
                                                               
                                     

                                               

                                                  
Influence of external, intrinsic and individual behaviour variables
on serum 25(OH)D in a German survey
                                                  
                                             

⇑ Corresponding author.
E-mail address: katja.richter@helmholtz-muenchen.de (K. Richter).

1 The KORA-Study Group consists of A. Peters (speaker), J. Heinrich, R. Holle,
R. Leidl, C. Meisinger, K. Strauch, and their co-workers, who are responsible for the
design and conduct of the KORA studies.
Katja Richter a,⇑, Susanne Breitner a, Ann R. Webb b, Cornelia Huth a,c, Barbara Thorand a, Richard Kift b,
Jakob Linseisen a, Angela Schuh d, Jürgen Kratzsch e, Andreas Mielck f, Stephan Weidinger g, Annette Peters a,
Alexandra Schneider a, KORA Study Group 1

a Institute of Epidemiology II, Helmholtz Zentrum München, German Research Center for Environmental Health, Neuherberg, Germany
b School of Earth Atmospheric and Environmental Sciences, University of Manchester, Manchester, UK
c German Center for Diabetes Research (DZD), Neuherberg, Germany
d Public Health and Health Services Research, Ludwig-Maximilians-Universität München, Germany
e Institute of Laboratory Medicine, Clinical Chemistry and Molecular Diagnostics, University Leipzig, Germany
f Institute of Health Economics and Health Care Management, Helmholtz Zentrum München, Neuherberg, Germany
g Department of Dermatology, Allergology, and Venereology, University Hospital Schleswig-Holstein, Campus Kiel, Kiel, Germany
           

               
                 
                               
                  
                          

         
        
       
          
      
        

                                                                                           
                                                                                     
                                                                                   
                                                                                   
                                   

                                                                                   
                                                                                    
                                                                                       
                                                                                        
                                                                                          
                                                                                       
                                                                                 
                                                                                        
                                                                                       
                         

                                   
1. Introduction

Vitamin D belongs to a group of hormones involved in calcium
metabolism and bone mineralization. The principal source of vita-
min D is from cutaneous synthesis after exposure to solar ultravi-
olet radiation (UVB), with smaller contributions coming from diet
and supplementation. The best indicator of vitamin D status is con-
sidered to be the concentration of serum 25-hydroxyvitamin D
(25(OH)D) in the blood [1–5].
Vitamin D is fat soluble and any excess can be stored for use
when needed such as when ambient levels of UV are too low for
cutaneous synthesis, as occurs from late autumn to early spring
in middle and higher latitudes. This seasonal variation in UVB leads
to an annual cycle in 25(OH)D concentrations with the maximum
occurring in late summer and a corresponding minimum at the
end of the winter. If optimal 25(OH)D concentrations are obtained
during the summer months then long-term insufficiency (i.e.
650 nmol L�1) or even hypovitaminosis D, defined here as
25(OH)D concentrations below 25 nmol L�1 [6–9] could be avoided
[5]. This is important since vitamin D insufficiency has been impli-
cated in a number of chronic diseases, such as cancer, osteoporosis,
diabetes, various autoimmune disorders and incident cardiovascu-
lar disease events [10–12].
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There are a variety of factors that influence personal cutaneous
vitamin D synthesis, and these can be grouped into three catego-
ries: (i) external, (ii) intrinsic and (iii) behavioural [5]. Among the
external factors, solar geometry (e.g. solar zenith angle, season),
location (e.g. latitude, altitude, exposure geometry, local albedo,
etc.) and atmospheric conditions (cloud coverage, ozone, etc.) affect
the ambient UV level. Intrinsic attributes that may influence vita-
min D synthesis include gender, age, health, skin type (i.e. pigmen-
tation) and body weight. Personal behaviour that can influence the
serum 25(OH)D concentration comprises times spent outdoors, use
of sun protection, clothes, holiday destinations, diet, and vitamin D
supplementation. Variations in personal behaviour can result in
very large differences in UVB exposure, and hence cutaneous vita-
min D synthesis [13], but despite their importance these factors
are the most difficult to quantify and require further research.

Vitamin D insufficiency has been shown to be prevalent in
many countries [7,14–16], including Germany which has levels of
insufficiency of between 40% and 45% [17–19]. Causal factors for
insufficiency have been investigated in a range of studies in differ-
ent countries e.g. sun exposure [20,21], age, body mass index (BMI)
[22,23], gender [23,24], pigmentation [25], latitude [24], season
[22] and use of sun protection such as sunscreens [26].

There have been very few studies which directly examined
potential causes of the widespread vitamin D insufficiency in the
German population [14,18,19,27], and these have had little or no
investigation of personal behaviour and its effect on vitamin D.
Therefore, the objective of the present study was to use a popula-
tion-based dataset to identify which external, intrinsic or behav-
ioural variables had the greatest influence on the serum 25(OH)D
concentrations of the population.

2. Materials and methods

2.1. Data description

All analyses used data from the Cooperative Health Research in
the Region of Augsburg (KORA) F4 survey (conducted from October
2006 to May 2008 with N = 3080 participants between 32 and
81 years old [28,29]), a follow-up of the population-based repre-
sentative KORA S4 survey (conducted from October 1999 to April
2001 with 4261 participants [30]). All participants in the surveys
had German nationality and lived in the city of Augsburg (Bavaria,
Southern Germany) or in the two adjacent counties. The demo-
graphic and socioeconomic characteristics of this mixed urban
and rural area can be considered as representative of the mature
average central European population [28] as the KORA F4 survey
did not include people younger than 32 years.

Serum 25(OH)D concentration was measured once in samples
of from 3061 of the KORA F4 participants. For the quantitative
determination of 25-hydroxyvitamin D, LIAISON 25 OH Vitamin
D TOTAL Assay was applied using chemiluminescent immunoassay
(CLIA) technology (DiaSorin Inc., Stillwater, USA) traceable to com-
pany standard [31]. The inter-assay coefficients of variation (CV)
were 8.7% and 9.1% for target values of 37 nmol L�1 and
119 nmol L�1, respectively.’’

For statistical analysis a set of variables was defined with each
having a standard set of answers. In the table of Appendix 1 all
these variables (i.e. questions or measurements) and categories
(i.e. possible answers) that were selected from the KORA F4 data-
base or transformed for the current study are listed.

To study the annual variation of serum 25(OH)D concentrations
the variable ‘‘season’’ was used and 25(OH)D samples were
grouped according to the meteorological season in which they
were taken: winter (December to February), spring (March to
May), summer (June to August) or autumn (September to
November). As well as season, another external-ambient variable
used was residence, i.e. where people were living: either in the city
of Augsburg, Bavaria (=urban) or in small adjacent communities,
such as Eurasburg or very small cities, such as Gersthofen, close
to Augsburg (=rural). Body mass index (BMI) was chosen according
to WHO criteria [32]. Pigmentation was based on the Fitzpatrick
skin classification [33], but only five from six types were present
(there were no participants of skin type VI). The question of health
state was general and not based on certain criteria. Socioeconomic
status (SES) was assessed by an index often used in German stud-
ies, combining educational achievement, occupational status and
household income [34]. Finally, specific questions about individual
behaviour related to UV exposure were asked (see Appendix 1).

Unfortunately serum 25(OH)D concentrations were not mea-
sured during the KORA S4. However, some changes in behaviour
(e.g. related to UV exposure) between the surveys could be evalu-
ated. Therefore, variables that were also obtained in S4 are marked
with a star (*) in the table of Appendix 1.

2.2. Statistical methods

The basic statistics were derived and ANOVA methods used to
determine whether differences between means were significant.

In order to evaluate vitamin D deficiency, a logistic regression
was applied to the variables. Serum 25(OH)D concentration was
transformed into a binary variable: with the threshold of
25 nmol L�1 [6–9] quasi corresponding to the 25% quartile (Q1, at
23.11 nmol L�1) of the dataset being chosen to define vitamin D
deficiency versus non-deficiency. In the model, age, holiday weeks,
h outdoors summer and h outdoors winter were treated as metric
variables and all others as categorical variables. Stepwise option
was applied to select which variables significantly correlated to
serum 25(OH)D concentrations. The result was then tested with
forward and backward selection options.

All statistical analyses were performed using the Statistical
Analysis System (SAS) software version 9.2 (SAS Institute Inc., Cary,
NC).
3. Results

3.1. Seasonal 25(OH)D

In the following section the mean 25(OH)D values were
obtained for each of the defined seasons as cutaneous synthesis
of vitamin D is very dependent on the available UVB, which in turn
depends upon the season of the year. Therefore, in Fig. 1 the partic-
ipants’ serum 25(OH)D concentration are described at first for each
season of blood samples and for each month.

Seasonal 25(OH)D concentrations (Fig. 1, left) showed the
expected pattern: the highest median value of 47.4 nmol L�1 value
was reached in summer, followed by autumn with 38.9 nmol L�1

and spring with 31.2 nmol L�1. The lowest values were found in
winter with a median of 28.2 nmol L�1. The 25% – quartile (Q1)
and 75% – quartile (Q3) followed the same pattern. There are only
about half as many summer season samples as in the other sea-
sons. Regarding the monthly distribution (Fig. 1, right), the highest
mean value was reached in September, closely followed by August.
Seasonal statistics are further presented in Table 2.

3.2. 25(OH) D classifications

Serum 25(OH)D values of the F4 participants were assigned to
one of five classifications, commonly used, for instance by Joshi
et al. [6]. The threshold for optimal 25(OH)D concentration of
>75 nmol L�1 has been discussed by Vieth [35]. The definition of
insufficiency (<50 nmol L�1) was taken from Malabanan et al.



Fig. 1. 25(OH)D concentrations of the selected F4 participants depending on the season of blood withdrawal (1 – December to February, 2 – March to May, 3 – June to August,
4 – September to November). Box plots are drawn in the standard way: size of box characterizes the interquartile range (IQR, i.e. Q3–Q1 or 75th–25th percentiles), horizontal
line within the box represents the median, whiskers correspond to 1.5 � IQR and outliers are signed with ‘‘*’’ (left). 25(OH)D concentrations per month with standard error of
the mean (right).
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[36,37]. The limit of 25 nmol L�1 for deficiency was firstly defined
by Parfitt et al. [8] and the threshold of severe deficiency
(<15 nmol L�1) was used by Lee et al. [38].

An overview of the results is given in Table 1, where mean
serum 25(OH)D values for the whole survey are presented along-
side the results split into the four seasons.

Looking at the whole survey over the study period about half
the individuals sampled were in class 3 meaning they were
25(OH)D insufficient, with only a few (�4%) reaching optimal
serum 25(OH)D concentrations in class 5 (Table 1).

In every season most of participants were 25(OH)D insufficient
(class 3) with the highest proportion in this class occurring in
autumn. The proportion of participants with sufficient serum
25(OH)D concentrations (class 4) increased from 13% in winter to
38% in summer samples, whilst the number of deficient partici-
pants (class 1) decreased from 14% of winter to only 2% of the sum-
mer blood samples.

3.3. Mean serum 25-hydroxyvitamin D for study variables

3.3.1. External – ambient
Generally, differences in serum 25(OH)D concentrations

between participants living in urban and rural regions were small
(Table 2) but statistically significant (i.e., p < 0.05) for 25(OH)D
measured in summer, autumn and for the whole year. Participants
living in Augsburg had slightly lower mean serum 25(OH)D con-
centrations than people living in rural regions. Maximum (mean)
serum 25(OH)D value was reached by rural residents in the sum-
mer season (�51 nmol L�1), and the minimum value was obtained
by urban residents in winter (�31 nmol L�1).

Serum 25(OH)D concentration over the seasons have been
discussed above
Table 1
Vitamin D classes defined by 25(OH)D concentration thresholds [6], 25(OH)D mean value
number of participants per season (and in percent of each season) of blood samples (N = 3

Class Vitamin D status Threshold (nmol L�1) Mean (SD) (nmol L�1

1 Severe deficiency <15 11.3 (0.7)
2 Deficiency 15–<25 20.4 (0.7)
3 Insufficiency 25–<50 37.0 (1.7)
4 Sufficiency 50–<75 59.5 (0.6)
5 Optimum P75 89.2 (2.8)
3.3.2. Intrinsic – personal
An overview of serum 25(OH)D concentrations with respect to

intrinsic – personal variables is given in Table 3, including different
age classes, male and female participants, BMI classes, Fitzpatrick
skin types, general health state and socioeconomic status per
season.

25(OH)D concentrations show a decrease with age, although a
substantial decrease in all seasons is only observed for the highest
age group. The highest mean value (�51 nmol L�1) was reached by
age class I (32–44 years) in summer and lowest by age class IV (75–
81 years) in winter (�28 nmol L�1). Differences in serum 25(OH)D
concentrations between the age classes were statistically signifi-
cant for 25(OH)D measured during summer, autumn and the
whole year (p < 0.05).

The mean 25(OH)D of the female participants was slightly
lower than for the male participants throughout the year. The
highest 25(OH)D concentration was reached by male
(�51 nmol L�1) and female (�46 nmol L�1) participants in the
summer season and the lowest by both male and female partici-
pants in winter (�32 nmol L�1). Gender-related differences in
25(OH)D concentrations were only significant for summer and
the whole year (p < 0.05).

25(OH)D values decreased significantly (p 6 0.01) with increas-
ing BMI in all seasons over the whole year. The highest mean
serum 25(OH)D value (�53 nmol L�1) was reached in summer in
BMI class I and the lowest value (�27 nmol L�1) was reached in
winter in BMI class III.

The mean serum 25(OH)D values were also determined for the
skin types based on the Fitzpatrick classification [33]. The skin
types ranged from very fair (type I) to very dark (type VI), depend-
ing on the skin’s concentrations of melanin and reaction to sunlight
[39]. Interestingly, mean serum 25(OH)D increased significantly
s over all seasons and standard deviation (SD), total number (N) of participants and
061) for each vitamin D class from the F4 measurements.

) N Winter Spring Summer Autumn

294 128 (14%) 117 (13%) 9 (2%) 40 (5%)
614 274 (29%) 185 (21%) 26 (6%) 129 (16%)

1427 394 (42%) 401 (46%) 194 (47%) 438 (53%)
600 124 (13%) 134 (15%) 159 (38%) 183 (22%)
126 23 (2%) 37 (4%) 28 (7%) 38 (5%)



Table 2
External-ambient factors: mean (and standard deviation, SD) values of serum 25(OH)D concentrations in (nmol L�1) for season and residence (urban/rural) for the whole year
(mean of seasons) and per season.

Variables All N Winter N Spring N Summer N Autumn N
Mean (SD) (nmol L�1) Mean (SD) (nmol L�1) Mean (SD) (nmol L�1) Mean (SD) (nmol L�1) Mean (SD) (nmol L�1)

Season 39.1 (7.3) 3061 32.0 (17.7) 943 35.2 (20.3) 874 48.5 (17.6) 416 40.8 (18.1) 828

Residence
Urban 37.4 (5.9) 1377 30.9 (17.7) 447 34.9 (19.9) 360 44.7 (17.6) 158 39.3 (17.9) 412
Rural 40.4 (8.0) 1684 32.9 (17.7) 496 35.4 (20.6) 514 50.9a(17.3) 258 42.3(18.1) 416

a Values above the threshold of sufficient levels (i.e., class 4–5 with P50 nmol L�1) are indicated in bold.

Table 3
Intrinsic-personal factors: mean (and standard deviation, SD) values of serum 25(OH)D concentrations in (nmol L�1) for age classes, gender, BMI classes, Fitzpatrick skin types
(Fitz), general health state (Health) and socioeconomic status (SES) for the whole year (mean of seasons) and per season.

Variables All N Winter N Spring N Summer N Autumn N
Mean (SD) (nmol L�1) Mean (SD) (nmol L�1) Mean (SD) (nmol L�1) Mean (SD) (nmol L�1) Mean(SD) (nmol L�1])

Age
I 40.4 (8.4) 775 31.5 (18.6) 220 36.8 (20.6) 268 50.9a (18.0) 92 42.4 (20.2) 195
II 39.5 (7.6) 1331 32.7 (17.5) 437 34.6 (20.2) 354 49.6 (18.0) 175 41.1 (17.0) 365
III 39.5 (7.5) 654 32.6 (17.1) 207 35.0 (20.7) 171 49.5 (17.5) 97 41.1 (18.0) 179
IV 33.8 (4.8) 301 27.7 (17.8) 79 32.9 (19.6) 81 39.1 (13.1) 52 35.4 (16.8) 89

Gender
Male 40.1 (8.2) 1479 32.4 (16.9) 466 35.4 (20.4) 421 51.0 (18.7) 203 41.8 (18.1) 389
Female 38.2 (6.4) 1582 31.6 (18.5) 477 35.0 (20.3) 453 46.2 (16.3) 213 39.9 (18.1) 439

BMI
I 42.3 (8.4) 964 34.7 (18.3) 272 36.7 (22.6) 271 53.2 (18.5) 134 44.6 (19.2) 287
II 39.9 (6.8) 1274 33.4 (17.8) 401 36.3 (19.8) 374 48.8 (17.0) 171 41.1 (17.2) 328
III 34.1 (6.4) 808 27.2 (15.8) 263 31.7 (17.9) 227 42.4 (15.9) 108 35.2 (16.4) 210

Fitz
I 33.5 (7.7) 118 24.2 (17.4) 27 30.4 (18.6) 37 41.5 (17.3) 33 37.9 (20.8) 21
II 38.0 (8.2) 1435 30.3 (17.0) 446 33.6 (19.7) 379 48.9 (17.3) 206 39.3 (16.9) 404
III 41.2 (6.8) 1369 34.1 (18.2) 437 38.1 (20.8) 388 50.0 (17.7) 161 42.7 (19.2) 383
IV 46.0 (13.3) 25 37.8 (20.7) 11 42.3 (31.9) 9 65.8 (1.9) 2 38.2 (23.4) 3
V 25.1 (20.1) 3 – – 10.7b (–) 1 – – 39.6 (1.9) 2

Health
I 43.9 (12.9) 75 27.9 (14.3) 22 40.1 (19.7) 24 57.8 (21.9) 10 49.9 (22.4) 19
II 42.8 (9.8) 607 35.6 (19.5) 185 34.3 (18.1) 169 55.2 (16.9) 85 46.0 (19.6) 168
III 38.7 (6.7) 1890 31.8 (17.3) 580 35.8 (21.1) 533 47.6 (16.3) 261 39.8 (17.3) 516
IV 35.7 (5.9) 432 28.6 (16.8) 141 34.8 (20.3) 128 43.0 (20.7) 54 36.5 (16.5) 109
V 30.1 (6.7) 42 28.9 (19.6) 8 23.1 (13.0) 16 29.1 (13.3) 4 39.3 (21.1) 14

SES
I 35.8 (7.5) 673 27.8 (15.6) 193 31.3 (17.2) 210 43.7 (17.7) 97 40.4 (18.9) 173
II 39.3 (8.1) 597 31.5 (17.2) 181 36.2 (20.8) 190 50.5 (15.8) 76 39.0 (17.2) 150
III 40.4 (7.3) 701 33.3 (17.9) 229 38.8 (21.0) 192 50.6 (20.4) 84 39.0 (17.0) 196
IV 40.7 (7.7) 592 34.9 (19.5) 182 34.3 (20.0) 152 50.7 (18.3) 79 42.8 (18.0) 179
V 39.7 (7.1) 490 32.2 (17.8) 155 35.6 (22.9) 129 48.0 (14.7) 78 43.1 (19.4) 128

a Values above the threshold of sufficient levels (i.e., class 4–5 with P50 nmol L�1) are indicated in bold.
b Values below the deficiency level (i.e., class 1–2 with <25 nmol L�1) are marked in italic.
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(p < 0.05) from skin type I to skin type III for blood samples from all
seasons. This trend continued into skin types IV and V, but due to
the small sample size this has to be interpreted with care. The
lowest mean values occurred in the winter season for skin type I
(24 nmol L�1) and the highest values for skin type III and IV (�50
and 66 nmol L�1) in summer.

In terms of the self-assessed state of health question, lowest
mean values were reached in the ‘‘bad’’ health state (V) with
�23 nmol L�1 in spring. The highest values (�58 and 55 nmol L�1)
were seen in the summer season for the ‘‘great’’ (I) and ‘‘very good’’
(II) health states. The differences in serum 25(OH)D concentrations
were significant (p < 0.05) between these classes for the whole year
and all seasons except for spring.

Differences in 25(OH)D concentrations between the different
SES were small but statistically significant (p < 0.05) in all seasons
(except winter) and for the whole year. We saw that 25(OH)D con-
centrations increased from status I to status IV (except for spring)
with changes between status IV and V showing no preferential
trend. However, winter does not show a consistent increase with
status. The lowest value can be found in status I (�28 nmol L�1)
in winter and highest in status II–IV (�51 nmol L�1) in summer.

3.3.3. Individual behaviour
As part of study participants were questioned about their sun

exposure and protection routines. In Table 4 the mean serum con-
centrations of participants using or not using sunscreen products,
of weeks per year spent in a sunny region, of participants who have
spent (or have not spent) some time in a sunny location during the
six weeks before the blood samples, who have taken (or not taken)
vitamin D supplements in form of pills or cod liver oil during the
six weeks before the blood samples as well as hours per day spent
outdoors in summer or winter, respectively, are presented (see
Appendix 1 for explanations of the classes).

Participants who never used sunscreen exhibited significantly
(p < 0.005) lower 25(OH)D values than users of sunscreen. Highest
mean serum 25(OH)D were found in sunscreen users in summer



Table 4
Individual behaviour: mean (and standard deviation, SD) values of serum 25(OH)D in (nmol L�1) for using or not using sunscreen products (UPF), of weeks per year spent in a
sunny region (holiday weeks), of times spent – or not – in a sunny location during the six weeks before the blood samples (recent holiday), of vitamin D supplements intake (or
not) in form of pills or cod liver oil during the six weeks before the blood samples (vitamin) and of hours per day spent outdoors in summer (h outdoors summer) or winter (h
outdoors winter), respectively, for the whole year (mean of seasons) and per season.

Variables All N Winter N Spring N Summer N Autumn N
Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)

UPF
Yes 41.3 (7.8) 1913 33.6 (18.1) 561 37.4 (20.2) 565 51.6a (17.6) 253 42.6 (18.1) 534
No 35.5 (6.5) 1143 29.5 (16.9) 380 31.3 (20.0) 307 43.7 (16.7) 163 37.6 (17.8) 293

Holiday weeks
I 34.7 (7.5) 1192 27.1 (16.2) 344 30.8 (21.0) 346 44.3 (17.3) 176 36.5 (16.9) 326
II 41.5 (7.5) 1732 34.1 (17.7) 551 37.6 (19.1) 497 51.2 (17.4) 218 43.1 (18.1) 466
III 48.5 (7.1) 87 42.1 (20.1) 33 43.6 (24.6) 21 57.6 (17.9) 14 50.6 (18.8) 19
IV 48.6 (3.3) 50 43.9 (15.9) 15 50.8 (15.4) 10 51.0 (12.9) 8 48.7 (23.5) 17

Recent holiday
Yes 49.0 (7.0) 379 40.7 (15.6) 71 46.2 (22.7) 100 56.6 (18.9) 73 52.5 (19.7) 135
No 37.6 (6.8) 2677 31.2 (17.7) 870 33.8 (19.6) 772 46.8 (16.9) 343 38.5 (16.8) 692

Vitamin
Yes 47.5 (2.8) 116 43.8 (35.9) 34 48.1 (32.3) 31 50.7 (14.8) 17 47.5 (16.2) 34
No 38.9 (7.5) 2905 31.5 (17.2) 899 34.9 (19.6) 836 48.6 (17.8) 392 40.5 (18.2) 778

h outdoors summer
I 35.5 (5.8) 839 29.0 (17.6) 238 33.5 (21.8) 257 42.6 (17.6) 124 37.4 (18.0) 220
II 39.3 (7.4) 1501 32.6 (17.9) 471 34.8 (19.3) 419 49.2 (16.5) 193 40.5 (17.4) 418
III 42.3 (8.2) 553 33.5 (18.1) 176 38.0 (20.9) 151 52.1 (16.4) 74 45.5 (18.7) 152
IV 45.4 (12.1) 168 34.3 (14.0) 58 39.4 (18.3) 47 62.2 (19.8) 25 45.5 (19.3) 38

h outdoors winter
I 38.2 (6.5) 6 30.7 (–) 1 42.2 (41.4) 4 – 0 41.6 (7.8) 1
II 37.9 (6.7) 2325 31.4 (17.9) 704 34.4 (20.1) 669 46.6 (17.2) 317 39.4 (17.7) 635
III 43.0 (8.9) 709 33.8 (17.3) 228 38.4 (20.4) 196 54.2 (17.7) 97 45.6 (18.8) 188
IV 43.1 (20.8) 12 30.0 (14.4) 6 34.9 (7.4) 2 74.1 (6.0) 2 33.3 (19.9) 2

a Values above the threshold of sufficient levels (i.e., class 4–5 with P50 nmol L�1) are indicated in bold.
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season with �52 nmol L�1. The lowest value, however, was
obtained by non-users in the winter season (�30 nmol L�1).

In terms of weeks per year spent in a sunny region, a significant
trend of increasing 25(OH)D concentrations for increasing number
of weeks spent in sunny regions was found. The overall highest
value (�58 nmol L�1) was measured during summer in partici-
pants who spent up to 10 weeks per year in a sunny country (III).
The lowest value (�27 nmol L�1) was measured during winter in
an individual who did not spend any week in sunny regions (I).

The mean 25(OH)D values of participants who had spent some
time in a sunny region during the six weeks before the blood
samples showed significantly higher 25(OH)D values (p < 0.0001)
compared to the other participants in all seasons. The highest value
(�57 nmol L�1) was obtained in summer, and the lowest in winter
(�31 nmol L�1).

The mean of the group who took vitamin supplements was
always higher than that of the group without supplements. The dif-
ference was highly significant (p < 0.001) in all but the summer and
autumn months. Highest values were reached by the supple-
mented group in summer (�51 nmol L�1) and lowest for partici-
pants who did not take any vitamin D in winter (�32 nmol L�1).

Generally, 25(OH)D concentrations increased from 0–2 h (I) to
>8 h (IV) spent outside in summer. During winter the hours spent
outside had less effect, despite the surprising fact that of the total
survey very few participants were staying outside in the winter
season for only 0–2 h (I, N = 1) compared to the summer season
(N = 238). The highest values (�62 nmol L�1) were obtained by
participants who recorded spending over eight hours per day out-
doors in summer and also had their blood samples taken during
the summer season. A higher mean value was obtained for class
IV in winter with 74 nmol L�1, but with only two participants
this cannot be interpreted statistically. The lowest values
(�30 nmol L�1) were found for class I in summer and winter and
also for participants who spent more than eight hours per day
outdoors in winter, further underlining the point that winter expo-
sure to sunlight has minimal influence on vitamin D status. Differ-
ences in 25(OH)D concentrations related to hours spent outside in
summer and winter were statistically significant for the whole
year, summer and autumn (with p < 0.0005).

3.4. 25(OH)D modelling

In order to investigate which external, personal and behavioural
variables really affect 25(OH)D concentrations, logistic regression
in a multivariable approach was used.

The most significant variables from the range of possible predic-
tors are listed in Table 5.

A gender-specific regression model was tested as well, which
gave the same results in the selection of predictors for female par-
ticipants as for the whole survey. For male participants, the same
determinants were selected except for vitamin and UPF. However,
as there was a lower number of men taking vitamin supplements
and using sunscreen products than women (2% versus 6% and
44% versus 56%, respectively) this is not surprising. Based on the
similarity of results, we ceased gender-specific analyses.

Stepwise, forward and backward procedures resulted in the
selection of the same variables to explain 25(OH)D concentrations.
Finally, ten predictors were selected by the regression model.
Using Kendall’s tau correlation coefficient (k), we evaluated
whether there were dependencies between the selected variables
(using only categorical variables). Intercorrelations were low with
a maximal k = �0.33 (UPF and holiday weeks) and k = 0.25 (age
with health state and UPF). The table with Kendall’s tau coefficient
between all variables is provided in Appendix 2.

In Table 5, the odds ratios (OR) for having low 25(OH)D concen-
trations (defined as <25 nmol L�1) in relation to these variables is
shown. The reference of the categorical variables is always pre-
sented by the category for which vitamin D deficiency was



Table 5
Multivariable adjusted odds ratios for 25(OH)D < 25 nmol L�1 for seasons, residence
(rural/urban), BMI (I–III), Fitz (I–IV), SES (I–V), UPF (yes – using; no – not using
sunscreen products), holiday weeks (metric), recent holiday (yes-during last six
weeks stay in a sunny region, no – no stay in a sunny region), Vitamin (yes – taken or
no – not taken) and h outdoors summer (metric), persons at risk and percentage of
persons from the category, confidence intervals of the ORs.

Predictors Persons at risk
(% of category)

Odds
ratios

Confidence
intervals

(i) External – ambient
Season

Summer 35 (8%) 1.0 Ref.a

Autumn 169 (20%) 3.4 2.2–5.2
Spring 302 (35%) 7.1 4.7–10.7
Winter 402 (43%) 10.2 6.8–15.3

Residence
Rural 459 (27%) 1.0 Ref.a

Urban 449 (33%) 1.4 1.1–1.6

(ii) Intrinsic – personal
BMI

I 257 (27%) 1.0 Ref.a

II 343 (27%) 1.0 0.8–1.2
III 301 (37%) 1.5 1.2–1.8

Fitz
I 48 (41%) 1.0 Ref.*

II 442 (31%) 0.6 0.4–0.9
III 365 (27%) 0.5 0.3–0.8
IV 8 (32%) 0.7 0.2–1.9
V 1 (66%) 1.1 0.1–16.4

SES
V 140 (29%) 1.0 Ref.a

IV 149 (25%) 0.8 0.6–1.0
III 192 (27%) 0.8 0.6–1.0
II 182 (30%) 0.8 0.6–1.1
I 244 (36%) 1.1 0.8–1.5

(iii) Individual behaviour/decisions
UPF

Yes 426 (37%) 1.0 Ref.a

No 480 (25%) 0.7 0.6–0.8
Holiday weeks – 0.8 0.8 – 0.9

Recent holiday
Yes 44 (12%) 1.0 Ref.a

No 862 (32%) 2.3 1.6 – 3.4

Vitamin
Yes 19 (16%) 1.0 Ref.a

No 875 (30%) 2.7 1.6–4.6
h outdoors summer – 0.9 0.8–0.9

a Ref.: reference category.
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expected to be less frequent, i.e. summer season, rural residence,
lowest BMI class, Fitzpatrick I, SES V, Health I, recently been in hol-
idays, vitamin D intake and no use of sunscreen. Odds ratios were
then calculated for the other categories.

For the continuous variables (holiday weeks, h outdoors sum-
mer), ORs were calculated for an increase of one unit, i.e. one week
or one hour, respectively.

In total, 908 of the 3061 participants suffered from vitamin D
deficiency (Table 1). Compared to the reference (summer) there
was a highly significant increase in the odds of being vitamin D
deficient with odds ratios of 3.4, 7.1 and even 10.2 for people
who had their blood sample withdrawn in autumn, spring, and
winter, respectively. From people with blood sample withdrawn
in summer there was only a low percentage deficient (8%) in con-
trast to winter blood samples (43%). For people living in urban
environments the risk of hypovitaminosis increased significantly
by 40% compared to people living in more rural regions. Regarding
BMI, the odds for persons with BMI class III (i.e., BMI > 30 kg m�2)
increased by 40% compared to normal weight persons. Having skin
that tanned and burned less (i.e. skin type II, III and IV) decreased
the risk of vitamin D deficiency with odds 0.6, 0.5 and 0.7, though
not significantly. This is also reflected by the number of people
concerned: from the category of people with skin type I there were
41% deficient whereas from the skin type III category only 27% suf-
fered from hypovitaminosis. Lower socioeconomic status also
seems to decrease vitamin D deficiency of 20% (SES II–IV), but
not significantly. Only the lowest status significantly increased
the risk of vitamin D deficiency by 10%. The use of sunscreen
decreased the odds by 30%. For each week per year more spent
in a sunny region, e.g. for holiday, the odds of hypovitaminosis
decreased by 20% and for each hour per day more spent outside
in summer it diminished by 10%.

Individuals who did not spend time in a sunny region during the
last six weeks had 2.3 times higher odds and people who took no
vitamin D supplements had 2.7 higher odds of vitamin D deficiency.

To illustrate the influence of the most important variables on a
deficient vitamin D status, Fig. 2 presents the odds as percentage
effect (0% corresponds to the reference category). The figure clearly
shows the dominant influence of winter season on low 25(OH)D
concentrations and the significant influence of external factors on
vitamin D production. The effect of individual behaviour is clearly
seen with some lifestyle choices having a significant positive effect
(i.e., times spent in the sun either in weeks per year or during the
last six weeks or in hours per day as well as additional vitamin D
intakes). Intrinsic variables are found to be of less importance,
except for the largest BMI class. Note, however, that the vast
majority of participants were of skin types II and III, with only 3
people who were not white Caucasian (i.e., had skin type V).

The low weight of age given by our model may be caused by the
older sample used (>32 years).

No quantitative analyses were possible with data from the
KORA S4 study due to missing measurements of serum 25(OH)D
concentrations. However, the following changes in the variables
measured in both studies can be found: the median BMI value
increased from 26.6 kg m�2 (S4) to 27.0 kg m�2 (F4). Secondly, in
the case of sun protection (UPF), the use of sunscreen has signifi-
cantly decreased from 77% (S4) to 64% (F4). The weeks per year
spent in sunny regions (holiday weeks) decreased from a median
2.0 weeks (S4) to 1.7 weeks (F4).
4. Discussion

4.1. Mean serum 25-hydroxyvitamin D status

For 25(OH)D measurements over the whole study (Table 1),
only 24% of the study participants reached sufficient concentra-
tions. This corresponds to the maximum values found by studies
using data from German National Examination Surveys
[19,27,40], with a prevalence of vitamin D insufficiency of 40–
45% and a deficiency of 15–30% in the general population, i.e. up
to 75% did not reach sufficient serum 25(OH)D concentrations.

Serum 25(OH)D concentrations for each season followed the
annual changes in the availability of UVB radiation: from summer
blood samples 55% of the participants were below sufficient con-
centrations and for winter blood samples this number increased
to 84% (Table 1). This means, however, that even in summer more
than half the population is deficient or insufficient.

The widespread vitamin D insufficiency and deficiency were
explained as being due to the latitude of Germany resulting in a
lack of cutaneous vitamin D production in the winter season.
Moreover, dietary vitamin D intakes are low [19]. Another reason
for widespread insufficiency in Germany may be sun avoidance
due to health campaigns promoting sun protection measures to
prevent skin cancer [41].



Fig. 2. Percent effect on deficient 25(OH)D status (<25 nmol L�1) for the analysed variables.
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4.2. Residence

Differences between the 25(OH)D concentrations for residents
of the city of Augsburg and people living in rural areas around
Augsburg were small but significant, with mean concentrations
being lower in the city. It can only be speculated that this differ-
ence in 25(OH)D concentrations between urban and rural residents
would probably increase if people living in larger cities had been
involved in the study. Dependence of the 25(OH)D concentrations
on place of residence was also analysed by Glass et al. [25]. In
contrast to our results, this study found that living in an urban or
rural location in the UK had no influence on serum 25(OH)D;
although other studies [42–44], have seen that values of
25(OH)D were higher in rural communities compared to those
living in an urban environment.

One reason for this may be due to the urban life style providing
for fewer activities outdoors in both work and leisure time [45]. In
fact, considering all people staying 6–8 h and more than 8 h out-
doors in summer, 60% of them were of rural and only 40% of urban
residence. The urban environment also has lower levels of ambient
UV due to shadowing by buildings as well as stronger attenuation
of the incoming UV radiation by aerosols or ozone from local air
pollution, compared to the generally clearer rural atmosphere [46].

4.3. Age and gender

The higher prevalence of vitamin D insufficiency in older
participants, especially those >75 years (Table 3), has also been
seen in other studies [7,19,47,48]. This may be explained by the
decreasing capacity of the skin to make vitamin D via cutaneous
synthesis [49] and perhaps the fact that the old wear more clothes
when outdoors. Studies in Nordic countries have found higher val-
ues of 25(OH)D in the older population due to vitamin D rich food
(oily fish) or vitamin supplements [23]. There is, however, not (yet)
any similar move to increase vitamin D in the older German
population.

Regarding gender-differences in the 25(OH)D concentrations,
studies are inconsistent: some confirmed our findings [21,50] of
higher 25(OH)D concentrations for men, whereas other found
higher values for women [24]. Nevertheless, gender specific
differences were small and other factors seem to be more impor-
tant in regards to individual 25(OH)D concentrations.

4.4. Body mass index

The results of the BMI analyses were similar to other studies:
there is a decrease in 25(OH)D concentrations with high BMI
[22,23,51,52]. This is an established fact and several explanations
have been suggested, amongst others reduced exposure to UV
radiation [53], a higher distribution volume for 25(OH)D
concentrations or the fact that it is a fat soluble vitamin and may
be locked up in the excess fat [52].

4.5. Fitzpatrick skin type

It was hypothesized that fairer skin types, i.e. skin types 1–2
[33], would exhibit higher 25(OH)D values than darker pigmented
persons (skin types 3–5). This may be the case from a worldwide
perspective [24]. However, for people living under the same
environmental conditions, this may not always hold true, as shown
with our data, though it should be noted that the comparison was
only made amongst Caucasian individuals as there were too few
skin type V individuals to be statistically representative. Similar
results were found for Caucasian females in the UK [25] with lower
serum 25(OH)D concentrations measured in fair skin types com-
pared to darker skin types. This was explained by the different
behaviour of fair-skinned people in the sun, in particular advice
on preventing skin cancer which advocates sun avoidance. There-
fore, fair skinned people may avoid direct sun exposure (at lunch
time) and/or use clothes to protect themselves from the sun. There
may also be genetic differences in vitamin D metabolism in fair
skin types [25]. The important point to note is that mean
25(OH)D values throughout the year were mostly below the
sufficiency levels in all skin types.

4.6. General health state

No other studies have shown an association between the gen-
eral subjective state of health and 25(OH)D concentrations. In the
study of Kimlin et al. [54], for instance, the variable ‘perceived
general health’ did not influence 25(OH)D concentrations.
Nevertheless, many disorders have been linked to vitamin D
insufficiency or hypovitaminosis D, such as different types of can-
cer, osteoporosis, osteomalacia, fractures, diabetes, heart disease
and other chronic illnesses [15]. Moreover, people who suffer from
a range of medical disorders may spend less time outside than
healthy people. In fact, 11% of participants from Health class I
spend more than 8 h outdoors in summer in comparison to only
5% of Health class V. For the lowest number of hours spent out-
doors (0–2 h), the difference is even more pronounced: 21% from
Health class I versus 43% from Health class V participants. So it
seems reasonable that the amount of serum 25(OH)D may corre-
late also with the participants subjective well-being, as observed.

4.7. Socioeconomic status

Socioeconomic status has been analysed in some studies in rela-
tion to serum 25(OH)D concentrations [7,25,55]. Whereas in some
cases [25] social status was not associated with 25(OH)D
concentrations, other studies have found the prevalence of
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hypovitaminosis (by the authors defined as 25(OH)D < 37.5
nmol L�1 [7,25,55]) to be 12% higher in women from low income
groups than from higher income groups in Bangladesh. But lack
of consistency in the way ‘socioeconomic status’ is defined, as well
as other intrinsic and extrinsic factors, makes comparison of
results difficult. Data in the study from Glass et al. [25], for
instance, were derived from regional variables (post codes).
Therefore, no comparable study exists for regions presenting
similar economic characteristics as Germany.

The fact that the SES differences in our study are most promi-
nent in summer implies that sun exposure is the dominant differ-
ence of social status, at least regarding the holiday behaviour.
Indeed, from all people staying more than 10 weeks per year in a
sunny holiday location, 26% are from the upper SES class in com-
parison to only 14% of the lowest economic class. While for partic-
ipants not going on holidays 33% are of lower social class versus
only 8% of the upper class. Correlation between the two variables
is therefore positive with k = 0.24.
4.8. Use of sunscreen

One would expect lower instead of higher 25(OH)D values in
people using sunscreen products, but contrary results were also
found in other studies [13,26,56,57]. Situations where people apply
sunscreen were examined [58]. The authors found that the use of
sunscreen was highly correlated with risk behaviour, i.e. people
who intend to sunbath also use sunscreen. This may also explain
the high 25(OH)D concentrations found in the summer season
from sunscreen users. Several studies analysing application and
protection of sunscreen found that people do not apply sunscreen
in the required concentration, or do not equally distribute the
cream on the exposed skin which leads to inadequate protection
from UV-radiation [26]. This is, however, advantageous with
regard to cutaneous synthesis of vitamin D [58,59].
4.9. Sun exposure

Since vitamin D is produced by UVB radiation and can be stored
in fat cells [5], a clear positive relationship between weeks per year
spent in sunny regions (holiday weeks, Table 4), during last six
weeks in sunny region (recent holiday), hours spent outside in par-
ticular in summer (h outdoors summer) and mean serum 25(OH)D
was found as expected. Due to the very low UV level in Germany in
winter time, staying outside does not effectively increase 25(OH)D
concentrations. A few minutes outside in summer at midday is
much more effective at raising serum 25(OH)D concentration than
many hours outside in winter.

Our results were confirmed by other studies [48,60]. Van der
Wielen et al. [48], for instance, whilst analysing 25(OH)D concentra-
tions of elderly people in Europe, found that spending less than one
hour on outdoor activities resulted in a 12% lower 25(OH)D concen-
tration. However, other studies could not find significant correla-
tions between (diary – reported) times spent outdoors and
25(OH)D concentrations [61,62]. This was explained by a number
of uncertainty factors, such as variations of ambient UVB (which
depends on season, time of day and weather conditions) as well as
personal factors (e.g. clothing, behaviour, genetic variations). More-
over, these studies emphasized the difficulty of predicting 25(OH)D
values using self-reported sunlight exposure questionnaires.

In all cases 25(OH)D values were lowest in winter, i.e. from
December to February. With the onset of spring, i.e. from March
to May, the concentrations rose and reached the maximum in sum-
mer (i.e. from June to August). In autumn (September to Novem-
ber), the 25(OH)D concentrations decreased below the levels of
summer as ambient UV declines due to the lower solar altitude.
This indicates that the dominant process of vitamin D production
is cutaneous synthesis on exposure to solar UVB as shown in Fig. 2.

4.10. Modelling 25(OH)D

According to our results, the most significant factors for hypovi-
taminosis D – defined as mean 25(OH)D below 25 nmol L�1 – were
seasons (winter, spring and autumn) and living in an urban envi-
ronment from the external-ambient category (i), then BMI
(P30 kg m�2) from the intrinsic-personal category (ii). Conversely,
individual behaviour (iii) such as a stay in a sunny region during
the last six weeks, vitamin D intake, use of sunscreen, weeks per
year in sunny (holiday) places and hours per day spent outdoors
in summer improved the 25(OH)D concentrations.

Obviously, the categories (i) and (iii) contain the most influen-
tial factors with regard to cutaneous vitamin D synthesis. In partic-
ular the variable ‘‘season’’ showed very high ORs. The model
included also skin type and socioeconomic status variables, but
their influence was not significant (except for the lowest SES).
The variables h outdoors winter, age, gender and health status
were not included by the model building procedures.

For a translation of these results into recommendations to
improve vitamin D status, some variables must be regarded with
care, in particular Fitzpatrick skin type (Caucasian only analysed)
and sunscreen: more pigmentation and the use of sun blocking
creams limit UV penetration into the skin and therefore lower
the cutaneous production of vitamin D. However, due to individual
behaviour – as discussed above – these factors may lead to
enhanced 25(OH)D serum concentrations.

In other studies, similar variables have been selected, such as
season, vitamin D intake and BMI (males only) [27] and skin type
[25]. In contrast to our results, age and gender [27] have been
determined to be important variables.

As summarized by the review study of Mithal et al. [7] from a
global point of view, the most important determinants for hypovi-
taminosis D were older age, being female, higher latitude, winter
season, darker skin pigmentation, degree of sunlight exposure,
dietary habits and absence of vitamin D intake.

The results of different studies are of course influenced amongst
others by the specific characteristics of the population sample, the
geographic location and the model selection procedures, rendering
comparisons difficult. According to a cross-sectional Australian
study [54], behavioural factors contributed more than ambient-
external factors to serum 25(OH)D concentrations in the
population. A major factor in this difference is the higher UV radi-
ation level in Australian latitudes compared to Germany.
Therefore, more studies must be carried out with regard to the
vitamin D research topic for different regions in the world. This
is not only important for validation of results but for the under-
standing of the specific weight of influencing factors in different
environments.

Regarding the results of the KORA S4 study, changes in these
three variables (BMI, UPF, holiday weeks) from 1999/2001 to
2006/2008 suggest an increase in risk of vitamin D deficiency in
the general population.

4.11. Strengths and limitations of the study

The strength of this study is the large (N = 3061) and represen-
tative (although older >32 years of age) population sample with an
equal gender distribution. This is similar in size to the representa-
tive German National Health Interview and Examination Survey
[27]. In other studies sample size has often been far lower, e.g.
47 volunteers in Cargill et al. [61], 483 adults in Bischof et al.
[22], or 1414 participants in the study of Glass et al. [25].
Moreover, a greater range of data was collected including personal
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factors such as body weight and socioeconomic status or
behavioural factors such as times spent outdoors and holiday
habits. All with potential to influence the 25(OH)D concentrations
of the individuals in the study; in other studies the focus has
been on a more limited range of factors, such as BMI and age
[22,52].

One limitation is that the serum 25(OH)D was only measured
once per participant with samples being spread over the whole
study period of 20 month, and due to seasonal changes the data
has had to be analysed at the seasonal level. If 25(OH)D concentra-
tions had been measured in each of the four seasons, the analyses
could have been based on seasonal thresholds [63]. This may be
more appropriate than using one threshold for the whole year
and will be examined in a future study.

Besides, the lab method for the quantification of 25(OH)D con-
centrations has some limitations: DiaSorin Liaison may slightly
underestimate the serum concentrations as observed for instance
by de Konig et al. [64] who found that patients were more likely
to be determined as vitamin D inadequate or deficient by DiaSorin
Liaison (36%) versus an LC-MS/MS method (9%). This would not
influence the relative risks in our study, but may indicate that a
greater number of the population are in the deficient category than
would be the case if an alternative analysis had been used.
5. Conclusion: vitamin D insufficiency in the German
population

As shown by this and other studies [17,27], insufficiency and
even hypovitaminosis D is widespread in the German population.
This is mainly the result of ambient factors combined with individ-
ual behaviour.

According to research by Webb et al. [65], a relatively simple
method to mitigate this problem would be by exposure to sunlight
of about 1/3 skin area (equivalent to wearing modest shorts/skirt
and T-shirt) during lunchtime hours for short periods of between
9 and 18 min per day in middle latitudes such as Manchester,
UK. However, it must be kept in mind that these times are only
valid for ideal conditions (cloud free sky, Caucasian skin types),
and do not take into account different skin types, locations, varying
ambient conditions, sunscreen or clothing, etc. [66,67]. To estimate
the effect of some of the latter, a web-based model estimating time
of required exposure to obtain UV-induced vitamin D-effective
doses is provided in Webb and Engelsen [67].

Obviously, the most effective, cheapest and simplest way to sat-
isfy vitamin D needs for the white Caucasian German population,
through cutaneous production, without significantly increasing
the risk of UV-induced skin cancer, would be short and frequent
skin exposures to the sun [65]. For those unwilling or unable to
gain such regular sun exposure, or certain ‘risk groups’ such as
older people, pregnant and breastfeeding women and young
infants, there is a clear need for guidance on oral intake of vitamin
D through diet or supplementation. Since vitamin D insufficiency is
so widespread, recommendations to this effect would be welcome
from governmental or public health bodies.
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