View Article Online / Journal Homepage / Table of Contents for this issue

An international journal
Volume 11 | Number 12 | December 2012 | Pages 1777–1956

Downloaded on 24/04/2013 13:58:56.
Published on 05 July 2012 on http://pubs.rsc.org | doi:10.1039/C2PP25093D

www.rsc.org/pps

Themed issue: Vitamin D update
ISSN 1474-905X

1474-905X(2012)11:12;1-X
1474-905X(2012)11:12;1-X

Photochemical &
Photobiological Sciences

Dynamic Article Links
View Article Online

Cite this: Photochem. Photobiol. Sci., 2012, 11, 1817

PAPER

www.rsc.org/pps

Downloaded on 24/04/2013 13:58:56.
Published on 05 July 2012 on http://pubs.rsc.org | doi:10.1039/C2PP25093D

Increase in serum 25-hydroxyvitamin-D3 in humans after solar exposure
under natural conditions compared to artiﬁcial UVB exposure of hands and
face†
Pameli Datta,*a Morten Karsten Bogh,a Peter Olsen,a Pia Eriksen,a Anne Vibeke Schmedes,b
Mette Marie-Louise Grage,c Peter Alshede Philipsena and Hans Christian Wulfa
Received 4th April 2012, Accepted 4th July 2012
DOI: 10.1039/c2pp25093d

Vitamin D studies are often performed under controlled laboratory conditions and the ﬁndings may be
difﬁcult to translate to natural conditions. We aimed to determine and compare the doses of natural solar
ultraviolet radiation (UVR) with doses of artiﬁcial UVB radiation of hands and face needed to increase
serum 25-hydroxyvitamin-D3 (25(OH)D). Furthermore, we aimed to investigate the natural course of
25(OH)D due to solar exposure from April to September. 46 Caucasian volunteers were included. 17
volunteers received solar UVR (Group 1) in their natural Danish environment. Individual daily solar UVR
doses in standard erythema doses (SEDs) were determined with personal wristwatch UV-dosimeters. 29
volunteers (Group 2) received artiﬁcial UVB doses of 6 SEDs (N = 14) and 3 SEDs (N = 15) on hands
and face during late-winter/early-spring when outdoor UVB is negligible. 25(OH)D-levels were
determined around every second week during study periods. Solar-UVR doses and sun-exposure diaries
with information of sun-exposed areas were available from 8 volunteers and used for comparison with
artiﬁcial UVB doses. However no signiﬁcant solar-induced Δ25(OH)D was observed when sun-exposed
areas were limited to hands and face. Instead the earliest period (week 17–19) with signiﬁcant Δ25(OH)D,
occurring after a mean of 2 days of sun-exposing more than hands and face, was used to estimate an
approximate UVR dose required to increase 25(OH)D. This estimate resulted in a dose of 4.1 solar SEDs
required to increase 25(OH)D by 1 nmol l−1. The artiﬁcial dose of 6 SEDs of only hands and face
signiﬁcantly increased 25(OH)D and resulted in a dose of 0.52 SEDs required to increase 25(OH)D
signiﬁcantly by 1 nmol l−1. Artiﬁcial UVB was thus at least 8 times more efﬁcient in increasing 25(OH)D
than solar UVR at a UV-exposed area consisting of approximately hands and face. Solar UVR exposure
of larger areas may lead to enhanced efﬁcacy but was not relevant for this comparison. Signiﬁcant solarinduced Δ25(OH)D was present earliest at April 8, maximal by early August and decreased by late
August.

Introduction
Solar ultraviolet radiation (UVR) as well as artiﬁcial ultraviolet
B (UVB) radiation (280–320 nm) increases vitamin D levels in
humans.1–5 Vitamin D is crucial in maintaining bone health and
in the prevention of fractures and falls, and the number of diseases that may be associated to a deﬁciency is increasing
rapidly.6–10
The main amount of vitamin D is synthesized in the skin after
solar UVB exposure and only supplemented by dietary intake.
a
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The level of UVB in sunlight is low during the winter season in
large parts of the world. At the same time the temperature limits
the exposed body surface area mainly to the face and hands and
no signiﬁcant vitamin D production occurs during November–
February in Denmark.11–13 This results in seasonal variation in
vitamin D levels in countries at high latitudes and with long
winters and is reﬂected in the seasonal difference observed in the
vitamin D metabolites 25-hydroxyvitamin D3 (25(OH)D).14–16
We have previously demonstrated that a small suberythemal
dose (1 standard erythema dose (SED)) of artiﬁcial UVB
exposure to 88% body surface area every second week is sufﬁcient to maintain summer vitamin D status in winter.17 However,
in Denmark during the winter half-year as a rule only the face
and hands are exposed to sunlight. It is uncertain whether solar
UVR exposure of only hands and face during spring is sufﬁcient
to cause a signiﬁcant increase in vitamin D. There have been
several studies investigating the effects of either artiﬁcial UVB
or solar UVR radiation of different body surface areas on 25
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(OH)D levels.2,4,17–19 To our knowledge, there have not been
any studies comparing the two sources so that laboratory experiments with UVB radiation can be translated into sunlight doses
outdoors.
This study sought to investigate the doses of solar and artiﬁcial UVB exposure of face and hands that would induce an
increase in 25(OH)D and compare these doses in efﬁcacy. In
addition, we aimed to determine at what time of year signiﬁcant
25(OH)D synthesis is induced and maximum 25(OH)D level is
achieved and how this is related to UVR dose and sun-exposed
body surface area.

Materials and methods
Volunteers and procedure: This study was an open controlled
clinical trial conducted at Bispebjerg University Hospital,
Denmark (56°N) in February to September 2008 (week 8–35, a
total of 28 weeks), March to April 2011 (10 days) and February
2012 (10 days). The Danish Medical Ethics Committee approved
the study protocols (H-B-2007-100, H-2-2010-097). The study
was performed in accordance with the Declaration of Helsinki,
and written informed consent was obtained from all volunteers.
38 healthy Caucasian volunteers residing in Denmark and of
Danish descent were recruited. 36 unique volunteers completed
the study, with 10 volunteers being studied in two sessions in
different years, to give a total of 46 sets of results. All volunteers
were skin-type I–IV according to Fitzpatrick’s classiﬁcation.20 17
of the volunteers participated in Group 1 and received solar
UVR in their natural environment. 19 of the volunteers participated in Group 2 and received 2 different doses of artiﬁcial
UVB. 25(OH)D were measured in both groups at baseline,
approximately every second week throughout the study period
and at study-end.
Group 1

The volunteers were a homogeneous group of 17 medical students (female 13 and male 4, mean age 26.4, range 23–30). The
ambient UVR was determined using personal electronic UVR
dosimeters in a watch and worn on the left wrist from March to
September 2008 (week of year: 13–35, 23 weeks). Of these, 10
volunteers consistently wore the UVR dosimeters. In the period
from late March to late May there were 250 measurement days
(43.6%) out of 574 possible days. There were 121 days with
positive measurement (21.1%). Technical problems with the
dosimeters were responsible for a loss of 12.1% of the data.
Personal electronic UV dosimeter. The UVR dosimeter
includes a sensor and a data logger assembled in a digital watch
case. It has a silicon carbide photodiode (JECF1-IDE; Laser
Components, Olching, Germany) and a built-in diffuser with a
cosine response. The spectral response is similar to the CIE
erythema action spectrum.21 The dosimeter was set to measure
every 8 s and the data logger to store the measurements every
10 min. The doses were given in SEDs (measuring range 0.1
SED per h to 23 SEDs per h). The volunteers were instructed to
wear the dosimeter on the left wrist continuously at least
between 7 AM and 7 PM. During swimming they were
instructed to place it on a towel with the sensor facing upward as
1818 | Photochem. Photobiol. Sci., 2012, 11, 1817–1824

the dosimeter is not entirely waterproof. The UVR dosimeter is
described in more detail elsewhere.22
Sun exposure diaries. Sun exposure diaries were available
from 8 out of 10 volunteers wearing UVR dosimeters consistently. The sun exposure diaries included the following questions:
(1) Did you wear the personal dosimeter today? (2) Did you sunbathe today (sitting or lying in the sun with upper body or
shoulders exposed to get a tan)? (3) Have you exposed your
shoulders or upper body outdoors today? (4) Have you used a
solarium today? (5) Have you been abroad today? If yes, specify
which country.
Sun exposure diary data were available for 1072 days (mean
134 days per volunteer, range 116–153) out of a total of 1075
days. We used information retrieved from the sun exposure
diaries to determine when more than hands and face were
exposed. Furthermore, we used data from the Danish Meteorological Institute (DMI) with daily recordings of maximum temperatures (°Celsius), hours of sunshine and cumulative daily UVR
doses (SEDs) to determine if there was a consistency between
these data and the information from the sun exposure diaries.
Group 2

Group 2 consisted of 19 volunteers (female 14, male 5) with a
mean age of 40 (range 19–68). This corresponded to 29 volunteer years as 10 persons participated 2 years. They received 4
sessions of artiﬁcial UVB of hands and face with either 1.5
SEDs (N = 14) or 0.75 SEDs (N = 15) per session at intervals of
2 or 3 days during early spring 2011 or late winter 2012. The
study period was 10 days. The inclusion criterion was: age
18–70. The exclusion criteria were: (1) skin disease on irradiated
surfaces; (2) intake of cholesterol-lowering or photosensitizing
medication; (3) pregnancy; (4) drug addiction; (5) psychiatric
disease; (6) solarium or sun holidays south of latitude 45°N
during the study period and a month prior to study start; (7) supplementary vitamin D one month prior to baseline and during
the study period.
Irradiation/UVB exposure. A UV cabin (Waldmann
UV1000L, Willingen-Schwenningen, Germany) was used to
irradiate with artiﬁcial UVB. The cabin was installed with 26
F85/100W UV6 tubes (Waldmann, Willingen-Schwenningen,
Germany) providing a broad-band (290–365 nm) source of
UVB.4,23–25 Spectral data for the UV6 tubes have been described
elsewhere.23 Total doses of 3 SEDs (4 × 0.75 SEDs over a
period of 10 days) or 6 SEDs (4 × 1.5 SEDs over a period of
10 days) artiﬁcial UVB were used. One SED is deﬁned as
100 J m−2 at 298 nm using the CIE erythema action spectrum
and normalized to 298 nm.5,25,26 One SED will elicit just perceptible erythema in the most sensitive person of a group of very
sensitive persons, while a type IV skin type will be able to tolerate up to 8–10 SEDs.20,23,27 UV intensity was controlled before
baseline and after study-end with a Sola-Hazard spectroradiometer (Solatell, Cornwall, UK).
25(OH)D analysis. In Group 1, samples for 25(OH)D analysis
were taken at baseline and approximately every second week
adding up to a total of 11 visits (week of year: 8–35, 28 weeks)
from February to September 2008 (Table 1). Of 187 samples
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Table 1 Serum 25(OH)D in nmol l−1 and dates of visits in Group 1 (N
= 17). Dates are in dd/mm. Week is given as week number of year.
Values are mean followed by (range). P-values are based on comparison
of 25(OH)D between visit 1 (baseline) and successive visits
Visit Period

Week N

25(OH)D

1
2
3
4
5
6
7
8
9
10
11

8.3
10.9
12.9
14.7
17.0
19.1
20.9
22.6
25.7
31.6
35.1

37.1 (19.4–92.8) —
38.7 (16.4–103.4)
0.910
40.6 (20.1–111.5)
0.196
43.5 (17.6–111.1)
0.044
47.1 (18.8–107.2)
0.023
52.7 (23.2–83.4)
0.010
75.1 (22.0–122.8)
0.028
80.6 (51.1–140.7) <0.001
87.4 (46.7–169.0) <0.001
99.7 (62.2–133.6)
0.012
89.9 (59.0–133.5)
0.008

23 February (20–27/2)
12 March (10–17/3)
26 March (24–28/3)
8 April (7–10/4)
24 April (21–29/4)
9 May (6–14/5)
21 May (19–23/5)
2 June (28/5–10/6)
24 June (20/6–2/7)
4 August (4–6/8)
29 August (25/8–5/9)

16
17
17
17
16
13
7
17
17
9
10

P-value

planned 156 (83%) were collected. In Group 2, 25(OH)D
samples were collected at baseline and 2 days after the last UVB
session.
Peripheral venous blood samples were centrifuged at 5000
rpm for at least 10 min and serum was stored at below −20 °C
within 6 h of sampling. Serum samples were prepared through
protein precipitation with acetonitrile and puriﬁcation using solid
phase extraction. The eluate was used for analysis of serum 25
(OH)D concentration on a liquid chromatography-tandem mass
spectrometer (LC-MS/MS) as described elsewhere.18 At least a
triplet analysis of samples from each volunteer was performed to
minimize variance. At 20–222 nmol l−1 the total relative standard deviation (SD) for 25(OH)D determinations varied between
4.9%–14.1%. At 50 nmol l−1 the total relative SD was maximally 14.1%.
Statistical analysis. Data were statistically analysed using
SPSS 20.0 for Windows (SPSS Inc., Chicago, IL, U.S.A.). We
used the Wilcoxon signed rank test comparing the changes in 25
(OH)D between baseline and successive visits. Comparisons of
Δ25(OH)D after 6 SEDs and 3 SEDs were performed using the
Mann–Whitney U-test. Linear regression analysis was applied in
Group 1 taking each individual’s baseline into account to investigate possible signiﬁcant daily Δ25(OH)D in periods where no
more than hands and face were sun-exposed. The signiﬁcance
level was P < 0.05.

Results
The natural course of the mean serum 25(OH)D levels in the 17
volunteers exposed to solar UVR is illustrated in Fig. 1(A).
Table 1 shows the visit dates, weeks and corresponding 25(OH)
D levels.
Solar environmental UVR and artiﬁcial UVB required to induce
an increase in 25(OH)D

Sun exposure diaries were available from 8 volunteers of the 10
volunteers with individual solar UVR doses shown in Fig. 1(B).
As the sun exposure diaries provided important information
about the size of the sun-exposed area we decided to use this
subgroup of 8 volunteers to determine the solar UVR required to

increase 25(OH)D. An overview of how data were analysed is
summarised in the ﬂowchart in Fig. 2.
Solar UVR doses were available from week 13–35 (visit
3–11). Sun exposure diaries showed that until week 15 the sun
exposed area was restricted to hands and face. In this period, the
increase of 25(OH)D compared to baseline was not signiﬁcant
using the Wilcoxon signed rank test as shown in Table 2. Linear
regression analysis of these 8 volunteers in this period did not
show a signiﬁcant daily increase in 25(OH)D from (P = 0.383)
after a UVR dose of 1.5 SEDs either. As there was no signiﬁcant
increase in 25(OH)D in periods when only hands and face were
sun-exposed, the exact solar UVR dose required to increase 25
(OH)D by 1 nmol l−1 under the predeﬁned exposed area size
could not be precisely determined.
Instead the required solar UVR dose to increase 25(OH)D by
1 nmol l−1 on an exposed area of approximately hands and face,
including the least number of days where more than hands and
face were sun-exposed as possible, was estimated. Hence the earliest period with signiﬁcant 25(OH)D level was selected. Signiﬁcant Δ25(OH)D was observed earliest in week 19. The period
between week 17–19 included a mean of 2 days of exposing
more than hands and face to sunlight making the exposed area
fairly comparable with Group 2. Furthermore the length of the
period (2 weeks) was also similar to the period in which Group
2 received the artiﬁcial UVB dose (10 days). In this time interval
(week 17–19) they received a mean of 9.4 SEDs and increased
25(OH)D by a mean of 2.3 nmol l−1 resulting in a UVR dose of
4.1 SEDs required to increase by 1 nmol l−1 as shown in Table 3
and Fig. 2.
Additionally we have supplemented with estimates from week
13–19 (6 weeks) which provides a longer observation period.
This period included an increased mean of 3 days of exposing
more than hands and face to sunlight and resulted in a solar dose
of 3.6 SEDs required to increase 25(OH)D by 1 nmol l−1.
When the observation period was extended further to week
13–21 (8 weeks) the mean days of exposing more than hands
and face was increased from 2 to 5.1 and the solar UVR dose
required to increase 25(OH)D by 1 nmol l−1 was reduced to 1.0
(Table 3). However in this period the sun-exposed area was no
longer comparable to the areas exposed to artiﬁcial UVB and not
relevant to this study. But it shows that the efﬁcacy of inducing
25(OH)D increases when the sun-exposed surface area is
enlarged.
The sun exposure diaries showed that all volunteers began to
expose more than hands and face regularly from May 1 to May
10 just prior to week 19. This coincides with the ﬁrst present signiﬁcant increase in 25(OH)D compared to baseline using the
Wilcoxon signed rank test as shown in Table 2. At the same time
there is a clear rise in the daily maximum temperature and hours
of sun, as shown in Fig. 1(C).
Group 2 had a signiﬁcant increase in mean 25(OH)D by
11.5 nmol l−1 (P = 0.002) after a UVB dose of 6 SEDs of hands
and face only as shown in Table 3. Hence, the required SEDs to
increase 25(OH)D by 1 nmol l−1 were 0.52 SEDs at this dose.
This means that artiﬁcial UVB in this study was estimated to be
at least 8 times more effective in increasing 25(OH)D than solar
UVR under conditions favouring the efﬁcacy of the solar UVR.
The volunteers receiving 3 SEDs lead to an insigniﬁcant tendency of increase of 3.4 nmol l−1 (P = 0.113). There was a
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Fig. 1 (A) Mean 25(OH)D level in nmol l−1 and 1 standard error of mean (SEM) at the 11 visits at different weeks of the year for Group 1 volunteers
who received solar UVR in their natural environment from February 20 to September 5 in 2008. Grey circles: Group 1 (N = 17) 25(OH)D values.
Black circles: subgroup of Group 1 (N = 8) 25(OH)D values. Only the subgroup had available individual UVR doses. (B) In the subgroup of Group 1
(n = 8) mean UVR doses in standard erythema dose (SED) in between visits are indicated by black dots and shown in the middle of the period with
error bars of 1 SEM. The grey histogram indicates the period for which the dose was received. The ﬁrst measurement was available from week 13
(March 26) and henceforth. (C) Data from February 20 to September 5 in 2008 retrieved from the Danish Meteorological Institute are shown here.
Grey line: maximum daily temperature in °Celsius. Black line: hours of sunlight per day. Dotted line: total environmental measured UVR dose per day
in SED. Around April 19 there is a clear increase in hours of sunlight per day indicated by the grey arrow but the maximal daily temperature is still
below 20 °C. At this time some volunteers started to expose more than hands and face to sunlight. From May 1 to May 10 the maximal daily temperature is more frequently around 20–25 °C which is indicated by the black arrow. Hours of sunlight and UVR dose per day are also increased. In this
period all volunteers in the subgroup (N = 8) of Group 1 had exposed more than hands and face to sunlight and started sunbathing. All three panels
have a common x-axis showing the study period in weeks.

signiﬁcant difference between the Δ25(OH)D after 6 SEDs and 3
SEDs (P = 0.046).
At what time of year does a signiﬁcant increase of 25(OH)D due
to solar UVR occur?

Mean baseline 25(OH)D levels were 37.1 nmol l−1 in Group 1
and 33.4 nmol l−1 in the subgroup of 8. These baseline levels
were increased signiﬁcantly for Group 1 by April 8 (P = 0.044)
and for the subgroup of 8 by May 9 after a total UVR dose of
23.2 SEDs (P = 0.043). There was good accordance between
what was reported in the sun exposure diaries and the climate
data shown in Fig. 1(C) indicating relatively good reliability
1820 | Photochem. Photobiol. Sci., 2012, 11, 1817–1824

regarding assessment of sun-exposed body surface area. These
data combined indicated that signiﬁcant increases in 25(OH)D
occur only when areas larger than hands and face are sunexposed frequently and are concurrent with a clear rise in daily
maximal temperature and hours of sunlight (Fig. 1(C)).
A maximum level of 99.7 nmol l−1 25(OH)D due to solar
UVR in Group 1 was achieved at August 4. Between August 4
and September 5 the 8 volunteers received an average of 21.2
SEDs but 25(OH)D still declined. In this period (week 32–35)
sun exposure diaries show a drop in the mean days of sunbathing
from 5.4 days (week 26–32) to 1 (week 32–35). Similarly sun
exposure of more than hands and face drops from a mean of 8.3
days (week 26–32) to 2.1 (week 32–35).
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Fig. 2 Approach to estimate required solar UVR and artiﬁcial UVB to increase 25(OH)D signiﬁcantly in as comparable sizes of UV exposed areas
as possible. 17 volunteers in Group 1 were exposed to solar UVR in their natural environment. Sun exposure diaries, individual solar UVR doses and
25(OH)D levels were available for a subgroup (N = 8). UVR doses were measured from March and henceforth. The sun-exposed areas are more or
less restricted to hands and face during spring (week: 13–21, see Table 1 for exact visit dates and weeks) and were thus selected for analysis. Group 2
received artiﬁcial UVB on hands and face with a total dose of either 6 or 3 SEDs during late winter/early spring when outdoor UVB is negligible. In
Group 1 there was no signiﬁcant 25(OH)D increase when sun-exposed areas were restricted to hands and face. Comparison between the two sources
of UV was performed when the earliest signiﬁcant increase in 25(OH)D was present. Boxes with italic text indicate UV doses resulting in insigniﬁcant
Δ25(OH)D or periods with unsuitable UV-exposed areas for comparison. Grey boxes indicate signiﬁcant Δ25(OH)D and periods used for comparisons
made between solar and artiﬁcial UV. Artiﬁcial UVB was at least 8 times more efﬁcient in increasing 25(OH)D than solar UVR when the UV-exposed
areas were more or less restricted to hands and face (see Table 3).

Discussion
Solar environmental UVR and artiﬁcial UVB required to induce
an increase in 25(OH)D

The main purpose of this study was to compare the efﬁcacy of
inducing vitamin D synthesis between solar UVR and artiﬁcial
UVB. This was done to provide a means of translating artiﬁcial
UVB doses into real life solar UVR doses. One of the challenges
to overcome is to keep the UV exposed body surface areas comparable. The size of solar exposed body surface area is highly
variable with time of the day, season and individual clothing
habits. In the winter half-year at high latitudes when temperatures are low the sun-exposed areas are usually limited to hands
and face and subsequently more reliably deﬁned and therefore
suited for this study. Under these conditions it was our objective
to determine the UVR dose needed to increase 25(OH)D by
1 nmol l−1 and compare it to an equivalent artiﬁcial required
UVB dose.
However in this study solar UVR exposure of hands and face
in Group 1 did not increase 25(OH)D signiﬁcantly. Signiﬁcant
25(OH)D was observed after an artiﬁcial dose of 6 SEDs on an
area restricted to hands and face in Group 2. Consequently an
exact relationship between the efﬁcacy of solar UVR and artiﬁcial UVB based on these predeﬁned exposure areas could not be
established.

Table 2 Δ25(OH)D (ΔD) in nmol l−1 and UVR doses in SEDs
between the previous and the following visit for successive visits in a
subgroup of Group 1 (N = 8) with individual solar UVR doses and sun
exposure diaries. Values are given in mean followed by (range). Pvalues are based on comparison of 25(OH)D between visit 1 (baseline)
and successive visits. Mean accumulated days of exposing more than the
predeﬁned area is also given followed by (total number of days in the
whole group)

Visit

Week
of year

1
2
3
4
5
6
7
8
9
10
11

8,3
10,7
12,7
14,7
17,0
19,1
20,9
22,4
26,0
31,6
35,1

ΔD

Pvalue

UVR dose

—
−2.2
1.2
3.0
1.1
2.3
27.9
17.7
8.4
21.0
−5.5

—
0.401
0.484
0.093
0.327
0.043
0.109
0.012
0.012
0.018
0.012

—
—
—
1.5 (0.1–6.1)
12.3 (1.8–30.2)
9.4 (4.7–17.8)
9.3 (4.9–13.6)
14.8 (10.0–24.4)
6.4 (0.8–12.7)
21.9 (6.8–64.5)
21.2 (0.2–124.1)

Mean days of
exposing > hands
and face
—
—
—
0 (0)
1 (8)
3 (24)
5.1 (41)
5.6 (45)
10.3 (82)
18.5 (148)
19.5 (156)

Signiﬁcant increase in 25(OH)D in Group 1 occurred earliest
in week 19 after a mean of 25.2 solar SEDs and a mean of 3
days of exposing much more than hands and face to sunlight.
The period between week 17–19 was used for comparison
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Table 3 Comparison of solar and artiﬁcial UVR. Solar UVR exposure (SEDs) in a subgroup of Group 1 (N = 8) with sun exposure diaries in time
intervals with signiﬁcant positive Δ25(OH)D (ΔD) in nmol l−1. Artiﬁcial UVB doses, serum 25(OH)D at baseline and after irradiation and Δ25(OH)D
in Group 2 (N = 29). Mean values are followed by (range). *P value based on comparison with baseline level. Mean days of exposing more than the
predeﬁned area is also given for the relevant periods
Group

25(OH)D at
Visit Week N UV-dose baseline

Downloaded on 24/04/2013 13:58:56.
Published on 05 July 2012 on http://pubs.rsc.org | doi:10.1039/C2PP25093D

Solar UVR
1
5–6 17–19 8 9.4
1
3–6 13–19 8 23.2
1
3–7 13–21 8 32.5
Artiﬁcial UVB
2
—
14 6
2
—
15 3

25(OH)D after
irradiation

ΔD

Mean days of exposing > UV dose to increase
P-value hands and face
1 nmol l−1 25(OH)D

Ratio

—
—
—

—
—
—

2.3
23.2
34.3

0.043* 2.4
0.043* 3.0
0.109* 5.1

4.1
3.6
1.0

∼8
∼7
∼2

54.6 (28.2–103.3)
58.3 (31.3–86.1)

66.1 (35.8–126.2) 11.5 0.002
61.7 (39.2–97.0)
3.40 0.394

0.52
—

1
—

instead because the days of exposing more than hands and face
were kept to a minimum and the length of the period was more
comparable to the conditions of Group 2 receiving artiﬁcial
UVB. But as a result of this, the area exposed in Group 1 receiving solar UVR to some extent exceeded the area exposed in
Group 2 receiving artiﬁcial UVB. The size of exposed body
surface area has previously been shown to inﬂuence Δ25(OH)D
at different UVB doses when the exposed area is relatively small
as in this study.4 Consequently this approach introduces a bias
that overestimates the efﬁcacy of solar UVR substantially compared to artiﬁcial UVB. Based on these results we can conclude
that solar UVR exposure is at least 8 times less effective in inducing 25(OH)D synthesis compared to artiﬁcial UVB. When the
UV exposed area was enlarged in the solar group the difference
in efﬁcacy was reduced. However the purpose of this study was
to make a comparison under as equal conditions as possible.
Whether the difference in efﬁcacy of increasing 25(OH)D is sustained at larger UV doses and larger exposed areas remains to be
resolved.
Artiﬁcial UVB can be irradiated on all body surface areas
with an equal intensity whereas irradiation from sunlight
depends on season, body position and on what time of the day
you are exposed to sunlight (sun altitude). Solar UVR is also
considered to be a little less effective as UVA contributes to SED
but not to 25(OH)D synthesis. The difference in efﬁcacy of inducing vitamin D synthesis found in this study is therefore not in
contrast to the general notion.
This part of the study was limited by that only a subgroup of
8 volunteers in Group 1 had both sun exposure diaries and UVR
doses available and used for the comparison. Among the volunteers with UVR doses there were only 43.6% measurement days
available and of these 21.1% days with a positive measurement.
This could either mean that compliance was not optimal and that
many UVR exposure days have not been recorded. In this case,
the measured solar SED doses are underestimates and this would
emphasize our conclusion that artiﬁcial UVB is far more effective in inducing 25(OH)D than environmental UVR. Or this
could be explained by the fact that the medical students were
studying for exams resulting in many days with no UVR doses.
The fact that the sun exposure diaries do not report the sunexposed area precisely contributes to some uncertainty to the
exact time when the predeﬁned sun-exposed area was expanded.
The diaries only give information in regards to when the
exposed area was increased considerably, i.e. when the shoulders
or upper body were exposed. For this reason we underpinned our
1822 | Photochem. Photobiol. Sci., 2012, 11, 1817–1824
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sun exposure diaries information by using national climate data
consisting of daily maximum temperatures, hours of sunshine
and accumulated UVR doses. There was a good consensus
between the information from these two sources, indicating that
our estimate of sun-exposed areas was fairly acceptable although
not precise. It is important to bear in mind in this context that
cultural differences in sun exposure habits exist. What is considered sun bathing weather and temperature in one country does
not necessarily apply to another. Rather than using general
environmental based UVR doses we used personal UVR doses
in this study. These measurements take individual differences in
sun exposure habits into account. However personal UV dosimeters worn on the wrist record more reliable doses of UVR
received on the hands than on the face. Thieden and colleagues
have previously shown that wrist, shoulder, upper arm and chest
receive about 50%, 64%, 50% and 34% respectively of the UVR
dose received by the top of the head.28 The dose received on the
face may be better represented as the mean value of the dose
received on the upper arm and the shoulder corresponding to
57% of the dose received by the top of the head. Nonetheless,
this can only account for a minimal underestimation of the solar
SED dose.

At what time of year does a signiﬁcant increase of 25(OH)D due
to solar UVR occur?

A previous simulation study found that in theory it is possible to
acquire a UVR dose adequate for vitamin D synthesis in spring
for all skin types under various atmospheric and surface conditions at the maximal latitude of 54°N when hands, face and
arms (25% of body surface area) are sun-exposed. This would be
equivalent to between 26–152 min of sun exposure depending
on skin type (I–IV) at March 21 and 8–13 min at June 21.29 Our
study was located 2° further north, and conﬁrms under natural
conditions the difﬁculties in achieving adequate UVR doses on
small body surface areas to increase vitamin D during spring as
described by the simulation study. In other words, it may in
theory be possible for 25(OH)D synthesis to start as soon as
March but in real life not likely to happen with the recommended
sun-exposure times when daily temperature is low and sunexposed areas are restricted to hands and face. The earliest point
at which positive signiﬁcant Δ25(OH)D takes place is April 8 in
our study. However we have no detailed knowledge of their sun
behaviour that possibly could include using solarium or holidays
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with sunbathing. But in the subgroup of 8 volunteers with
detailed sun-exposure diaries positive signiﬁcant 25(OH)D synthesis occurred as late as May 9 without the use of solarium or
sun holidays abroad prior to this. Apart from differences in individual sun habits the onset of signiﬁcant 25(OH)D may also
depend on variations in maximum daily temperatures and daily
hours of sun from year to year.
In a Norwegian study performed at 68.2°N, 15 volunteers
were exposed to a minimum of 20 min of sunlight only to the
face from February to mid-April. Environmental measurements
of UVR from a spectrophotometer located close to their work
were used. There was no signiﬁcant increase in 25(OH)D.19 It
clearly supports our perhaps most surprising result that no signiﬁcant increase in Δ25(OH)D is induced as long as the sunexposed area is limited to hands and face despite relatively high
doses of solar UVR (mean of 13.8 SEDs) during late spring. It is
sustained even when larger areas are exposed to sun occasionally
(mean of 1 day during a period of approximately 2 weeks) as
observed in the Group 1 subgroup of 8 volunteers between week
15–17.
A maximum level of 25(OH)D due to solar UVR was
achieved in August 4 for Group 1 and the subgroups just after
normal summer holidays. A decrease in 25(OH)D was observed
in August 29 though receiving the same UVR dose (21.2 SEDs)
as the previous time period. Sun exposure diaries indicate that
the mean days of sun-exposing more than hands and face and
sunbathing is reduced again and may in part be responsible for
this.

Conclusion
An artiﬁcial UVB exposure of 6 SEDs of hands and face in
Group 2 (N = 14) induces signiﬁcant 25(OH)D synthesis
whereas an equivalent dose of solar UVR of hands and face in a
sub-group of Group 1 (N = 8) does not. Consequently a direct
comparison was not possible. Instead the required solar UVR
dose to increase 25(OH)D by 1 nmol l−1 on an exposed area
consisting of approximately hands and face was estimated.
Artiﬁcial UVB was thus found to be at least 8 times more
effective in inducing 25(OH)D synthesis than solar UVR using
approximately the same size of UV-exposed areas. This estimate
favours the efﬁcacy of solar UVR due to the presence of sunexposed areas exceeding hands and face occasionally. Signiﬁcant
increase in 25(OH)D level required a mean of 25.3 solar SEDs
and a mean of 3 days of exposing much more than hands and
face and took place in week 19. The efﬁcacy of solar UVR
increased markedly when the size of the sun-exposed areas was
enlarged more regularly (week 13–21) but were then not comparable with the artiﬁcial dose.
The earliest onset of signiﬁcant 25(OH)D increase was at
April 8 (week 15) in this study. The maximum level of 25(OH)D
was 99.7 nmol l−1 in August 4 (week 32). Subsequently (week
35) the mean 25(OH)D level decreased probably due to a
decrease in the size of the exposed body surface area.
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