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It is widely recognized that vitamin D deficiency has detrimental health consequences. The ultraviolet
(UV) B radiation increases the serum vitamin D level, expressed by 25-hydroxyvitamin-D3 [25(OH)D].
An analytical model is presented to calculate the serum 25(OH)D changes throughout a year, caused
by the solar exposure variability due to geophysical and habitual factors. The model is tuned by taking
into account recent experimental results of serum 25(OH)D changes, after a series of artificial (by fluores-
cent tubes) UV exposures. The model uses the erythemal and vitamin D weighted irradiances, inferred
from the Brewer spectrophotometer and the Kipp and Zonen broad-band meter measurements, carried
out in Belsk (52�N, 21�E), Poland, in 2010. The modeled seasonal pattern of the serum 25(OH)D concen-
tration in Polish indoor workers is only slightly different, than in subjects with typical outdoor activity
habits, and in those with sun-seeking behavior. A deep minimum in the serum 25(OH)D concentration
appears in late winter, regardless of outdoor activity habits. An extra sunbathing to boost the vitamin
D level is not worth taking, because of a minor improvement of the vitamin D status, and because of a
greater erythema risk. It would be much safer and more effective to maintain an adequate vitamin D level
through diet supplements, even in summer, for non sun-seeking subjects.

� 2011 Published by Elsevier B.V.
1. Introduction

A skin exposure to the solar ultraviolet (UV) radiation is a basic
source of vitamin D for humans [1,2]. Many recent papers demon-
strated health problems related to a low level of vitamin D. It is
well established that vitamin D is essential for the bone and muscle
status [3,4]. It has been suggested in literature that the vitamin D
insufficiency might also be related to a higher risk of colorectal
cancer, prostate cancer, multiple sclerosis, type-1 diabetes, and
cardiovascular diseases [5–9]. Otherwise, the increased UV expo-
sure could induce several diseases, such as nonmelanoma skin can-
cers, cataracts [10], DNA damage [11], immune suppression [12],
etc. Thus, balancing beneficial and harmful solar UV effects is of
a special importance for health status [13].

The typical measure of the vitamin D status is a serum concen-
tration of the 25-hydroxyvitamin D [25(OH)D]. Several studies
indicated the vitamin D insufficiency across Caucasian population,
based on measurements of the serum 25(OH)D levels [14–16]. The
studies applied a statistical approach for finding a relationship be-
tween changes of the serum 25(OH)D level and the solar UV expo-
sure. The vitamin D synthesis in a human body depends on a
number of causes, including geographical factors (solar elevation,
ozone, cloudiness, albedo, etc.), as well as on individual human fac-
tors (skin phototype, outdoor activity habits, age, genetic factors,
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etc.). Mathematical modeling is a promising tool to analyze the
vitamin D changes, related to all these factors. Such modeling
has already begun [17]. An alternative model is presented here
for an estimation of the seasonal changes in serum 25(OH)D, for
various scenarios of outdoor behavior. The model is constructed
taking into real UV exposures, measured in Poland in 2010, and
findings of recent laboratory experiments with the UV light, emit-
ted by fluorescent tubes [18–21].

2. Methods and data

2.1. Ambient UV radiation

The surface UV radiation at the Central Geophysical Observatory
of the Institute of Geophysics, Polish Academy of Sciences, in Belsk
(52�N, 21�E, central Poland), has been measured by various broad-
band instruments since 1975, and by the Brewer spectrophotome-
ter (BS) since 1992. The UV series has been recently homogenized
and used for the trend detection for the period of 1976–2008
[22]. The biologically effective (BE) spectral irradiances for the ery-
thema appearance, and production of pre-vitamin D3 from the 7-
dehydrocholesterol, were obtained by using the CIE action spectra
for erythema [23], and the vitamin D production [24], respectively,
as the weighting functions for all of the BS spectra, collected in
2010. The ShicRIVM algorithm [25] was applied to extend the spec-
tra from the measured 290–325 nm range, up to 400 nm.

To run our model and compare it with the previous model [17],
we calculated the BE fractional daily doses for 1 h or 2 h period, on
for seasonal variability of vitamin D due to solar radiation, J. Photochem.
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each day of 2010. Normally, there are 1–4 Brewer UV measure-
ments, performed every hour throughout the day. Such time resolu-
tion gives only a crude approximation of 1 h doses, as clouds may
affect the surface UV irradiance on much shorter time scales. Thus,
the BE fractional daily doses have to be reproduced from proxy vari-
ables, correlated with the UV irradiance. The following proxies were
selected: the output (in Volts) of the collocated Kipp and Zonen UV
broad-band meter, the UV–S–EA–T, solar elevation from an astro-
nomical formula, and the amount of ozone in the whole column
of the atmosphere (from the nearest BS ozone measurements). A
multiple regression model of the BE irradiance, measured by the
BS during clear-sky conditions, on the proxy values at the time of
BS measurement, was constructed. A standard least-squares proce-
dure was applied to find the regression constants. Subsequently,
the 1 min BE irradiances were calculated throughout the whole
day, using a linear combination of regression constants, and the
time series of the regression proxies. Similar procedures were com-
monly used in the past reconstructions of the ground level solar UV
[26–28].

Two regression models are considered here to calculate the ery-
themal and vitamin D weighted irradiances with 1 min resolution.
The erythemal irradiances from the reconstruction model differ
only slightly, by about 2–3% ± 7% (standard error), from the routine
erythemal irradiances, detected by the Belsk broad-band meter.
Moreover, the reconstructed vitamin D irradiances agree (within
a ± 5% range) with those derived by the recently proposed statisti-
cal model, that converts the observed erythemal irradiances (from
the Belsk’s UV broadband meter) to the vitamin D weighted irradi-
ances with an accuracy of about 10% [29].

The BE doses are expressed in hundreds of BE Joules per square
meter. The standard erythema dose (SED) of 100 Jeryt m�2 is used as
a standardized measure of erythemogenic UV radiation. The value
of 100 JvitD3 m�2 also approximates the standard vitamin D dose
(SDD), corresponding to the UV exposure on 25% of the whole skin
area, that is equivalent of an oral daily dose of 1000 IU vitamin D,
necessary to keep sufficient vitamin D level in the blood. The re-
cent estimation of the SDD value was about 106 JvitD3 m�2 for the
skin phototype II [30]. The latest calculations suggested the lower
value of SDD [31]. There is no common agreement on the shape of
the pre-vitamin D3 action spectrum, reflecting uncertainties of the
photoconversion rate of pro-vitamin D3 to pre-vitamin D3 in hu-
man skin [32]. Hereafter, we denote 1 SDD = 100 JvitD3 m�2. How-
ever, this may only be a rough estimate of the UV exposure on
25% skin area, providing an adequate vitamin D status.

Tables 1 and 2 include the monthly means of daily and frac-
tional BE doses, corresponding to a hypothetical behavior of Polish
Table 1
Monthly means of daily erythemaly weighted doses from the measurements carried out i
(from sunrise up to sunset), scenario 1 - the outdoor activity in the periods 7.30–8.00 am
subperiod, 15.04–15.10) around noon in weekends, scenario 2-outdoor activity 1 h and 2
scenario 1 and 2, the exposure fraction (EF) of 0.15 is assumed.

Month Mean daily dose in SED

Whole day Scenario 1 Sce

January 1.722 0.128 0.3
February 3.948 0.297 0.7
March 8.387 0.636 1.4
April 15.488 1.839 3.9
May 18.763 2.756 5.3
June 31.900 4.020 9.2
July 30.994 4.048 8.4
August 23.735 3.230 7.3
September 11.318 1.703 3.8
October 6.845 0.880 2.0
November 1.626 0.118 0.3
December 1.201 0.078 0.2
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indoor workers. The daily UV exposure are calculated from a 1 min
series of the BE irradiances. The mean ratio of the vitamin D action
spectrum weighed UV, and the erythemal weighted UV, reaches
the late spring/summer plateau (May–August) of 1.7–1.8, and the
winter (December–January) minimum of 0.8, that corresponds to
the ratios found at mid-latitudinal Canadian stations [29].

The average time spent outside, during working days, is sup-
posed to be 1 h (7.30–8.00 am and 3.00–3.30 pm local time, during
home–office–home travel). During weekends, it is 1 h around the
local noon in the cold period of the year (16 October–14 April),
or 2 h in the warm period of the year. This schedule corresponds
to that found for British adults [14]. An alternative scenario as-
sumes that the weekend scenario is valid also for all working days.
This scenario is more appropriate for persons on maternity leaves,
or for healthy pensioners.

For a standing subject in a mid-latitudinal region (latitude
about 50�N), without a hat, about 10% of the whole body (including
the face, neck, and hands) is normally exposed. The subject may re-
ceive between 5% and 50% of possible daily irradiation, that is inci-
dent on horizontal surfaces exposed to the direct sunlight [33].
Following the recent model [17], we assume that a subject receives
15% of the ambient dose at Belsk. Table 1 shows that for such a per-
son, there is a minimal erythema risk during the whole year, as the
monthly means of daily erythemal doses are always less than 2
SED (i.e., below the threshold to produce the skin reddening even
for a subject with the skin phototype I [34]). Table 2 shows that
subjects with typical and sun-seeking habits, exposing 1/4 part of
the whole body, could receive the UV doses, equivalent to the oral
daily intake of 1000 IU vitamin D, in the period of June–July 2010
(normal scenario), and April–September 2010 (sun-seeking sce-
nario), respectively. Fig. 1 indicates that there was the erythema
risk on some days during late spring and summer in 2010, even
for subjects with the skin phototype II, receiving only 15% of the
ambient UV dose, during a 2 h solar exposure around noon in the
warm period of the year.

2.2. Analytical model

Following the model proposed by Diffey [17], for a description
of seasonal variation of vitamin D due to the solar radiation, we de-
fine a response function R(t), which provides the serum 25(OH)D
concentration t days after a single exposure of 1 SDD, i.e.,

RðtÞ ¼ Fð2�t=a � 2�t=bÞ ð1Þ

where F is a normalizing factor, a is the half-life (days) for the dis-
appearance of 25(OH)D, and b is the half-life for the synthesis of
n Belsk, central Poland, in 2010 for the following scenarios: the whole day insolation
+ 3.00–3.30 pm in working days and 1 h (cold subperiod of the year) or 2 h (warm

h around noon in all days in cold and warm subperiod of the year, respectively. For

nario 2 Scenario 1 EF = 0.15 Scenario 2 EF = 0.15

68 0.019 0.055
82 0.044 0.117
92 0.095 0.224
74 0.276 0.596
48 0.413 0.802
37 0.603 1.386
44 0.607 1.327
64 0.485 1.105
33 0.255 0.575
69 0.132 0.310
51 0.018 0.053
83 0.012 0.042

for seasonal variability of vitamin D due to solar radiation, J. Photochem.
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Table 2
The same as Table 1 but the values represent vitamin D weighted doses.

Month Mean daily dose in SDD

Whole day Scenario 1 Scenario 2 Scenario 1 EF = 0.15 Scenario 2 EF = 0.15

January 1.463 0.120 0.347 0.018 0.052
February 4.111 0.297 0.912 0.045 0.137
March 11.120 0.790 2.222 0.118 0.333
April 23.555 2.920 6.697 0.438 1.005
May 31.422 4.786 9.670 0.718 1.450
June 55.869 7.232 17.344 1.085 2.602
July 54.873 7.407 16.763 1.111 2.514
August 41.531 5.821 13.785 0.873 2.068
September 17.986 2.794 6.675 0.419 1.001
October 9.470 1.273 3.201 0.191 0.480
November 1.753 0.131 0.410 0.020 0.062
December 0.959 0.066 0.246 0.010 0.037
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Fig. 1. Erythemally weighted fractional daily exposures based on the UV measure-
ments at Belsk, central Poland, in 2010 for 1 h (2 h) outdoor activity symmetrical
around noon in the cold (warm) subperiod of the year. A subject receives 15% of
ambient exposures. The cold subperiod is for 16 October–14 April. The horizontal
line shows the 1 MED threshold (2.5 SED) for the skin phototype II.
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Fig. 2. Time series of the serum 25(OH)D concentration changes using the indoor
experiment scenario [21]. The subjects had 12% of the whole body irradiated four
times (in 1st day, 3rd, 6th, and 8th day) with 0.75, 1.5, and 3.0 SED. The solid lines
show the calculation with constant F = 7.12, 5.41, and 3.24 nmol L�1 per SDD,
respectively, to match the observed concentration at 10th day. Dashed lines
represent the time series from Diffey model [17] assuming F = 13 nmol L�1 per SED
for the whole body exposure.
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25(OH)D. Values for a and b are assigned equal to those selected in
the Diffey model [17], i.e., 30 and 3 days, respectively. Diffey as-
sumed F = 13 nmol L�1 per 1 SED, based on Adam’s et al. [35] indoor
experiment (which shows that a single whole-body exposure, caus-
ing a minimal reddening of white skin, yields the maximum
25(OH)D increase of about 27 nmol L�1).

People are exposed to the solar UV radiation on a daily basis
during outdoor life activity. Thus, the 25(OH)D concentration after
day T, C�(T), due to sunlight is a sum of the UV exposures hUV(t)i ,
received in previous days t = 1, . . . ,T�1, and hUV(T)i, received on
day T. The exposures are weighted according to (i) a fraction of a
whole body (A) open to sunlight, and (ii) an exposure fraction
(EF), received by a subject (i.e., a fraction of the ambient UV radia-
tion, incident on not shaded horizontal surfaces), and (iii) a human
response to the UV radiation, as defined by the response function R.
After Diffey [17], we have adopted the following general
expression:

C�ðTÞ ¼
XT

t¼1

hUVðtÞi � EFðtÞ � AðtÞ � RðT � t þ 1Þ ð2Þ

In the Diffey model, a value of 33 nmol L�1, due to non-solar fac-
tors, was added to C�(T), in order to have the serum 25(OH)D level
combining both effects, the oral intake and the solar UV exposure.

We employ a new formula for the normalizing factor in Eq. (1),
based on results of a recent indoor experiment [21]. During this
experiment, participants were exposed to fixed UVB doses of 0.75,
Please cite this article in press as: J.W. Krzyścin et al., A mathematical model
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1.5, or 3 SED. They had 6%, 12%, or 24% of the whole body radiated
by the fluorescent tubes TL12 (broadband UV-B). Each participant
underwent four UV-B exposures at intervals of 2–3 days. The
25(OH)D levels were measured before, and 48 h after the final
exposure. We focus on the results obtained for the participants with
12% of the whole body exposed four times to UVB of 0.75, 1.5, or 3.0
SED. Our model takes into account the vitamin D weighted UV
doses (in SDD), as the measure of the solar effectiveness in vitamin
D synthesis. Thus, the experiment doses in SED need to be recalcu-
lated in SDD. The conversion constant (SED ? SDD) of 1.3 is based
on the irradiance spectrum by the TL12 tube. The exposures used
in the experiment correspond to 0.975, 1.95, or 3.9 SDD, respec-
tively. Eq. (2) is used to describe the serum concentration changes
in participants during the experiment, assuming that the exposures
were on 1st, 3rd, 6th, and 8th day of the experiment.

Fig. 2 shows time series of the serum 25(OH)D concentration
changes due to the tube irradiation, based on Eq. (2). The concen-
tration after the 10th day should be equal to that measured in the
experiment. The following normalizing F-values of 7.12, 5.41, or
3.24 nmol L�1 per SDD are found to match the experiment results,
for the exposures series of 0.975, 1.95, or 3.9 SDD, respectively. The
concentration curves are compared with those calculated assum-
ing that F = 13 nmol L�1 per SED (as in the Diffey model), and
A(t) = 0.12.
for seasonal variability of vitamin D due to solar radiation, J. Photochem.
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Fig. 4. The adjustment function (AD) parameterizing the photodegradation of
vitamin D.

4 J.W. Krzyścin et al. / Journal of Photochemistry and Photobiology B: Biology xxx (2011) xxx–xxx
The set of empirically derived values of F allows to construct an
approximation formula, which can be used for a wide range of
ambient UV exposures:

FðtÞ ¼ 9:20917 exp½�0:2688EEðtÞ� ð3Þ

in nmol L�1 per SDD, where EE(t) = hUV(t)i EF(t) is the effective
exposure (in SDD), incident on the body. Fig. 3 shows that the for-
mula fits the experimental data quite well.

Changes of the serum 25(OH)D concentration, induced by solar
exposure, were more effective for subjects having lower initial the
serum 25(OH)D concentrations [36]. A rate of the concentration
changes slowed down, or even came to stop, for subjects with a
high serum 25(OH)D concentration [18,19,21]. Thus, the maximum
concentration should exist, and further exposures will lead mostly
to the production of biologically inactive photoisomers, resulting
only in slight changes of the 25(OH)D concentration [37].

A new model of the seasonal 25(OH)D concentration changes
needs to account for a slower rate of the 25(OH)D change with
an increase of the concentration level. Thus, we assume that the
serum 25(OH)D concentration after day T, C(T), which comprises
both solar and diet effects, is a sum of the concentration in a pre-
vious day, C(T � 1), and the potential change of vitamin D, between
day T and T � 1, due to the solar exposure, DCT,T�1, weighted by the
adjustment function AD(C(t), CMIN, CMAX). The proposed model has
the following form:

CðTÞ ¼ CðT � 1Þ þ DCT;T�1ADðCðTÞ;CMIN;CMAXÞ ð4Þ

where DCT,T�1 = C�(T)–C� (T � 1), C� is calculated from Eq. (2), CMIN is
a minimum of the 25(OH)D concentration, related to the vitamin D
level due to non-solar effects (20 nmol L�1), and CMAX is the satura-
tion level (80 nmol L�1). The last value corresponds to the 25(OH)D
saturation level, discussed by Cicarma et al. [18]. Only a slight
change of the 25(OH)D concentration was reported in subjects,
radiated by fluorescent tubes with the initial 25(OH)D level exceed-
ing 80 nmol L�1. The adjustment function has the following form:

ADðCðtÞ;CMIN;CMAXÞ ¼ 2�/ CðtÞ�CMINð Þ= CMAX�CMINð Þ ð5Þ

An analytical form of AD, withu = 4 (Fig. 4), is arbitrarily selected.
The function shape is chosen to reproduce the difference between
the annual maximum and minimum of about 30–40 nmol L�1, that
corresponds to the 25(OH)D annual changes, found in population
studies for mid-latitudinal regions (e.g. Tasmania (male) [15], and
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Fig. 3. F normalizing factor used in calculation of the 25(OH)D increase after single
UV exposure of 12% of the whole body based on the experimental data [21] (points).
Curve represents an approximation function describing the dependence of F on the
effective exposures (in SDD).
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SW Germany (male and female) [38], and the maximum concentra-
tion increase after series of the UV exposures in the indoor experi-
ments [18,21].

An iterative procedure is proposed to solve Eq. (4), for C(T) val-
ues, i.e., the values from January 1, 2010 up to December 31, 2010:

CnðTÞ ¼ Cn�1ðT � 1Þ þ DCT;T�1ADðCn�1ðTÞ;CMIN;CMAXÞ ð6Þ

where T = 1, . . ., 365, Co (0) = CMIN = 20 nmol L�1, the subscript ‘‘n’’
denotes the n-th step of iteration. Iterations stop, when the absolute
value of the difference Cn(T)–Cn�1(T) is less than 0.1% of Cn�1(T), that
usually happens after n about 10.

For comparison purposes, we select EF(t) = 0.15 and A(t) = 0.12.
It means that only the face, neck, and hands were habitually ex-
posed. The case with A(t) = 0.24 (area of arms was added) is also
examined. Recent experimental results suggested that production
of vitamin D was sensitive to the area of irradiated body only for
small UVB doses [21]. Thus, comparing models with A(t) = 0.12
and 0.24, we assume that the doubling of the solar forcing occurs,
if the effective exposures are less than 1.95 SDD (corresponding to
1.5 SED due to TL12 tube). Such threshold is based on Bogh’s et al.
[21] finding of a stable level of the serum 25(OH)D, after doubling
the body area, exposed to 1.5 or 3.0 SED. For a detailed discussion
on the variability EF and A, see Diffey [17], and the references
herein.
3. Results

The modeled seasonal profiles of the serum 25(OH)D concentra-
tion for central Poland in 2010, and for various outdoor activity
habits, are shown in Figs. 5–8. Fig. 5 depicts the outdoor activity
scenario: 7.30–8.00 am + 3.00–3.30 pm, from Monday up to Friday,
1 h symmetrical around noon in the cold period of the year, on
Saturday and Sunday, 16 October–14 April, and extended up to
2 h in the warm period, EF = 0.15, A = 0.12. Fig. 6 exhibits the same
scenario as in Fig. 5, but the irradiated area of body was two times
larger (A = 0.24) in weekends, in the warm subperiod. Fig. 7 shows
the scenario as in Fig. 5, but for sun-seekers with two times larger
exposure fraction, EF = 0.30, throughout the whole year. Fig. 8 dis-
plays the outdoor activity scenario: 1 h symmetrical around local
noon in the cold period, and 2 h in the warm period of the year,
EF = 0.15, A = 0.12 (the same constants as in Fig. 5).

The seasonal 25(OH)D profiles shown in Figs. 5–8 are obtained
by both, the proposed model (Eqs. (1)–(6)), and by Diffey’s model
[17] (Eqs. (1) and (2), F = 13 nmol L�1 per SED). The horizontal line
at 75 nmol L�1 represents the threshold for optimum bone health
for seasonal variability of vitamin D due to solar radiation, J. Photochem.
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Fig. 5. Modeled annual variation in the serum 25(OH)D concentration for central
Poland in 2010 (dashed curve – the proposed model, solid curve – the previous
model [17]) for the outdoor activity scenario: 7.30–8.00 am + 3.00–3.30 pm from
Monday up to Friday; 1 h symmetrical around noon in the cold period of the year,
16 October–14 April, and 2 h in the corresponding warm period on Saturday and
Sunday. The broken line at 75 nmol L�1 is the threshold for optimum bone health
[39]. The exposure fraction (EF) and the irradiated part of the whole body (A) are
equal to 0.15 and 0.12, respectively.
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Fig. 6. The same outdoor activity scenario and exposure fraction (EF = 0.15) as in
Fig. 5 but the irradiated part of the whole body is doubled during weekends,
A = 0.24, in the warm period of the year; 15 April–15 October.
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Fig. 7. The same outdoor activity scenario and the irradiated part of the whole body
(A = 0.12) as in Fig. 5 but the exposure fraction is doubled, EF = 0.30, for all days in
2010.
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Fig. 8. The same exposure fraction, EF = 0.15, and the irradiated part of the whole
body, A = 0.12, as in Fig. 5 but for subjects with different schedule of outdoor
activity; 1 h symmetrical around noon in the cold period and 2 h in the warm
period of the year.
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[39]. The differences in the annual pattern of 25OH(D) are mostly
seen in the summer period. The annual minima in February/March
agree within the range of about 5 nmol L�1. The Diffey model does
not include the mechanism for the 25(OH)D saturation, that is
clearly seen in Fig. 8, where the maximum concentration value
reaches 110 nmol L�1, being about 25 nmol L�1 larger than that
by the proposed model. Output of the proposed model is slightly
influenced by changes of the outdoor activity scenario.

The proposed model provides the serum 25(OH)D concentration
above the 75 nmol L�1 threshold, in two summer months (Fig. 7), for
the sun-seeking indoor workers, with EF(t) = 0.30, i.e., two times lar-
ger than the assumed typical value EF(t). Both models provide
5�month period above the threshold, for subjects being outdoors
always around noon, throughout the whole year (Fig. 8). The Diffey
model shows the concentration values above the threshold, from
mid-June up to mid-September 2010, for the non sun-seeking in-
door workers (EF(t) = 0.15), exposing a two times larger part of the
body in the warm period of the year (Fig. 6). The threshold level is
Please cite this article in press as: J.W. Krzyścin et al., A mathematical model
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never reached for the indoor workers, following typical solar habits,
i.e. A(t) = 0.12, EF(t) = 0.15, and the outdoor activities around noon
only during weekends (see Fig. 5 for both models, and Fig. 6 for
the proposed model).

4. Discussion

The seasonal variability of the serum vitamin D levels in healthy
subjects has been examined mostly using statistical tools, applied
to the results of population studies [14–16]. Information how a
personal behavior would affect the vitamin D status could be pos-
sible from questionnaires, asking for food habits, time, and dura-
tion of outdoor activities, clothing style, etc. However, such polls
are often untrustworthy [40]. An alternative approach uses the
mathematical modeling to assess how the solar exposure habits
of subjects influence the vitamin D status. Diffey proposed a model
of the 25(OH)D concentration changes due to the solar exposure
variability, caused by seasonal changes in solar radiation and per-
sonal outdoor activity [17]. Diffey’s model was calibrated using re-
sults of the experiment, carried out in the early 1980s [35]. We
present an extension of the Diffey model that accounts for the
for seasonal variability of vitamin D due to solar radiation, J. Photochem.
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photodegradation of vitamin D3, and for calibration, accounting re-
sults of the recent experiments, with subjects exposed to the in-
door UV radiation by fluorescent tubes [18–21]. The main
differences between our and the Diffey model are listed below:

� a dietary intake leads to 20 nmol L�1 concentration of the serum
25(OH)D,
� the vitamin D weighted UV doses constitute input to the model,
� the adjustment function AD(t) is introduced to describe the vita-

min D photodegradation being especially strong, with the
serum 25(OH)D concentration approaching the saturation level
of 80 nmol L�1,
� the normalizing factor F, in the response function R(t), depends

on the effective exposure incident on the body,
� the linear dependence between the serum 25(OH)D concentra-

tion and the area of skin open to sunlight is kept, for low UV
exposure, below the exposure threshold of 1.95 SDD.

In our model, the solar forcing is described in the SDD units,
whereas the UV exposures in SED units were used in Diffey’s
model. Recent work has suggested that the vitamin D weighted
doses are more appropriate, when analyzing the cutaneous synthe-
sis of vitamin D. It means that 1-MED radiative forcing in summer
has a higher potential to produce vitamin D, compared to a 1-MED
source in winter. Thus, the solar exposure, expressed in MED,
should be larger in winter, than that in summer, to produce the
same vitamin D effect [41].

The adjustment function has an arbitrarily selected functional
shape that needs further studies. At the moment, its analytical
form is supported by a reasonable pattern of the annual 25(OH)D
fluctuations. Our definition of the response function F(t) takes into
account results of the experimental studies [21], that showed a lar-
ger response of the serum 25(OH)D concentration to a single UV
exposure (see Fig. 2).

The exposure threshold of 1.95 SDD, over which the vitamin D
synthesis is not affected by further increase of the exposed skin area,
is based on experimental data [21], as discussed in Section 3.
Holick’s rule indicates that the solar exposure of 1/4 MED, over 1/
4 of a body, is required for a sufficient vitamin D status [42,43]. Thus,
it could be anticipated that a larger skin area, exposed to solar
radiation, would boost the vitamin D synthesis. We repeat the
calculation of the 25(OH)D seasonal pattern by our model for all
cases, defined in Section 3, assuming that the vitamin D3 synthesis
is always (regardless of UV intensity) proportional to the exposed
skin area. The model predicts only a slight change (<1%) of the
25(OH)D seasonal values. This is because the effective exposure
over the site exceeds the 1.95 SDD threshold only during short peri-
ods, when subjects have also a high level of the vitamin D serum.
Thus, a further exposure increase is less effective for the vitamin D
synthesis (e.g., see Table 2 data in June–July–August for scenario
2). Doubling the exposed skin area did not improve the vitamin D
status in Polish indoor workers in 2010. It would be more effective
in late winter and early spring (minimum serum 25(OH)D concen-
tration), when indoor workers take a holiday in southern resorts.

Diffey’s model predicted that the solar exposure, accounted for
a smaller part of the overall serum 25(OH)D concentration than the
commonly believed estimate by 80–90% of the vitamin D produc-
tion, is due to the solar radiation [44]. Diffey’s model provided that
the solar UV radiation was responsible for only about 50% of the
overall serum 25(OH)D concentration in British adults during win-
ter. In our model, we assume that a dietary intake produces the
20 nmol L�1 of serum 25(OH)D concentration, and that it is also
responsible for about 50% of the overall serum 25(OH)D concentra-
tion in winter for Polish indoor workers. We find about 60% and
70% contribution of the solar UV effects to the overall annual mean
of 25(OH)D, respectively, for a typical (Fig. 5) and most sun-seeking
Please cite this article in press as: J.W. Krzyścin et al., A mathematical model
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(Fig. 8) behavior of a Polish indoor worker. There is a possibility to
improve the vitamin D status by non-solar vitamin D sources. Var-
ious studies have shown that proper diet and vitamin D supple-
mentation could be a basic source to keep a sufficient vitamin D
status [45–47].

Seasonal changes of the serum vitamin D level in British adults,
derived from Diffey’s model (assuming typical British solar habits),
show that the adequate vitamin D levels (>75 nmol L�1) could not
be maintained throughout most of the year [17]. More outdoor
activities on weekends, and exposure of larger part of skin, could
significantly help to attain the adequate vitamin D level for late
the spring/summer season. However, a larger erythema risk, due
to the UV overexposure, has to be taken into account because of
a high natural intensity of the solar UV radiation during that season
[17]. An improvement of the vitamin D status, with increasing indi-
vidual solar exposure, is then possible, but not recommended for
the whole population, because it is not easy to keep the balance be-
tween beneficial and harmful effects of the solar UV.

Our results show a similar problem for Polish indoor workers.
They could not maintain the adequate vitamin D levels throughout
most of the year. The results of our model showed that a sun-
seeking behavior, during working days and weekends (up to 2 h
outdoor activity around noon), improves the vitamin D status, but
the serum 25(OH)D concentrations are only slightly above the opti-
mum health threshold (Fig. 7). A substantial increase of vitamin D,
by enlarging the exposed body surface, and/or avoiding shelters, is
not possible even for sun-seeking subjects, in months with the nat-
ural high-solar radiation. A rate of the vitamin D synthesis is slowed
down in that period because of an intensive vitamin D photodegra-
dation, with serum 25(OH)D concentration close to its saturated
value.

Diffey’s model suggested that a more active outdoor activity,
just only on weekends, could provide an adequate vitamin D level
for almost half of the year. The results by our model are less opti-
mistic, i.e., such a period is shortened to 2 months for the weekend
sun-seekers (Fig. 7), and the adequate vitamin D level is never
reached for the indoor workers with typical solar habits (Figs. 5
and 6). The UV exposures during a two months period (June–July),
with the daily vitamin D weighted doses exceeding 1 SDD (Table 2,
scenario 1 with EF = 0.15), could not rise the serum 25(OH)D con-
centration up to the threshold level for the optimum bone health
(Fig. 5).

Diffey discussed that sunbathing around a midday, without
applying a sunscreen in the exposed to sun environment during
weekends, could have boosted the vitamin D synthesis, but was
not recommended because of the erythema risk due to the UV
overexposure [17]. Our model shows that the risk is not worth tak-
ing because extra exposures only slightly improve the vitamin D
status. Nearly similar patterns of the serum 25(OH)D concentration
are calculated for typical (Figs. 5 and 6) and sun-seeking (Fig. 7)
outdoor habits, in the periods when the weather conditions permit
high exposures. It would be much safer and more effective to
maintain adequate vitamin D level through a diet supply. In all
our scenarios, a deep minimum of the serum 25(OH)D concentra-
tion appeared in late winter. Thus, it seems that extra supplemen-
tation during the whole winter needs to be considered.

We assume that habitual factors responsible for vitamin D sta-
tus, i.e. irradiated part of the whole body (A) and fraction of the
daily solar radiation falling on a horizontal surface that is received
during outdoor activities (EF), are constant throughout the year.
We select EF = 0.15 and A = 0.12 as the reference set. The same EF
and A = 0.10 were chosen by Diffey [17]. The model’s sensitivity
studies are carried out by doubling values of these factors and
changing the outdoor activity scenarios. For a more realistic sce-
nario, the habitual factors will be allowed to vary throughout the
year due to weather variations. The factors need to be lower during
for seasonal variability of vitamin D due to solar radiation, J. Photochem.
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bad weather (for rainy and/or cold days). Larger values are ex-
pected for sunny and warm days. Thus, the geophysical and habit-
ual factors are somewhat correlated. Lower values than the
reference values are anticipated in late autumn/winter and higher
in late spring/summer, that corresponds to the minimum and max-
imum in seasonal pattern of the serum 25(OH)D concentration. It
seems that such changes in the habitual factors do not change
the overall picture of the solar radiation impact on the vitamin D
status in Polish indoor workers as larger variability and larger val-
ues of the habitual factors are expected in the period when the
vitamin D level is less sensitive to the UV forcing. The serum
25(OH)D concentration is high in that period that stops its further
substantial increase due to intense vitamin D photodegradation.

It is worth mentioning that the proposed model provides an
initial step toward modeling of the 25(OH)D changes, by focusing
on the effects of specific outdoor scenarios, rather than on a com-
plete description of factors, responsible for the vitamin D status of
subjects. It seems that the model needs to account for individual
subject characteristics, e.g., age, skin pigmentation, body index, sun-
screens used, etc. The basic advantage of the mathematical model-
ing is in a prognostic aspect, when searching for more effective and
save scenarios of the adequate vitamin D levels. Otherwise, the
problem is difficult to solve based on results of clinical and popula-
tion studies.
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