure. The individual variation in 25(OH)D at first and
final sample for all participants is shown in Fig. 1. The mean
25(OH)D start level was 67 nmol l−1 (range 10–120 nmol l−1)
and the mean 25(OH)D end level was 118 nmol l−1 (range
73–216 nmol l−1, Table 1). The increase in 25(OH)D over time
was best described by a linear model including individual
intercepts (i.e. measured 25(OH)D start level) and was indivi-
dually significant in 38 out of 40 participants. The slope of the
25(OH)D increase was not influence by 25(OH)D start level
(P = 0.20) The mean weekly 25(OH)D levels and UVB doses are
shown in Table S1.† The course of the UVB-induced 25(OH)D
increase over time is shown Fig. 2.

2.4. Explainable part of the variation in the 25(OH)D
increase

A general linear model (GLM) with common slope and
common intercept explained 22.5% (Table 2) of the total
observed individual variation. When the common intercept
was substituted with individual intercepts (i.e. measured 25
(OH)D start levels), the explainable individual variation of the
25(OH)D increase was improved to 62.9% (Table 2). The
maximal explainable variation was assessed with the GLM
including individual slopes as well as individual intercepts,

Table 1 Demographic data

Parameters N/mean ± SD (range)

Participants 40
Sex (women/men) 21/19
Age, years 42 ± 8.9 (22–62)
Weight, kg 76 ± 11 (50–100)
Height, cm 171 ± 9.0 (153–188)
BMI, kg m−2 26 ± 3.2 (21–36)
Body surface area, m2 1.9 ± 0.18 (1.5–2.3)
Fatty fish meals per weeka 2.0 ± 1.7 (0–7.2)
Constitutive PPFb 6.0 ± 3.7 (2.4–21)
Facultative PPFb 8.0 ± 2.6 (5.3–19)
25(OH)D start level, nmol l−1 67 ± 27 (10–120)
25(OH)D end level, nmol l−1 118 ± 32 (73–216)
Absolute increase in 25(OH)D, nmol l−1 51 ± 26 (2.9–139)

aMaximally 14 meals per week. b Pigment protection factor (PPF) is an
objective measurement of skin pigmentation with a measurement
range of 1–25.

Fig. 1 Individual 25(OH)D start levels (red bars) and end levels (black
bars) after nine weeks of UVB treatment in (a) the 20 participants with
lowest 25(OH)D end levels and (b) the 20 participants with highest 25
(OH)D end levels. Participant numbers are shown on the x-axis. Each
participant is represented on the x-axis and ranked according to their 25
(OH)D end levels.
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increasing the explainable variation to 91.9% (Table 2). Thus,
the individual variation of the slope constituted 29.0% (the
difference between 91.9% and 62.9%) of the total observed
variation. The background for the variation of the slope was
assessed by investigating the influence of different parameters
on the slope in the GLM including individual intercepts. This
analysis was investigated in three steps. In Step 1 and Step 2,
demographic and pigment SNPs were selected for a combined
analysis in Step 3 (Fig. 3).

2.5. Step 1: Selection of demographic parameters for
combined analysis

Nine demographic parameters were investigated separately for
their influence on the slope (Table S2 in the ESI†). We have pre-
viously found a strong influence of height on 25(OH)D increase.25

Apart from height, body mass index (BMI), body surface area
(BSA) and weight was also investigated as separate parameters.

Eight parameters (facultative PPF, constitutive PPF, sex, age,
height, BMI, BSA and intake of fatty fish) had separate, signifi-
cant influence on the variation of the slope (Table S2†).
Facultative PPF explained 2.6% (65.5%–62.9%, Table S2†) and
constitutive PPF explained 1.9% (64.8%–62.9%, Table S2†) of
the variation in the 25(OH)D increase as separate parameters
without considering interaction.

Height was the strongest influential (R2-value) parameter of
the three parameters, BMI, BSA and height and was selected

for further analysis. Height, facultative PPF, constitutive PPF,
sex, age, and intake of fatty fish were deployed in a combined
GLM. After stepwise backward elimination according to
P-value (<0.05) and power (>0.750) was performed. Facultative
PPF, sex, age, height and intake of fatty fish remained to influ-
ence the slope of the 25(OH)D increase significantly (P = 7.6 ×
10−101, R2 = 0.709, Table 3, Step 1). These five demographic
parameters were selected for further analysis in Step 3.

2.6. Step 2: Selection of pigment SNPs (genetics) for
combined analysis

Thirty-one single nucleotide polymorphisms (SNPs) located in
genes with possible influence on pigmentation were analysed
in all participants (Table S3, ESI†). After retaining at least five
participants in each SNP allele subgroup and excluding SNPs
with no allele dose effect or dominant allele effect, 13 SNPs
displayed separate significant influence on the variation of the
slope (Table S3, ESI†). These 13 SNPs were deployed in a com-
bined GLM for stepwise backward elimination according to
P-value (<0.05) and power (>0.750). In the combined GLM, the
individual influence of the seven SNPs (rs4911414, rs4911442,
rs28777, rs16891982, rs6475555, rs12896399 and rs11614913)
on the slope remained significant (P = 1.2 × 10−111, R2 = 0.738,
Table 3, Step 2). These seven SNPs were located in the Agouti
signalling protein gene (ASIP, rs4911414 and rs4911442), Solute
Carrier Family 24, member 4 gene (SLC24A4, rs12896399),
Solute Carrier Family 45, member 2 gene (SCL45A2, rs28777 and
rs16891982) and MIR196A29 gene (rs11614913) and were
selected for further analysis in Step 3 (Table 3).

2.7. Step 3: Combined influence of demographic and
pigment SNPs on the 25(OH)D increase

In Step 3, the influence of the five significant demographic
parameters (Table 3, Step 1) and the seven significant pigment
SNPs parameters (Table 3, Step 2) on the slope of the 25(OH)D
increase was investigated in a combined analysis. All selected
parameters were deployed in a combined GLM for backward
and stepwise elimination according to P-value (<0.05) and
power (>0.750). Subsequently, the GLM included 10 para-
meters; sex, height, age, rs4911414, rs4911442, rs6475555,
rs28777, rs16891982, rs12896399 and rs11614913. In the com-
bined GLM, the individual influence of these 10 parameters
on the slope remained significant (P = 5.2 × 10−116, R2 = 0.774)
and the model explained 77.4% of the variation.

2.8. Relations between pigment SNPs (genetics) and skin
pigmentation

Facultative PPF and constitutive PPF exerted separate influence
on the slope of the 25(OH)D increase. But, this influence was
not significant in the presence of pigment SNPs. Thus, the
pigment SNPs provided an improved explanation of the vari-
ation in the UVB-induced 25(OH)D response compared to the
objectively skin pigmentation measures. Therefore, the
relation between the seven SNPs included in the final GLM
and PPF was investigated. Out of the seven final SNPs, three
SNPs (rs28777, rs16891982 and rs11614913) had separate sig-

Fig. 2 Mean 25(OH)D levels (y-axis, blue curve) ± 1 standard error of
the mean (SEM) over time in study days (x-axis). The blue dotted line
represents a linear fit line. All participants received identical UVB doses
over nine weeks corresponding to a total of 26.2 kJ m−2 (56 SED).
Significant (P-value < 0.05) increase in 25(OH)D occurred after first
week.

Table 2 The explainable part of the variation in UVB-induced increase
of 25(OH)D assessed by general linear models

Intercept Slope R2 P-value

Common Common 0.225 8.4 × 10−24

Individual Common 0.629 2.7 × 10−86

Individual Individual 0.919 3.5 × 10−170

The measured 25(OH)D start level was used as individual intercept.
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nificant influence (P < 0.05, Table S4 ESI†) on facultative and
constitutive PPF. In combined analysis only rs28777 remained
to influence the variation of facultative PPF (P = 7.2 × 10−8)
and constitutive PPF (P = 7.5 × 10−9). Rs28777 explained 58.9%
and 63.6% of the variation in facultative PPF and constitutive
PPF, respectively. The relation between PPF and all investigated
SNPs included in the final GLM as well as the remaining inves-
tigated SNPs are shown in Table S4.†

3. Discussion

In early autumn, the skin pigmentation of the body areas,
exposed to sun during summer, is usually maximal.29–31 The
epidermal turnover time for healthy persons is between 40–56
days.32,33 Therefore, pigmentation is most likely located
throughout the upper layers of the epidermis during the study
period. This study was therefore designed to maximize the

Fig. 3 Flowchart of the analysis process.
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potential influence of skin pigmentation. Even though we took
care to avoid erythema, the cumulative UVB dose was relatively
high and similar to what an individual may be expected to
receive during the summer months in Denmark.34

By conducting this study in one centre (same latitude) and
during a season with negligible ambient UVB-induced 25(OH)
D26–28 this study was minimally influenced by ambient UVB
exposure and variations in this. By using a UV cabinet, the UVB
exposure doses as well as the exposed body areas was identical.

The influence of measured skin pigmentation (facultative and
constitutive PPF) was investigated rather than the subjective assess-
ment of Fitzpatrick Skin Type. It is preferable to use variables with
individual values instead of categorical variables when possible. In
addition, PPF is stronger related to UVR sensitivity than Fitzpatrick
Skin Type and35 PPF is significantly related to the content of
melanin in epidermal biopsies.36 The range of both facultative and
constitutive PFF largely covered the PPFmeasuring range.

Both facultative PPF and constitutive PPF displayed separate
influence on the 25(OH)D synthesis and explained a minor
part of the variation. However, in the final combined analysis,
the influence of both facultative and constitutive PPF on the

slope of the 25(OH)D increase was superseded by pigment
SNPs. Genes have information of the ability to tan and the con-
stitutive and inborn skin pigmentation. However, facultative
skin pigmentation is also a product of lifelong and recent
solar exposure. This information is not encoded in the
genes.37 Apparently, the pigment SNPs also have an effect on
25(OH)D synthesis that seems to be different from that of the
actual content of melanin in skin. Actually, one of the influen-
tial SNPs were located in the MATP gene related to eye colour.
Rs28777 was strongly correlated to facultative PPF (R2 = 0.589)
and explained 58.9% of the variation in facultative PPF.
However, rs28777 did not have an equally strong influence on
the variation in the 25(OH)D increase. The GLM without
rs28777 had an R2-value that was 0.005 (0.5%) lower compared
to the final GLM with rs28777 (Step 3 final GLM with and
without rs28777: R2 = 0.774 and R2 = 0.769, respectively). In
reality, several genes associated to the pigmentation pathway
also have other functions.38 In this context, it is interesting
that the conclusion of this study would have indicated an
influence of skin pigmentation, confirming the findings by
several other previous studies, if we had not chosen to

Table 3 Parameters influencing the variation in the 25(OH)D increase

Parameter P-Value Power Range/category Weekly change (95% CI) in nmol l−1

Step 1. Selection of demographic parameters
Age 2.9 × 10−7 0.999
Height 4.7 × 10−7 0.999
Facultative PPF 1.5 × 10−5 0.992
Fatty fish meals per week 9.6 × 10−5 0.976
Sex 5.4 × 10−4 0.797

Step 2. Selection of pigment SNPs
rs4911414, ASIP 8.6 × 10−13 1.000
rs12896399, SCL24A4 4.9 × 10−11 1.000
rs6475555, MTAP 2.8 × 10−6 0.997
rs4911442, ASIP 4.8 × 10−4 0.940
rs11614913, MIR196A29 5.4 × 10−4 0.935
rs16891982, SCL45A2 7.6 × 10−4 0.923
Rs28777, SCL45A2 5.4 × 10−3 0.797

Step 3. Analysis of demographic and pigment SNPs combined
Age, years 1.2 × 10−12 1.000 22–62 −5.6 (−7.3 to −4.2)
rs4911414, ASIP 1.5 × 10−11 1.000 TT + GT/GGa −2.4 (−3.1 to −1.8)
rs4911442, ASIP 1.8 × 10−6 0.998 AG/AAa 2.0 (1.2–2.8)
rs12896399, SCL24A4 4.3 × 10−5 0.985 TT + GT/GGa 1.6 (0.83–2.3)
Height, cm 2.6 × 10−4 0.957 153–188 4.4 (2.0–6.6)
rs6475555, MTAP 3.1 × 10−4 0.953 AA + AG/GGa 1.2 (0.56–1.9)
rs16891982, SCL45A2 4.1 × 10−4 0.945 CC/GC + GGa 3.5 (1.6–5.5)
Sex 1.1 × 10−3 0.905 Female/malea 1.8 (0.72–2.9)
Rs28777, SCL45A2 1.8 × 10−3 0.945 CC/CA/AAa −5.2 (−7.2 to −3.1)

−2.1 (−3.0 to −1.3)
rs11614913, MIR196A29 1.9 × 10−3 0.878 TT + CT/CCa −1.1 (−1.9 to −0.42)

Mean change in common course 5.3 (4.6–5.9)

In Step 1 separate significant demographic parameters (Table S1, ESI) that combined remained to display significant influence on the slope of
the 25(OH)D increase in a general linear model (GLM) including individual intercepts (measured) after backward and stepwise elimination
according to P-value (<0.05) and power (>0.750) were selected for further analysis. In Step 2, separate significant pigment SNPs (Table S3, ESI)
were selected in a similar way as in Step 1. In Step 3, the selected five demographic (Step 1) and seven pigment SNPs (Step 2) were deployed in a
combined GLM. After backward and stepwise elimination according to P-value (<0.05) and power (>0.750), the final GLM included 10 parameters
with significant influence on the slope (R2 = 0.774, P = 5.2 × 10−116, Power = 1.000). R2 is squared correlation coefficient. Power is the probability
of confirming the given result in a new material with similar size and uncertainties as this material. a Represents the parameter category used as
reference for estimating the influence of the other categories.
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broaden this investigation with pigment SNPs.14–17 Thus,
according to our findings focus on skin pigmentation alone
may obscure the finding of other causal parameters.

After long-term exposure to relatively high UVB doses the
individual variation in 25(OH)D end levels were wide and cor-
responded to a difference of 3-fold between the lowest and the
highest end level (73 nmol l−1 and 216 nmol l−1). Likewise, the
25(OH)D increase ranged from 2.9 nmol l−1 to 139 nmol l−1.
However, the mean 25(OH)D start level was relatively high as
the study started in early autumn. This may be reflected in the
limited increase in especially two participants (participant no.
18 in Fig. 1, 2.9 nmol l−1 and no. 21, 12.4 nmol l−1). This
could suggest that these participants nearly had reached an
upper maximal 25(OH)D level at study start limiting their
response to UVB. Interestingly, these two participants did not
by far have high-end 25(OH)D levels at study end compared to
the other participants, indicating a substantial variation in the
upper maximal 25(OH)D level as well. This is consistent with
our previous findings.25

The GLM including measured 25(OH)D start levels
explained 62.9% of the variation in the UVB-induced 25(OH)D
increase. The variation of the slope was responsible for an
additional 29.0% of the total variation. The parameters, age,
height, sex and seven pigment SNPs combined explained
14.5% out of the possible 29% of the variation. Thus, an
additional 14.5% of the variation due to the slope remains to
be explained by the influence of parameters presently not
investigated. In total, the final GLM explained 77.4% out of
the variation.

Height was positively correlated to 25(OH)D increase and
age was negatively correlated. Both parameters have previously
been shown to influence 25(OH)D levels.39,40 Sex also influ-
enced the slope of the 25(OH)D increase and may be related to
the phenomenon that women generally have a higher percen-
tage of body fat41 where excess 25(OH)D may to some extent be
stored.42 BMI did not in the combined model influence the
variation of the 25(OH)D increase significantly. As the high-
end and low-end of the BMI categories were not represented in
this study group, this could be an explanation for this.

Human pigmentation is a polygenic trait. The SNP poly-
morphism investigated presently are located in genes that pre-
viously have been associated with pigmentation.43–47 As we
investigated only a modest selection of SNPs, it is most likely
that additional genetic parameters influencing the slope of the
25(OH)D increase through other mechanisms remain to be
identified.

It could be argued that genetic parameters can be deter-
mined with higher precision than skin pigmentation (PPF)
measured with a reflectance-meter. To maximize the accuracy
of the assessment method, PPF at each location was based on
measurements performed at three different time points.
Facultative PPF was based on average measurements at five
different sites. More importantly, a precise and complete selec-
tion of the pigment SNPs could not be investigated either, as
the polygenetic background for inborn skin pigmentation is
not yet entirely resolved. Only a selection of SNPs located in

genes with possible influence on skin pigmentation based on
literature was available for analysis.

The UVB-induced 25(OH)D increase over time was best
described by a linear model after non-linear and increasing
UVB doses. This indicates a non-linear dose–response relation-
ship in accordance with the findings by others.48–50

There were no significant changes in facultative PPF during
study course after UV irradiation with UV6 tubes. Constitutive
skin was not exposed to UV and constitutive PPF did not
change. Normally, a decrease in facultative PPF during winter
would be expected in Denmark.51,52 But, it is possible that the
artificial UV radiation may have prevented this during the
study.

We intentionally presented raw P-values as this enables the
reader to correct for multiple testing according to their own
preferences. The most frequent used Bonferroni method is a
simple but conservative method to correct for multiple testing.
Our results allow correction for at least 27 tests (rs28777:
P = 1.8 × 10−3) while six demographic and 13 pigment SNPs
(a total of 19 parameters) were tested for combined influence.
Thus, such a correction would not have changed the final
results.

The LC-MS/MS method used in this study, could not dis-
tinguish the 25-hydroxy-3-epi3-vitamin D3 (3-epi-25(OH)D)
form from 25(OH)D and may therefore potentially overestimate
the 25(OH)D levels.53 In a large Swedish study, 3-epi-25(OH)D
was detected in 7.7% of the participants with a mean concen-
tration of 8.3 nmol l−1 and a detection rate inversely associated
with age.54 The mean relative contribution of 3-epi-25(OH)D of
total 25(OH)D was 11.8%. Therefore, the impact of 3-epi-25
(OH)D is most likely low.

In conclusion, polymorphisms in pigment SNPs were better
related to UVB-induced 25(OH)D increase than actual
measured skin pigmentation. Therefore, only investigating
skin pigmentation may obscure other causal parameters for
low 25(OH)D.

4. Materials and methods
4.1. Study design

This single-centre, open and non-blinded clinical trial was
conducted at Bispebjerg Hospital, University of Copenhagen,
Denmark (55.7°N) from 1st October to 22st December in 2010.
During this period the mean ambient UVR (UVA and UVB) was
2.2 SED per day and the mean outdoor temperature was 2.6°
Celsius. The solar exposed body areas are therefore limited to
faces and sometimes hands. Between October and in the
middle of April, ambient UVB do not induce significant
increase in 25(OH)D as a decline in 25(OH)D occurs
instead.26–28 For this reason, a non-irradiated (i.e. placebo)
group was not included.

4.2. Participants

Forty-three healthy participants took part in this study. They
represented a wide range of skin pigmentation (PPF) and had
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ancestors originating from a number of countries (Denmark,
Faroe Islands, United Kingdom, Pakistan, India, Palestine,
Turkey, Afghanistan, Ukraine, Russia, Morocco, Yugoslavia,
the Philippines, Gambia, Sri Lanka and Lebanon). All partici-
pants were residents in Denmark. The UVB-induced increase
in 25(OH)D in 22 of these participants have previously been
described.25

The inclusion criteria were: (1) age 18–70 and (2) Danish
residents. The exclusion criteria were (1) supplementary
vitamin D intake exceeding 10 µg per day one month prior to
study start; (2) use of supplementary vitamin D during study
period; (3) sun holiday south of latitude 45°N one month prior
to or during the study period; (4) use of solarium one month
prior to or during the study period; (5) chronic disease; (6)
skin disease; (7) intake of cholesterol-lowering or photosensi-
tising medication; (8) pregnancy; (9) drug addiction; (10) psy-
chiatric disorder; (11) physical disabilities.

The number of daily consumed fatty fish meals was
recorded in a questionnaire. Vitamin D fortified food is not
available in Denmark.

Written, informed consent was obtained from all partici-
pants. Study protocol (H-2-2010-097) was approved by the
Committees for Biomedical Research Ethics for the Capital
Region in Denmark and completed in accordance with the
Declaration of Helsinki.

4.3. Skin pigmentation

Objective measurement of skin pigmentation (pigment protec-
tion factor, PPF) was performed non-invasively with a skin
reflectance meter (UV-Optimize Scientific, Chromo-light,
Vedbaek, Denmark).55 PPF is a measure of melanin in the skin
as the content of eumelanin and pheomelanin in epidermal
biopsies is significantly and linearly related to measured
PPF.35,35,36,36,36,55,56,56 The PPF number corresponds to the
number of SED that is needed to elicit a just perceptible
erythema i.e. minimal erythema dose (MED).57 One SED is
defined as 10 mJ cm−2 at 298 nm according to the CIE
erythema action spectrum and will elicit a just perceptible
erythema in the most sensitive person in a group of persons
with very fair skin.58

There is a highly significant correlation between clinical
measured MED and PPF.59 The measuring range of PPF is 1 to
25, meaning that a UVB dose between 1 standard erythema
dose (SED) and 25 SED is needed to elicit a just perceptible
erythema. To limit the influence of possible measured outlier
values arising from improper measurement technique, the
median value of the three consecutive PPF measurements were
used. In the following, PPF is therefore used as a measure of
skin pigmentation and referred to as such. The constitutive
PPF was measured on the buttocks, a body area not normally
exposed to UVB. The facultative PPF was assessed as a mean of
measurements on the chest, midriff, back of shoulder, and the
medial and lateral sides of the arm. These are body areas influ-
enced by prior lifelong and recent solar exposure.37 Both con-
stitutive PPF and facultative PPF were measured at study start,
after 412 weeks, and at study end and did not change signifi-

cantly (P > 0.05) during the study. Therefore, mean values of
the three time-points for facultative and constitutive PPF were
used for further investigation to maximise measurement
accuracy.

4.4. Intervention/UVR treatment

UVR cabinets (Waldmann, Willingen-Schwenningen,
Germany) with 26 UV6 tubes were used. The light spectrum
covered the vitamin D action spectrum (Fig. S1 in ESI†). Ninety
% (295–365 nm) of the previtamin D3 weighed emission spec-
trum of the UV6 lamp is present in daylight during a summer
day in Denmark. During UV irradiation, the participants wore
a UV protective helmet covering head/face and underwear cov-
ering buttocks. Mosteller’s formula was used to calculate the
UV exposed BSA,60 Thus, approximately 80% of the partici-
pants’ body area was exposed.61

All participants received identical UVB doses gradually
increasing over nine weeks from October to December. UVB
treatments, each of 0.94 kJ m−2 (2 SEDs), were administered
bi-weekly during the first two weeks. In the following five
weeks, the frequency was increased to three sessions per week.
During the last two weeks, 3 weekly sessions, each of 1.4
kJ m−2 (3 SEDs), were administered. The total UVB dose
during the nine weeks was 26 kJ m−2 (56 SEDs). Irradiation
time was determined and regulated by measuring UV intensity
with a Sola-Hazard spectroradiometer (Solatell, Cornwall, UK)
at study start, after five weeks and at the end of the exposure
period. The lowest facultative PPF measured on summer pig-
mented skin in this group of participants was 5.3, meaning
that a dose of 5.3 SED is needed to cause a just perceptible
erythema in this particular participant. As the dose per session
was maximally 3 SED and as only facultative skin was irra-
diated, the UVB irradiation did not cause erythema in any par-
ticipants. Ambient UVB radiation and solar-exposed body
areas are negligible at this time of the year.26–28 Long-term
UVB treatment in non-erythemogenic doses do not increase
skin pigmentation (PPF).25

4.5. Blood analysis

4.5.1. 25(OH)D. Serum 25(OH)D was used as a parameter
of vitamin D status and analysed on a liquid chromatography
tandem mass spectrometer (LC-MS/MS).18,26 To minimise ana-
lysis variance, at least triplet analyses (technical replicates)
were performed and all 25(OH)D samples from the same par-
ticipant were analysed in one batch. The total relative standard
deviation (SD) varied between 4.9% at 20 nmol l−1 and 14.1%
at 222 nmol l−1 reflecting experimental variability. Serum 25
(OH)D was measured at study start, and from this point weekly
(400 samples) and two days after the last UVB treatment since
25(OH)D production is sustained for around two to three days
after UVB exposure.62

4.5.2. Pigment SNP genotyping. The DNA purification
method is described by others.25 Thirty-one SNPs were geno-
typed. Detailed method is described in the ESI.† The SNPs
were placed in pigmentation-associated loci. SNPs with geno-
type subgroups containing less than five participants were
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merged with other allele-sharing subgroups (e.g. genotype AA
with AG and not with GG). Heterozygote subgroups with less
than five participants were merged with an allele-sharing sub-
group displaying non-significant (P > 0.05) difference in influ-
ence on the slope of the 25(OH)D increase. SNPs with no allele
dose effect (an allele that is associated with the absolute
outcome measure) or dominant allele effect on 25(OH)D were
excluded. For SNPs with dominant allele effect (an allele that
will produce a certain phenotype, even in the presence of other
alleles), subgroups with no significant differences in influence
on the slope of the 25(OH)D increase were merged according
to allele sharing.

4.6. Statistics

Individual data were tested with the Kolmogorov–Smirnov test
to assess whether the data were normally distributed. The
residuals of the 25(OH)D measurements, constitutive PPF and
facultative PPF were normally distributed. The parameters,
age, weight, height, BMI, BSA, intake of fatty fish, were nor-
mally distributed. Comparisons of continuous and normally
distributed parameters at different time points were tested
with paired Students t-test. Linear regression (general linear
models, GLMs) analysis was used for assessing relations
between SNPs and PPF. All tests were 2-tailed.

To describe the increase in 25(OH)D over time, the follow-
ing models were investigated: linear, inverse, quadratic, cubic,
power, sigmoid and exponential. The derivate function was
defined as the average daily change in 25(OH)D between two
sample time-points (Δ25(OH)D per day). The linear model was
determined to provide the best suitable model based on: (1)
the R2 value for each model, (2) the accordance between the
investigations of the 25(OH)D increase over time (individual-
and group-based) and (3) the accordance between the investi-
gations of the 25(OH)D increase over time the derivate
function.

The inter-individual variations in the linear increase of 25
(OH)D were explored by comparing GLMs with: (1) common
intercept and common slope, (2) individual intercepts (i.e.
measured) and common slope and (3) individual intercepts
and individual slope (i.e. an individual constant). The separate
influence of the investigated parameters on the variation in
the slope of the 25(OH)D increase was examined in a GLM
including individual intercepts. The influence of separate sig-
nificant parameters was not independent and therefore sub-
sequently investigated by a stepwise backward elimination of a
combined GLM according to P-value (<0.05) and power
(>0.750).63

Data were statistically analysed using SPSS 24.0 for
Windows (SPSS Inc., Chicago, IL, USA). P < 0.05 was con-
sidered significant.

4.6.1. Sample size calculation. In our previous study an
influence of measured constitutive skin pigmentation (PPF)
was found.26 The range of constitutive PPF was 2.0–6.0 (span:
4) and resulted in a lower 25(OH)D increase corresponding to
3.2 nmol l−1 per week. The expected difference over nine weeks
is therefore calculated to be 28.8 nmol l−1. To detect an

additional difference of 28.8 nmol l−1 with a standard devi-
ation (SD) of 29 nmol l−1 for high-end 25(OH)D samples, a sig-
nificance level of 5% and a power of 80%, additional 17 par-
ticipants were required. Due to the relatively long study period,
21 extra participants were included allowing five drop-outs.
Sample size calculation was performed using the program:
“Power and Sample Size Calculation version 3.1.2” available
online on http://biostat.mc.vanderbilt.edu/wiki/Main/
PowerSampleSize.

4.6.2. Hypothesis. We hypothesised that skin pigmentation
(measured as PPF) and/or polymorphisms in pigment genes
influence UVB-induced 25(OH)D increase significantly in com-
bination with other influential parameters.
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