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Abstract
Purpose  Vitamin D, produced through cutaneous photosynthesis or ingested via foods or supplements, has generated con-
siderable research interest due to its potential health effects. However, epidemiological data on the time trends of vitamin 
D status are sparse, especially from northern Europe. We examined the time trend of vitamin D concentrations in northern 
Sweden between 1986 and 2014.
Methods  We used data on 11,129 men and women (aged 25–74 years) from seven population-based surveys (the Northern 
Sweden MONICA study), recruited between 1986 and 2014. Serum vitamin D (25-hydroxyvitamin D) status was measured 
using a one-step immunoassay (Abbott Architect). Multivariable linear regression models, adjusted for age, sex, and a number 
of other variables, were used to estimate the time trend of vitamin D concentrations.
Results  The mean value of vitamin D in the entire study population was 19.9 ng/mL [standard deviation (SD) 7.9], with 
lower values in men (19.4 ng/mL; SD 7.5) than in women (20.5 ng/mL; SD 8.2). Using the survey in 1986 as reference 
category, the multivariable-adjusted mean difference [95% confidence interval (CI)] in ng/mL was 2.7 (2.2, 3.3) in 1990, 
3.2 (2.7, 3.7) in 1994, 1.6 (1.0, 2.1) in 1999, − 2.0 (− 2.5, − 1.4) in 2004, 1.0 (0.4, 1.5) in 2009, and 3.1 (2.5, 3.6) in 2014.
Conclusion  In this large cross-sectional study, we observed no clear upward or downward trend of vitamin D concentrations 
in northern Sweden between 1986 and 2014.
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Introduction

Vitamin D, which is produced by cutaneous synthesis from 
sunlight exposure or ingested via foods or supplements, 
refers to a group of fat-soluble compounds that are essential 
for adequate mineral balance [1]. Subsequently, vitamin D 
has a role in musculoskeletal health, with low concentrations 
of vitamin D being associated with muscular function, osteo-
porosis, and fractures [2, 3]. During the last decades, there 
has also been mounting evidence from observational studies 
that vitamin D might be associated with several non-skeletal 
diseases (e.g., cancer [4], autoimmune disease [5], cardio-
vascular disease [6], fatigue [7], and depression [8]) as well 
as mortality [9]. It is, however, unclear whether these are 
causal associations, exemplified by the non-effect of vitamin 
D supplementation on musculoskeletal health in randomized 
controlled trials (as meta-analyzed by Bolland et al. [10]).

The northern European population is considered at risk 
for vitamin D insufficiency, because of the undetectable 
cutaneous synthesis of vitamin D at high latitudes during 
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the winter [11], leaving inhabitants more dependent on 
dietary sources of vitamin D. A number of countries have, 
therefore, introduced a vitamin D food-fortification policy 
[including Sweden, where it was recently expanded [12] 
(see Online Resource 1 for details)]. Previous studies 
from northern Europe have mainly focused on the preva-
lence of vitamin D insufficiency (< 20 ng/mL), which has 
ranged from 4 to 77% (as reviewed by Ramnemark et al. 
[13]), and only two larger studies have examined the time 
trend of vitamin D status. One Norwegian study reported 
a slight increase in mean vitamin D values between 1994 
and 2008 (from 21.5 to 22.2 ng/mL) [14], while a Finnish 
study reported a larger increase in mean vitamin D values 
between 2000 and 2011 (from 19.2 to 26.0 ng/mL) [15].

The aim of this study was to examine whether the vita-
min D concentrations in northern Sweden had increased 
between 1986 and 2014, which we expected due to the 
ongoing debate over vitamin D and the altered food-forti-
fication policies, using data from seven population-based 
surveys.

Subjects and methods

Study population

Data were obtained from the northern Sweden compo-
nent of the MONICA study (MONItoring of trends and 
determinants in CArdiovascular disease). In total, between 
1986 and 2014, seven population-based surveys were con-
ducted in Norrbotten and Västerbotten counties. In these 
counties, the two major population centers are Luleå (at 
latitude 65.7° N) and Umeå (at latitude 63.9° N). All sur-
veys were conducted during the same months (between 
January and April) and each individual filled in a question-
naire on lifestyle habits, underwent a clinical examination, 
and had blood samples drawn. Individuals were randomly 
selected from population registers and stratified for age 
(25–64 years in 1986 and 1990; 25–74 years in 1994, 
1999, 2004, 2009, and 2014) and sex. The seven samples 
were selected independently of each other and have all had 
good participation rates, with estimates ranging from 81% 
in 1986 to 63% in 2014. Details on sampling and selection, 
as well as on non-participation data, have been published 
elsewhere [16, 17].

The Northern Sweden MONICA study has been cov-
ered by multiple ethical approvals from the Regional Ethi-
cal Committee at Umeå University (Umeå, Sweden) from 
its initiation up until 2013. The recommendations of the 
Strengthening the Reporting of Observational Studies in 
Epidemiology (STROBE) initiative were followed whenever 
applicable [18].

Assessment of vitamin D concentrations

Blood samples were drawn after at least a 4-h fast and 
stored at − 80 °C. Serum 25-hydroxyvitamin D, which is 
the circulating biomarker of vitamin D status, was analyzed 
between 2016 and 2018 at the University Medical Center 
Hamburg-Eppendorf (Hamburg, Germany) within the frame 
of the European BiomarCaRE project (Biomarkers for Car-
diovascular Risk Assessment in Europe) [19] and measured 
using a one-step immunoassay on the Abbott Architect i2000 
(Abbott Laboratories, Abbott Park, IL, USA) [20]. The valid 
measurement range was 8–160 ng/mL. The intra- and inter-
assay coefficient of variation (based on different concentra-
tions of control samples) was 1.10–2.99% and 4.31–9.11%, 
respectively. (Hereinafter, for simplicity, serum 25-hydroxy-
vitamin D will only be referred to as vitamin D.)

Vitamin D concentrations in the survey in 2009 have 
previously been measured using high-performance liquid 
chromatography (HPLC) [13], which is considered the 
golden standard method for vitamin D analyses [21]. We, 
therefore, compared the Abbott Architect data with the 
HPLC data. The correlation between measurement meth-
ods was high in terms of rank [Spearman’s coefficient 
(r) = 0.85], irrespective of sex (r = 0.86) and age group 
(r = 0.82–0.91). However, as shown in Online Resource 2, 
the concentrations of vitamin D were on average 8.4 ng/
mL [standard deviation (SD) 4.8] lower in the Abbott 
Architect data, with seemingly larger between-method 
differences for higher values of vitamin D. The mean dif-
ference in vitamin D concentrations between the measure-
ment methods was fairly consistent in men and women as 
well as in different age groups (Online Resource 3).

Assessment of other variables

On each questionnaire, participants were asked to report 
their country of birth, civil status, educational level, ciga-
rette use, snus use (i.e., moist oral snuff), and physical 
activity. Height and weight were measured during the 
clinical examination, and body mass index (BMI) was 
calculated as weight (kg) divided by height squared (m2).

Statistical analysis

Of the 12,130 participants who were eligible for the cur-
rent study, we excluded 33 with missing data on survey 
year and 968 with missing or invalid data on vitamin D 
concentrations.

Means and percentages of demographic, behavioral, and 
health characteristics (including vitamin D concentrations) 
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in the seven surveys were standardized to the sex and age 
(< 35, 35–44, 45–54, ≥ 55 years) distribution of the entire 
Swedish population in 2000.

Time trends of vitamin D concentrations according to 
survey year [1986 (ref), 1990, 1994, 1999, 2004, 2009, and 
2014] were analyzed by using a linear regression model, 
adjusted for sex and age (continuous, years). Since there 
was evidence of a non-linear association between vitamin 
D concentrations and age, we modeled age by using 4-knot 
restricted cubic splines (at the 5th, 35th, 65th, and 95th per-
centile of the age distribution) [22]. To further examine the 
distribution of vitamin D concentrations, we used quantile 
regression models to calculate age- and sex-adjusted percen-
tile values for each survey year.

Multivariable linear regression models were adjusted for 
month of sampling (January or February, March or April), 
country of birth (Sweden, other), civil status (married or 
cohabiting, other), educational level (university, non-univer-
sity), smoking status (current, non-current), and BMI (< 25, 
25–29, ≥ 30 kg/m2). Additional adjustment for county of res-
idence (Norrbotten, Västerbotten) and snus status (current, 
non-current) did not change the results (data not shown). 
The missing-indicator method was used to handle missing 
covariate data in the multivariable model (overall fraction 
of 2.3%); however, results obtained from a complete case 
analysis were identical (data not shown).

Separate linear regression analyses of (1) men 
and women, (2) different age groups (< 35, 35–44, 
45–54, ≥ 55 years), and (3) month of sampling (January, 

February, March, April) were performed as sensitivity 
analyses. Since the data on vitamin D concentrations were 
somewhat right-skewed, we performed additional sensitiv-
ity analyses by excluding participants with vitamin D con-
centrations greater than 75, 60, and 50 ng/mL, respectively. 
In a final sensitivity analysis, the multivariable model was 
restricted to the surveys in 1990–2009 and further adjusted 
for physical activity (almost none, light-effort ≥ 1 h/week, 
high-effort ≥ 1 h/week), since this variable was only meas-
ured in a consistent way between 1990 and 2009.

Statistical significance was set at a two-sided P value less 
than 0.05. Analyses were performed using Stata version 14 
(StataCorp LP, College Station, TX, USA).

Results

A total of 11,129 participants (5459 men and 5670 women), 
recruited from the seven surveys conducted between 1986 
and 2014, were included in the analysis (Online Resource 
4). Characteristics of the study population by survey year are 
shown in Table 1. Compared with participants in the surveys 
in 1986 and 1990, participants in later surveys were more 
likely to be older, married or cohabiting, well educated, 
physically active, and to have a BMI of 30 kg/m2 or more. 
These participants were also less likely to smoke cigarettes. 
The percentage of participants sampled in January or Febru-
ary varied greatly in the surveys in 1986–1999 (from 37.0 

Table 1   Characteristics of the 
study population (n = 11,129) by 
survey year, 1986–2014

a Values (except age, sex, month of sampling, and country of birth) were standardized to the sex and age 
(< 35, 35–44, 45–54, ≥ 55 years) distribution of the entire Swedish population in 2000
b Values were calculated for participants with complete data. Data were missing on the month of sampling 
for three participants, on the country of birth for 57 participants, on civil status for 51 participants, on 
educational level for 147 participants, on smoking status for 40 participants, on physical activity for 171 
participants, and on body mass index for 45 participants
c The age structure of included participants was 25–64 years in 1986–1990 and 25–74 years in 1994–2014
d Includes occasional (< 1 cigarette/day) smokers
e The question on leisure time physical activity was vastly different in the surveys in 1986 and 2014 com-
pared to the other surveys; therefore, it was not possible to create a joint variable across all surveys

Survey year

Characteristicsa,b 1986 1990 1994 1999 2004 2009 2014

Participants (n) 1571 1393 1836 1670 1658 1554 1447
Mean age (years)c 45.2 45.2 49.9 51.0 51.4 51.2 51.8
Male sex (%) 50.8 48.4 48.9 49.0 48.6 49.8 47.8
Sampled in January or February (%) 73.5 57.5 64.6 37.0 58.8 58.2 56.5
Born in Sweden (%) 94.7 93.6 94.1 93.3 94.1 93.8 91.8
Married or cohabiting (%) 80.7 80.1 76.0 71.8 76.3 71.7 65.8
University education (%) 11.5 16.3 19.3 23.1 29.7 32.5 34.0
Current smoker (%)d 31.0 29.2 25.4 17.7 16.0 14.7 12.6
High-effort physical activity ≥ 1 h/week (%)e – 32.2 31.3 33.6 39.7 41.4 –
Body mass index ≥ 30 kg/m2 (%) 10.2 9.5 12.7 15.0 18.0 19.2 18.6
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to 73.5%), whereas the same percentage was stable in the 
surveys in 2004–2014 (from 56.5 to 58.8%).

The mean value of vitamin D in the entire study popula-
tion was 19.9 ng/mL (SD 7.9), with lower values in men 
(19.4 ng/mL; SD 7.5) than in women (20.5 ng/mL; SD 8.2) 
[P value (t test) < 0.001]. Participants aged ≥ 55 years had 
a higher mean value (20.7 ng/mL; SD 8.1) than those aged 
45–54 years (19.6 ng/mL; SD 7.4), 35–44 years (19.2 ng/
mL; SD 7.5), and ≤ 34 years (19.7 ng/mL; SD 8.2) [P value 
(analysis of variance) < 0.001].

As shown in Table 2, there was no clear upward or down-
ward trend of vitamin D concentrations between 1986 and 
2014: the age- and sex-standardized mean value across the 
seven surveys was 18.4, 21.1, 22.0, 19.6, 17.0, 19.4, and 
21.1 ng/mL, respectively. The mean value in 2004 (17.0 ng/
mL) was especially noteworthy, as it was substantially lower 
than in all other surveys. In a multivariable linear regression 
model, which used the survey in 1986 as reference category, 
the mean difference [95% confidence interval (CI)] in ng/mL 
was 2.7 (2.2, 3.3) in 1990, 3.2 (2.7, 3.7) in 1994, 1.6 (1.0, 
2.0) in 1999, − 2.0 (− 2.5, − 1.4) in 2004, 1.0 (0.4, 1.5) in 
2009, and 3.1 (2.5, 3.6) in 2014. The variable with the high-
est impact on the regression estimates was month of sam-
pling; the other variables had only little to marginal impact.

The shape of the association between vitamin D con-
centrations and survey year was consistent across sex and 
age group (Table 3) as well as month of sampling (data 
not shown). The results were also similar in the sensitivity 
analyses in which we excluded participants with vitamin D 
values greater than 50 (n = 62), 60 (n = 19), and 75 ng/mL 
(n = 5). As an example, when those with values greater than 
50 ng/mL were excluded, and once again using the survey 
in 1986 as reference category, the multivariable-adjusted 
mean difference (95% CI) in ng/mL was 2.7 (2.2, 3.2) in 
1990, 3.1 (2.6, 3.6) in 1994, 1.4 (0.9, 1.9) in 1999, − 2.0 
(− 2.5, − 1.5) in 2004, 0.7 (0.2, 1.2) in 2009, and 2.6 (2.1, 

3.1) in 2014. Finally, when restricting the analysis to the 
surveys in 1990–2009, to further adjust the multivariable 
model for physical activity, the results did not substantially 
change [multivariable-adjusted mean difference (95% CI) in 
ng/mL: 0.6 (0.1, 1.1) in 1994, − 1.1 (− 1.6, − 0.5) in 1999, 
− 4.7 (− 5.2, − 4.1) in 2004, and − 1.8 (− 2.3, − 1.2) in 
2009; compared to the survey in 1990].

Overall, the association between different percentile val-
ues of vitamin D concentrations and survey year was similar 
to the association based on mean values (Fig. 1). The later 
surveys (2004, 2009, and 2014) had the most right-skewed 
data distributions, especially that in 2014, for which the 97th 
to 99th percentile values were markedly higher (42.2 and 
52.5 ng/mL, respectively) than in the other surveys (32.0 
to 39.3 ng/mL and 35.8 to 46.5 ng/mL, respectively). The 
1st and 5th percentile values ranged between 8.2 (2004) to 
9.4 (1990) ng/mL and 9.0 (2004) to 11.7 (1990) ng/mL, 
respectively.

Discussion

In this large cross-sectional study, based on data from seven 
population-based surveys, we observed no clear upward 
or downward trend of vitamin D concentrations in north-
ern Sweden between 1986 and 2014. Compared to 1986, 
the mean vitamin D value was largely increased in 1990, 
1994, and 2014, marginally increased in 1999 and 2009, and 
decreased in 2004.

In the ongoing debate as to whether low population con-
centrations of vitamin D are of public health importance, 
the northern European population is of special interest due 
to its high-latitude habitat, which, during the winter, leads 
to insufficient exposure to the amount and type of sunlight 
that is required for cutaneous synthesis of vitamin D [11]. To 
counter this, several northern European countries have long 

Table 2   Vitamin D concentrations in the study population by survey year, 1986–2014

CI confidence interval
a Standardized to the sex and age (< 35, 35–44, 45–54, ≥ 55 years) distribution of the entire Swedish population in 2000
b Estimated from a linear regression model adjusted for sex, age (continuous using 4-knot restricted cubic splines, years), month of sampling 
(January/February, March/April), country of birth (Sweden, other), civil status (married/cohabiting, other), educational level (university, non-
university), smoking status (current, non-current), and body mass index (< 25, 25–29, ≥ 30 kg/m2)

Survey year

Vitamin D concentration (ng/mL) 1986 1990 1994 1999 2004 2009 2014

Mean value
 Crude 18.6 21.2 22.0 19.8 16.7 19.7 21.7
 Age and sex standardizeda 18.4 21.1 22.0 19.6 17.0 19.4 21.1

Mean difference
 Age and sex adjusted (95% CI) Ref. 2.5 (1.9, 3.0) 3.0 (2.5, 3.6) 0.9 (0.4, 1.4) − 2.3 (− 2.8, − 1.7) 0.7 (0.1, 1.2) 2.7 (2.2, 3.3)
 Multivariable adjusted (95% CI)b Ref. 2.7 (2.2, 3.3) 3.2 (2.7, 3.7) 1.6 (1.0, 2.1) − 2.0 (− 2.5, − 1.4) 1.0 (0.4, 1.5) 3.1 (2.5, 3.6)
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had vitamin D food-fortification policies. In Sweden, the 
vitamin D food-fortification policy was recently expanded 
[12]. As shown in Online Resource 1, the current policy 
includes more food items and demands a higher quantity of 
vitamin D in each food item.

Our findings are in somewhat contrast to those in previous 
large studies from northern Europe. In a Norwegian longi-
tudinal study of 2668 non-smoking individuals, there was a 
small increase in mean vitamin D concentrations between 
1994 and 2008 (from 21.5 to 22.2 ng/mL) [14]. A larger 
increase in mean vitamin D concentrations was observed in 
a Finnish cross-sectional study of 10,185 individuals: from 
19.2 ng/mL in 2000 to 26.0 ng/mL in 2011 [15]. Compared 
to our study, which had seven measurement points over a 
follow-up period of 28 years, these studies only had two 
measurement points—an important difference that hin-
ders between-study comparisons. If we, for example, only 
had had data between 1986 and 1994 or between 2004 and 
2014, we would also have concluded that the mean vitamin 

D concentrations in northern Sweden had increased over 
time (from 18.4 to 22.0 ng/mL and from 17.0 to 21.1 ng/mL, 
respectively). Thus, as highlighted by our study, it is impor-
tant to have multiple measurement points when examining 
a variable like vitamin D, which will vary with the amount 
of sunlight in a given year and with individual sunlight 
exposure. It should also be noted that there are other stud-
ies, from countries outside of northern Europe, which have 
shown both increased (e.g., Canada [23], the US [24, 25], 
Iran [26], and Ireland [27]) and decreased (e.g., the USA 
[28, 29], Greenland [30], and South Korea [31]) vitamin D 
concentrations over time.

It is, from a biological standpoint, hard to under-
stand the observed fluctuation of vitamin D status in our 
study, especially the very low value in 2004. However, 
despite the adjustment for a number of variables in the 
linear regression model, we cannot exclude residual 
confounding (e.g., due to misreporting of smoking sta-
tus, educational level, and physical activity) and—more 

Table 3   Vitamin D concentrations in the study population by survey year and according to sex and age, 1986–2014

CI confidence interval
a Standardized to the age (< 35, 35–44, 45–54, ≥ 55 years) and sex distribution, respectively, of the entire Swedish population in 2000
b Estimated from a linear regression model adjusted for sex, age (continuous using 4-knot restricted cubic splines, years), month of sampling 
(January/February, March/April), country of birth (Sweden, other), civil status (married/cohabiting, other), educational level (university, non-
university), smoking status (current, non-current), and body mass index (< 25, 25–29, ≥ 30 kg/m2)

Survey year

Vitamin D concentration (ng/mL) 1986 1990 1994 1999 2004 2009 2014

Men (n = 5459)
 Standardized mean valuea 18.1 20.5 20.8 18.9 16.6 18.6 19.5
 Adjusted mean difference (95% 

CI)b
Ref. 2.4 (1.7, 3.2) 2.5 (1.8, 3.2) 1.2 (0.5, 2.0) − 2.2 (− 2.9, − 1.5) 0.6 (− 0.1, 1.3) 1.4 (0.7, 2.2)

Women (n = 5670)
 Standardized mean valuea 18.7 21.7 23.2 20.4 17.4 20.1 22.7
 Adjusted mean difference (95% 

CI)b
Ref. 3.0 (2.2, 3.8) 3.9 (3.2, 4.7) 2.0 (1.2, 2.8) − 1.7 (− 2.5, − 0.9) 1.3 (0.5, 2.1) 4.7 (3.8, 5.5)

Age < 35 years (n = 1959)
 Standardized mean valuea 18.1 20.9 22.3 19.4 17.7 19.0 20.2
 Adjusted mean difference (95% 

CI)b
Ref. 3.2 (2.0, 4.4) 4.5 (3.4, 5.7) 2.0 (0.7, 3.2) 0.0 (− 1.3, 1.3) 1.3 (− 0.1, 2.6) 2.5 (1.1, 3.9)

Age 35–44 years (n = 2303)
 Standardized mean valuea 18.9 21.1 20.8 18.6 15.8 18.2 20.2
 Adjusted mean difference (95% 

CI)b
Ref. 2.3 (1.3, 3.4) 2.0 (1.0, 3.1) 0.5 − 0.7, 1.6) − 2.7 (− 3.8, − 1.6) − 0.4 (− 1.5, 0.7) 1.7 (0.5, 2.9)

Age 45–54 years (n = 2481)
 Standardized mean valuea 19.3 21.0 21.4 19.4 15.9 18.8 20.6
 Adjusted mean difference (95% 

CI)b
Ref. 2.1 (1.1, 3.1) 2.3 (1.3, 3.3) 0.7 (− 0.3, 1.8) − 3.1 (− 4.2, − 2.1) − 0.1 (− 1.2, 1.0) 1.8 (0.7, 2.9)

Age ≥ 55 years (n = 4386)
 Standardized mean valuea 18.2 21.6 22.6 20.7 17.0 20.9 23.3
 Adjusted mean difference (95% 

CI)b
Ref. 3.4 (2.3, 4.5) 4.6 (3.6, 5.5) 3.2 (2.2, 4.1) − 0.9 (− 1.9, 0.0) 2.9 (1.9, 3.8) 5.3 (4.3, 6.2)
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importantly—unmeasured confounding as potential expla-
nations. Firstly, we had no data on sunlight exposure; that 
is, the most important determinant of vitamin D status. 
Using official statistics from the Swedish Meteorologi-
cal and Hydrological Institute [32], we tried to examine 
whether the hours of sunlight had differed between the 
survey years. However, the total hours of sunlight during 
the preceding year, as well as during the sampling period 
from January to April, was not substantially different in 
2004 compared to 2009 and 2014. We also lacked data on 
sun holidays, which, in theory, could explain some (but 
hardly all) of the observed variance. Secondly, in addition 
to the fact that we did not account for differences in food 
and beverage consumption, the food-fortification policy in 
Sweden changed during the study period. In 2007, after 
regulations in the European Parliament and the European 
Council, fortification with certain enrichments became 
compulsory (before which it was voluntary for non-organic 
items and prohibited for organic items), vitamin D being 
one of them [33, 34]. Thus, it is possible that the increase 
in mean vitamin D concentrations in 2009 and 2014 com-
pared to 2004 was due to the instatement of mandatory 
vitamin D food fortification. One can also speculate if 
the voluntary vitamin D food fortification prior to 2007 
was different between the survey years. Finally, we only 
had data on vitamin D supplementation in the survey in 
2009, leaving the possibility of unmeasured confound-
ing. Around 14% of the participants in 2009 used vitamin 
D supplements; and they had an almost 3 ng/mL higher 
mean vitamin D value than non-users [13], indicating a 
strong potential for confounding if the use of vitamin D 

supplements varied by survey year. Likewise, we had no 
data on physician-prescribed vitamin D treatment. In 2011, 
although not without controversy, the Endocrine Society’s 
clinical practice guideline suggested that at-risk individu-
als of vitamin D insufficiency (listed, among others, are 
pregnant women, obese adults, and older people with a 
history of falls) should be screened and, if concentrations 
are less than 20 ng/mL, treated to achieve concentrations 
of at least 30 ng/mL [35]. While we are not aware of such 
widespread vitamin D screening having been implemented 
in northern Sweden, it is possible that screening (and sub-
sequent treatment) increased to some extent post-2011, 
which, in turn, might have contributed to the rather high 
97th to 99th percentile values in the survey in 2014.

As an additional explanation to the very low value of 
vitamin D in 2004, we have given considerable thought on 
the possibility of some sort of pre-analytical or laboratory 
error. However, the frozen blood samples from each survey 
were handled in an identical and standardized way before 
shipment for analysis (Stefan Söderberg, the Northern Swe-
den MONICA study, personal communication, 2019), not to 
mention that blood samples of vitamin D are robust to han-
dling [36] and storage duration [37] and can withstand mul-
tiple freeze–thaw cycles [38]. There was also no evidence of 
inconsistencies or errors in the laboratory procedures of the 
blood samples in 2004 (or in the other surveys) at retrospec-
tive review. Other biomarkers from the Northern Sweden 
MONICA study, such as troponin and N-terminal pro-B-type 
natriuretic peptide, have not had markedly lower values in 
2004 compared to the other survey years (Tanja Zeller, the 
European BiomarCaRE project, unpublished data, 2019).

Another important limitation of the study must be men-
tioned, which is the fact that the vitamin D status was 
measured using a one-step immunoassay (Abbott Archi-
tect) instead of an HPLC: that is, the method considered to 
be the golden standard for vitamin D analyses [21]. In our 
own validation, using the survey in 2009, which had pre-
viously been analyzed with HPLC, the concentrations of 
vitamin D were on average 8.4 ng/mL lower in the Abbott 
Architect data compared to the HPLC data. Assuming 
the same level of underestimation by the Abbott Archi-
tect in each survey year, the mean value of vitamin D in 
the seven surveys would have been 26.8, 29.5, 30.4, 28.1, 
25.4, 27.8, and 29.5 ng/mL, respectively, if the analysis 
had been conducted with HPLC. As a consequence, on 
an absolute scale, the observed mean values of vitamin D 
should be interpreted with caution [e.g., the percentage 
of participants having adequate vitamin D concentrations 
(≥ 20 ng/mL, as specified by the US Institute of Medicine 
[39]) in the survey in 2009 was 83% using the HPLC data, 
but only 40% using the Abbott Architect data]. However, 
the methods had a good correlation in terms of rank and 
we have no reason to suspect that the measurement error 

Fig. 1   Percentile and mean distribution of vitamin D concentrations 
in the study population by survey year, 1986–2014. The solid lines 
represent percentile values, which were estimated from a quantile 
regression model adjusted for sex and age (continuous, years). The 
hollow circles represent mean values (added for comparison), which 
were standardized to the sex and age (< 35, 35–44, 45–54, ≥ 55 years) 
distribution of the entire Swedish population in 2000
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should vary by survey year, especially since all samples 
were analyzed by the same laboratory and at the same 
time; therefore, the relative differences in mean values of 
vitamin D should be valid.

Strengths of this study included the large sample size, 
as well as the fairly high response rate in each survey, 
which increases the study’s probability of being an accu-
rate representation of the general population in northern 
Sweden. In addition, the study covered a time period of 
28 years, with a total of seven measurement points, allow-
ing us to perform one of the most detailed analyses on the 
time trend of vitamin D status to date.

In summary, in this population-based cross-sectional 
study, we observed no clear upward or downward trend 
of vitamin D concentrations in northern Sweden between 
1986 and 2014. Whether this finding is of public health 
importance, and whether it gives justification to the 
recently expanded vitamin D food-fortification policy in 
Sweden, is up for debate and calls for further research.
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