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Abstract
Purpose Populations living in the Nordic countries are at high risk for vitamin D (VitD) deficiency or insufficiency. To 
reduce the risk, nationwide interventions based on food fortification and supplementation are being implemented. However, 
there is limited evidence about the impact of such public health campaigns on target populations.
Methods We studied an unselected sample of 3650 participants (56.2% females) from the longitudinal Northern Finland 
Birth Cohort 1966 with repeated measures of serum 25-hydroxyvitamin D [25(OH)D] at ages 31 (1997) and 46 (2012–2013). 
Timepoints corresponded to the period before and during the food fortification. We examined the effect of VitD intake from 
the diet and supplementation, body mass index and previous 25(OH)D concentration on 25(OH)D concentration at 46 years 
using a multivariable linear regression analysis. A 25(OH)D z score adjusted for sex, season, latitude and technical effect 
was used in the analysis.
Results We observed an increase of 10.6 nmol/L in 25(OH)D, when the baseline 25(OH)D was 54.3 nmol/L. The prevalence 
of serum 25(OH)D below < 50 nmol/L was halved. The changes were found for both sexes and were more pronounced in 
winter compared to summer months. Regular VitD supplementation had a significant positive effect on 25(OH)D at the age of 
46, as well as had the dietary intake of fortified dairy products and fish, and the previous 25(OH)D concentration. However, 
the intake of fat-spreads albeit VitD-fortified, did not predict 25(OH)D.
Conclusion Our results demonstrated the positive impact of the fortification programme on VitD status in middle-aged 
population.

Keywords 25-hydroxyvitamin D · 25(OH)D · Food fortification · Vitamin D fortification · Vitamin D supplementation · 
Population-based

Introduction

In addition to the traditional role of vitamin D (VitD) in 
bone health, several studies have shown an inverse associa-
tion between serum 25-hydroxyvitamin D [25(OH)D] and 
multiple non-skeletal medical conditions, including type 2 

diabetes [1], cardiovascular diseases [2, 3], autoimmune dis-
eases [4], certain cancers [5], depression [6], and all-cause 
mortality [7–9]. This might be important to acknowledge 
in the middle-aged population, where we observe steep 
increase in the prevalence of non-communicable diseases.

In the northern latitudes, where the daylight is reduced for 
a long winter period, the dietary intake of VitD-rich foods 
and oral supplementation are essential sources of VitD to 
prevent VitD deficiency [10, 11]. Unfortunately, only a few 
natural food products (fish, egg yolk, and certain wild mush-
rooms) contain significant amounts of VitD [12]. To ensure 
an adequate VitD status, assessed by serum 25(OH)D, among 
the population, some Nordic countries (Finland, Sweden, and 
Norway) have launched VitD food fortification programmes 
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by adding VitD systematically to non-organic dairy products, 
fat spreads, breakfast cereals, and certain baby foods [13, 14].

In December 2002, the National Nutrition Council (NNC) 
of Finland has granted approval for (i) all fluid dairy products 
(excluding organic) and respective plant-based alternatives to 
be systematically fortified with 0.5 µg/100 g and (ii) all fat 
spreads, excluding butter, to be systematically fortified with 
10 µg/100 g with vitamin  D3 [15]. The first evaluation of this 
programme has shown that the prevalence of serum 25(OH)D 
concentrations below 50 nmol/L were still observed in 21.3% 
of the population [16], and the recommendation was, there-
fore, doubled in the second fortification wave in 2010 [15]. 
In addition to fortification, the NNC recommends individual 
oral supplementation with 10 µg/day of vitamin  D3 during the 
darkest time of the year for adults not regularly consuming fish 
and food products fortified with VitD (i.e., dairy products or 
fat spreads) [17].

A study by Jääskeläinen et al. [18] reported an average 
improvement of 17 nmol/L in serum 25(OH)D concentra-
tions [18]. The study samples were from the Finnish national 
health survey Health2000 and 2011–2012 (among par-
ticipants over 30 years, n = 6134 in 2000 and 4051 in 2012, 
mean age = 56 years) conducted before and after the fortifi-
cation waves [18]. However, studies from Sweden and Nor-
way conflicted with this observation [19, 20]. They reported 
a relatively stable VitD status among the general population 
in recent decades despite the start of VitD fortification pro-
grammes (Online resource 1) [19, 20]. The Norwegian study 
also observed a moderate correlation between VitD status in 
1994 and 2008, suggesting tracking of serum 25(OH)D and, 
thus, the stability of VitD status over the years [20].

There is a paucity of studies to address the possible inde-
pendent effect of VitD fortification programmes on the VitD 
status in the general population taking into account a variety 
of additional risk factors, including amongst other BMI, VitD 
intake from other dietary sources and supplementation as well 
as previous VitD status. Therefore, the objective of the present 
study was to evaluate this question using longitudinal data in a 
population-based birth cohort from Northern Finland sampled 
before and during the national food fortification. We aimed 
at analyzing whether the effect of fortification was independ-
ent from the effect of supplementation. Our study population 
consists of adults followed from young adulthood until middle-
age and is characterized by an increasing incidence of chronic 
diseases and females reaching menopausal age. We consider 
this group interesting in the light of VitD status and from a 
public health perspective, as representing a relevant target for 
preventive actions.

Subjects and methods

Study population

The study population was derived from a prospective, 
general population-based birth cohort, the Northern Fin-
land Birth Cohort 1966 (NFBC1966). This cohort has 
been described in detail elsewhere [21, 22], including two 
studies about VitD [23, 24]. In this study, we included the 
cohort participants who attended both the 31-year (1997) 
and 46-year (2012–2013) clinical follow-ups, before 
and during NNC launched food fortification programme 
(Fig. 1). At both timepoints, data from postal question-
naires and clinical examinations, including blood samples, 
were obtained.

The measure of serum 25(OH)D concentrations 
was available from a total of 5,571 participants (51.9% 
females) at 31 years and 5,659 (55.8% females) at 46 years 
(Fig. 1). We excluded the participants with the outlier val-
ues using the first quartile cutoff − 1.5 × IQR for the lower 
limit and the third quartile cutoff + 1.5 × IQR for the upper 
limit) [25]. A total of 112 measurements were considered 
outliers. At 31 years all 53 measurements were from the 
upper end. At 46 years, 75 out of 76 measurements were 
from the upper end (Online resource 2). In the analysis, 
we retained those participants with available 25(OH)D 
measurements at both timepoints (n = 3650). To identify 
possible selection bias, we examined the VitD status and 
the characteristics of the total population (i.e., VitD avail-
able at either timepoint) and the retained samples (i.e., 
VitD available at 31 years and 46 years). We found no 
differences in the vitD status or descriptive characteristics 
between full sample and those with the repeated measures 
(Online resource 3).

To define VitD status, we used serum 25(OH)D cutoffs 
of 30, 50, and 75 nmol/L for the VitD status groups based 
on both the IOM and ES guidelines [26, 27].

Serum 25(OH)D measurements at 31 and 46 years

During the clinical examination visits at 31 and 46 years of 
age, blood samples, which were preceded by an overnight 
fast, were drawn between 8 and 11 am. The samples were 
frozen at − 70 °C until analyzed. At 31 years, the partici-
pants’ serum concentrations of 25(OH)D were determined 
using liquid chromatography–tandem mass spectrometry 
(LC–MS/MS; Elstree, Hertfordshire, UK). This detailed 
procedure has been described previously [23, 28]. A subset 
of the blood samples was later analysed with a chemilu-
minescence microparticle immunoassay (CMIA) Architect 
i2000SR automatic analyzer (Abbott Diagnostics). This 
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assay has been certified according to the Center for Dis-
ease Control and Prevention’s Vitamin D Standardization-
Certification Program [29]. An equation was calculated to 
convert the 31-year 25(OH)D concentrations to the Vita-
min D Standardization Program-calibrated concentrations 

[30]. The calibrated concentrations were used in the final 
analyses. At age 46, the serum 25(OH)D concentrations 
were measured using the Architect i2000SR automatic 
analyzer (Abbott Diagnostics). The CV derived from the 
repeated quality-control samples included in the assay 

Fig. 1  Flowchart of the study population (n = 3650) of the Northern Finland Birth Cohort 1966 at the 31-year (1997) and 46-year (2012–2013) 
follow-ups, including the timelines and history of the start of vitamin D fortification
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with the study samples were calculated. The CV for the 
internal control samples was ≤ 3.6% across the working 
range.

Covariates

The possible covariates for the study were selected accord-
ing to the literature in the field, our own testing and other 
specific factors related to the present study [23, 31]. For 
ages 31 and 46 years, we had information regarding the par-
ticipants’ BMI, marital status, occupational and educational 
status, physical activity, smoking, alcohol consumption, 
season of blood sampling sample collection, and latitude 
of residence. In addition, for age 46 years, we had the infor-
mation regarding VitD intake from diet and the use of VitD 
supplements.

During the clinical examinations at both timepoints, the 
participants’ height (cm) and weight (kg) while wearing 
light clothing were measured by well-trained nurses. BMI 
(kg/m2) was calculated using height and weight [32]. The 
information from the postal questionnaires was used when 
the measured weight and height were missing [33]. The 
self-reported and clinically measured BMI were verified as 
providing similar results [33].

From the postal questionnaires: Marital status was cat-
egorized as married (including married and cohabiting) and 
unmarried (not cohabiting/married, divorced, widowed). 
Occupational status was categorized as upper-level employ-
ees, lower-level employees/entrepreneurs, manual workers/
farmers, and non-workers by current occupational status. 
Educational status was defined and categorized into three 
groups, namely, basic, secondary, and higher level, based on 
the information in the postal questionnaires. Physical activ-
ity was calculated based on the frequency and duration of 
leisure time activities [34] as metabolic equivalent of task 
(MET) scores in hours per week [34]. Smoking status was 
categorized as non-smokers, occasional/former smokers, and 
active smokers. Alcohol intake was calculated as g/day (d) 
based on the consumption of beer, wine, and spirits in 6 
months prior to completing the questionnaire [35]. Alcohol 
intake was further categorized as abstainers (0 g/d), low-
risk drinking (≤ 40 g/d for males and ≤ 20 g/d for females) 
and high-risk drinking (> 40 g/d for males and > 20 g/d for 
females) [36].

Season of blood sampling was defined based on the date 
of the participants’ clinical examinations at ages 31 and 46. 
The seasons were categorized as low VitD season (Novem-
ber–May) and high VitD season (June–October) [37]. At 
age 46, blood samples were obtained throughout the year, 
but at age 31, clinical examinations were not performed in 
February and March due to the holiday season in Finland.

Latitude was defined by the participants’ residence at 
the time of the follow-up studies in 1997 and 2012–2013. 

This information was collected from the Finnish popula-
tion register center and categorized as 60° N (Helsinki and 
other provinces of middle and southern Finland), 65° N 
(the city of Oulu), and ≥ 65° N (other northernmost prov-
inces of Oulu and Lapland) [23].

The participants’ dietary intake of VitD at the age of 
46 was evaluated based on a food frequency questionnaire 
assessing frequency of food consumption during the pre-
ceding 6 months, as previously described in detail [38, 
39]. Briefly, the National Food Composition Database in 
Finland, which is maintained by the National Institute for 
Health and Welfare [12], was used to evaluate VitD con-
sumption from dairy products, spreadable fats, and fish.

• The consumption of dairy products was established 
from the question “How many glasses (0.2 L) do you 
usually drink/eat per day of: 1. Milk, 2. Sour milk, 3. 
Other dairy products (e.g., yoghurt, other fermented 
milk products, ice cream)?” All dairy products except 
cheese were estimated to contain 1 µg of VitD per 
100 g [12, 17, 38, 40].

• The VitD content in fat spreads varies according to 
spread types: butter and organic butter contain 0 µg/g 
of VitD, vegetable oil spreads and plant-based sterol 
and stanol margarines 0.2 µg/g, and vegetable oil mix-
tures 0.1 µg/g. The consumption of fat spreads was 
established from the answers to the questions: “What 
type of bread spread do you usually use?” “How many 
times do you eat bread per day?” and “How much 
spread do you put on a slice of bread?”

• A serving of fish (approximately 150  g) was esti-
mated to contain 13.4 µg of VitD based on information 
regarding the 10 most consumed fish from the Finnish 
National Food Composition Database [12]. If fish was 
eaten almost daily, the VitD dose was approximated to 
be 13.4 µg/d; if twice a week, 3.8 µg/d; and if once a 
week, 1.9 µg/d. Less than that was estimated to be 0 µg 
of VitD [12, 38].

We estimated the use of VitD supplements at the age 
of 46 using the following information from the postal 
questionnaires:

• The name of the product,
• The VitD content of the product informed by the par-

ticipant, or if missing, by the product manufacturer,
• The number of tablets per day,
• The frequency of supplementation; the frequency of 

supplementation was estimated as “regular use” if the 
participant answered that they used VitD daily or regu-
larly. All other answers (every other day, twice a week, 
during dark time, etc.) were considered “irregular.”
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We included all VitD-containing supplements, including 
multivitamins, calcium, and omega-3 supplements. In cases 
where the VitD content was missing, it was estimated using 
the name of the product and the VitD content informed by 
the product manufacturer. The question regarding the use 
of vitamins, nutritional supplements, and medications was 
open-ended, missing information were classified as “non-
users”. Participants who indicated the frequency of VitD 
supplementation were included even if the dose of the VitD 
supplement was missing (n = 76).

To control for the effect of different covariates on serum 
25(OH)D, we standardised the measures of serum 25(OH)
D as z-scores adjusting for sex, seasonal, geographical 
and technical variation (batch correction only for 31-year 
measurements). The z-scores were formed separately in the 
different combinations of the categories of the aforemen-
tioned variables. The resulting z-scores were combined into 
one variable, and these z-score variables for the 31- and 
46-year 25(OH)D concentrations were used in the regres-
sion analysis.

Statistical analyses

The normal distribution of the continuous variables was 
assessed visually using histograms with normality curves. 
To assess differences by VitD status groups and time, we 
used Pearson’s Chi-square test for categorical variables, 
one-way analysis of variance for normally distributed con-
tinuous variables and Kruskal–Wallis test for the non-par-
ametric continuous variables. To study the differences in 
VitD intake characteristics between the sexes, we used an 
independent samples t test, Pearson’s Chi-squared test, and 
the Mann–Whitney U test.

To assess the effect of different covariates on 25(OH)D, 
we performed a multivariable linear regression analysis with 
46-year 25(OH)D z-score as the dependent variable and the 
intakes of fluid dairy products, fat spreads and fish, supple-
ment use, BMI and 31-year 25(OH)D z score as independ-
ent variables. We tested for marital status, physical activity, 
smoking, alcohol consumption, occupational and educa-
tion variables and their relevant two-way interactions in the 
model, but no interaction was found, and their effects did not 
change the estimates of the other variables in the model. As 
a sensitivity analysis, we ran a similar regression analysis 
including the outlier data and an another with exclusion of 
females using oral contraceptives and hormonal replacement 
therapy (Online resource 2), since there is evidence for a dif-
ference in 25(OH)D among this group [23, 24].

The statistical analyses were performed using IBM SPSS 
Statistics for Windows, Version 25 (IBM Corp. Armonk, 
NY). Figure 1 was executed using CorelDRAW Graphics 
Suite 2019, Version 21.0.0.593 (Corel Corporation, Canada) 
and Figs. 2 and 3 using GraphPad Prism Version 8.0.1.244 
(GraphPad Software, San Diego).

Results

VitD status in NFBC1966

The descriptive characteristics of the studied popula-
tion at ages 31 (in 1997) and 46 (in 2012–2013) and the 
differences by VitD status group are shown in Table 1. 
BMI decreased and physical activity increased towards 
the highest VitD status group, and the magnitude of the 
difference between the lowest and the highest VitD status 

Fig. 2  Monthly variations in serum 25(OH)D concentrations at ages 31 (1997) and 46 years (2012–2013) in the Northern Finland Birth Cohort 
1966. *Dashed line showing the mean of all the 25(OH)D measurements at 31 and 46 years
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groups was larger at 46 years compared with 31 years. A 
higher proportion of measurements was taken during the 
high VitD season at 31 years, whereas it was the opposite 
at 46 years: a higher proportion of measurements were 
taken during the low VitD season.

The VitD status of the studied population (Table 2) 
showed that, on average, serum 25(OH)D concentrations 
increased by 10.6 nmol/L (SD 24.4) during the follow-up. 
The prevalence of 25(OH)D < 50 nmol/L decreased nearly 
by half (42.7% at age 31 and 23.5% at age 46). In addition, 
25(OH)D > 75 nmol/L doubled from 31 to 46 years. Those 
having serum 25(OH)D < 30 nmol/L at 31 years, had the 
highest increase in 25(OH)D in the follow-up compared 
with the other VitD status groups: the change in serum 
25(OH)D was 34.9, 21.9, 4.5, -13.8 nmol/L from the low-
est to the highest VitD status group (< 30, 30–50, 50–75, 
and > 75 nmol/L, respectively).

Figure 2 demonstrates the monthly variations in serum 
25(OH)D concentrations at both timepoints. The mean 
seasonal difference in the serum 25(OH)D concentrations 
between the summer and winter months was 17.2 nmol/L 
at age 31: the mean in the winter months was 43.6 nmol/L 
(SD 15.4) and in the summer months 60.8 (SD 17.2). At 
age 46, this difference was reduced to 8.3 nmol/L: the 
mean in winter was 61.7 nmol/L (SD 19.7) and in sum-
mer, 69.0 nmol/L (SD 18.0). When comparing the 31- and 
46-year data, we observed that the serum 25(OH)D con-
centrations increased by 41.6% in the winter months and 
13.4% in the summer months during the 15-year follow-up 
period.

Intake of VitD from diet and supplementation

Table 3 shows the contribution of dietary intake of VitD 
and the use of VitD supplements to serum 25(OH)D con-
centrations at age 46. The total VitD intake from diet, esti-
mated from fortified dairy products, fortified fat spreads, 
and fish was on average 11.0 µg/d (SD 5.8), of which 
6.0 µg/d came from fortified dairy products, 4.3 µg/d from 
fortified fat spreads, and 2.0 µg/d from fish. As a sup-
plementary analysis, we tested for the differences in the 
intake of VitD between the sexes. The results are shown 
in the Online Resource 4. The estimated intake of VitD 
from the diet was higher in males than in females (12.3 µg 
vs. 10.1 µg, respectively, P < 0.001; Online Resource 4).

When comparing the intake of dietary VitD at 46 years, 
we observed differences by VitD status group: the intake 
of VitD from total nutrition (P < 0.001), fortified dairy 
products (P < 0.001), and fish (P < 0.027) was lowering 
towards the lowest VitD status group. There was no sig-
nificant difference in VitD intake from fortified fat spreads 
between the VitD status groups. When the intakes of VitD 
from fortified dairy products and fat spreads were ana-
lyzed as quartiles, we observed a dose–response relation-
ship between serum 25(OH)D concentrations and fortified 
dairy intake quartiles (60.4, 63.2, 65.0, and 68.8 nmol/L, 
P < 0.001, from the lowest to the highest quartile). Regard-
ing the fortified fat spread intake quartiles, no evidence for 
a significant difference in VitD status was observed (66.1, 
63.8, 64.0, and 64.9 nmol/L, P = 0.14, respectively).

Fig. 3  Results of the multivariable linear regression analyses of the 25(OH)D z score with different exposures at age 46 (2012–2013) in the 
Northern Finland Birth Cohort 1966. For VitD supplementation, no VitD supplementation was used as a reference category
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VitD supplements were used by a quarter of the study 
population (25.8%) at age 46 (Table 3). Among this popula-
tion, 71.5% used supplements regularly and 28.5% irregu-
larly. Regular supplementation use was more common in 
the > 75 nmol/L (29.4%) and the 50–75 nmol/L (16.6%) 
groups compared with VitD status groups with 25(OH)
D < 50 nmol/L (12.8%, P < 0.001). The frequency of regular 
use of VitD supplements in females was higher compared 
with males (24.5% vs. 10.8%, P < 0.001; Online Resource 
4). The median dose of VitD supplementation in the study 
population at 46 years was 10.0 µg (IQR 12.5). The dose of 
VitD supplementation increased by the VitD status group 
(Table 3).

Predictors of VitD status at 46 years

Figure 3 shows the results of the multivariable linear regres-
sion model, which was conducted to examine the inde-
pendent association of multiple predictors of VitD status 
at 46 years. The 25(OH)D z-score (standardized for sex, 

season and latitude) at 46 years was positively predicted by 
the intake of fortified dairy products, fish intake, and regular 
use of VitD supplements. The reported intake of fortified 
fat spreads was not associated with the 46-year 25(OH)D 
z-score. The 46-year 25(OH)D z score was negatively asso-
ciated with BMI, while the association with the 31-year 
25(OH)D z score was positive. The coefficient of determi-
nation (R2) for the model was 0.16.

Discussion

The present study represents one of the largest follow-up 
studies on VitD status from a longitudinal birth cohort and 
describes the effect of a national health policy among a 
middle-aged general population. According to our results, 
the population’s mean serum 25(OH)D concentration was 
improved by 10.6 nmol/L (SD 24.4) at 46 years (1997) com-
pared to 31 years (2012–2013), likely reflecting the initiation 
of the food fortification policy in Finland.

We observed that the prevalence of serum 25(OH)D 
concentrations < 50 nmol/L decreased from 42.7 to 23.5% 
and < 30 nmol/L (indicating vitD deficiency [14]) from 
9.5% to 2.5% during the 15 years of follow-up. The highest 
increase in serum 25(OH)D was found among those par-
ticipants having the lowest VitD status at baseline, which 
is reflecting the effectiveness of the food fortification pro-
gram. In addition, seasonal differences in mean 25(OH)D 
concentrations were reduced at the 46-year follow-up, and 
most of the study population maintained 25(OH)D concen-
tration ≥ 50 nmol/L throughout the year. This follows the 
trend reported in a Finnish study based on Health 2000 
and 2011 (H2000–2011) samples [18], which reported a 
decrease in the prevalence of 25(OH)D < 50 nmol/L from 

Table 2  25(OH)D status of the study population

Values are displayed as mean (SD) or percentages with numbers in 
parentheses as % (n)
25(OH)D 25-hydroxyvitamin D

31 years (n = 3650) 46 years (n = 3650)

25(OH)D, nmol/L 54.2 ± 18.5 64.8 ± 19.4
Prevalence, % (n)
 < 30 nmol/L 9.5 (346) 2.5 (92)
 30–50 nmol/L 33.2 (1,213) 21.0 (765)
 50–75 nmol/L 43.3 (1,581) 47.7 (1,740)
  > 75 nmol/L 14.0 (510) 28.8 (1,053)

Table 3  Vitamin D intake from diet and the use of VitD supplements at 46 years and the differences by 25(OH)D cutoffs in nmol/L

Values are displayed as mean (SD) or percentages with numbers in parentheses as % (n), unless otherwise indicated
a Differences between the groups were tested using one-way analysis of variance for normally distributed and Kruskal–Wallis test for the non-
parametric continuous variables
b Differences between the groups were tested using Pearson’s Chi-squared test for categorical variables

n Mean ± SD  < 30 30–50 50–75  > 75 P

Total  nutritiona, µg/d 3638 11.0 ± 5.8 8.9 ± 18.7 9.6 ± 5.1 11.4 ± 6.1 11.6 ± 5.8  < 0.001
Fortified dairy  productsa, µg/d 3555 6.0 ± 4.1 4.3 ± 3.9 5.0 ± 3.4 6.3 ± 4.4 6.6 ± 4.0  < 0.001
Fortified fat  spreadsa, µg/d 2766 4.3 ± 2.6 4.4 ± 2.7 4.2 ± 2.5 4.4 ± 2.8 4.1 ± 2.5 0.054
Fisha, µg/d 3384 2.0 ± 2.4 1.4 ± 2.0 1.8 ± 2.2 2.0 ± 2.4 2.2 ± 2.5 0.001
Use of  supplementsb, % (n) 3650  < 0.001
 Regular 18.5 (672) 3.3 (3) 9.5 (73) 16.5 (288) 29.4 (310)
 Irregular 7.3 (268) 4.3 (4) 5.3 (40) 7.8 (135) 8.5 (89)
 No 74.2 (2,708) 92.4 (85) 85.2 (652) 75.7 (1,317) 62.1 (654)

Supplementation  dosea, µg/d, 
median (IQR)

866 10.0 (12.5) 4.4 (17.5) 10.0 (10) 10.0 (12.5) 16.3 (20.0)  < 0.001
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55.7 to 9.1%. The difference in the prevalence of serum 
25(OH)D < 50 nmol/L between these studies might be partly 
explained by a higher proportion of sampling conducted dur-
ing the summer months in the H2011 survey compared with 
the NFBC1966 study, as well as with a higher percentage of 
the population from Northern Finland in our sample.

In contrast to the observations in Finland, another recent 
study from Northern Sweden found no clear time trend in 
serum 25(OH)D concentrations from 1986 to 2014 [19]. 
Relatively stable longitudinal 25(OH)D concentrations 
have also been described from Norway [20], the Longitu-
dinal Aging Study Amsterdam [41], and three studies from 
the US [42–44], although notable seasonal variations were 
reported [20, 41]. To compare with other Nordic countries, 
the fortification policies have not been as systematic as in 
Finland, which might be explaining the differences in the 
change of VitD status (Online resource 1).

In addition to the national food fortification policy in Fin-
land, many health information campaigns were communicat-
ing effectively about the beneficial effects of VitD. Nowa-
days, many people adhere to recommendations regarding 
VitD supplementation. In our sample, VitD supplementation 
was used by 26% of the population at 46 years, whereas the 
Finnish H2000–2011 study reported an increase from 11 to 
41% [18]. Regular supplementation use had a significant 
effect on serum 25(OH)D concentration compared to no 
supplementation (an increase of 0.5 SD in regular supple-
ment users vs. no supplement). It is noteworthy that in our 
questionnaire, the use of VitD supplementation was queried 
via an open-ended question [“In this section, write down 
the names, strengths and dosages of the medicines you are 
using. Do you use these medicines regularly or on a needs 
basis, and for which purpose? (on-the-shelf drugs, prescrip-
tion drugs, ointments, vitamins and food supplements)”], 
which may have led to an underestimation of supplemen-
tation consumption. In addition, in the H2011 survey, the 
mean age of the population was higher (56 years), which 
may explain the difference we reported. Indeed, the use of 
supplements is usually more common in older age groups 
[18]. Our study population was mainly located in Northern 
Finland, whereas in the H2000–2011 study, the subjects 
were mainly from Southern Finland, suggesting possible 
differences in behavior and habits by region.

The mean intake of VitD from diet in our study popula-
tion was 11.0 µg/d, which exceeds the Finnish and Nordic 
nutrition recommendations (10 µg/d) [14, 15]. This is a sign 
of a successful fortification policy. Sweden and Norway are 
also following fortification policies, but the amount of VitD 
added has been lower compared to Finland, and the VitD 
intake was lower in these countries in 2010–2011 (Online 
resource 1) [14]. In our study, dietary VitD was mainly 
obtained from milk products. We observed a dose–response 
effect in serum 25(OH)D concentrations across increasing 

milk intake quartiles. This finding is supported by earlier 
evidence [13]. A recent narrative review reported a posi-
tive association between the consumption of VitD fortified 
milk and VitD status [13]. In contrast, VitD from forti-
fied fat spreads was not associated with serum 25(OH)D 
concentrations in our study, which was consistent with the 
H2000–2011 study [18].

The different effect of fortified milk products and fat 
spreads on serum 25(OH)D concentrations may be the 
result of health and lifestyle factors related to the use of 
these food items. In general, it has been suggested that the 
consumption of dairy products is associated with an overall 
healthy diet and a decreased risk for several diseases, espe-
cially cardiovascular diseases, type 2 diabetes, and metabolic 
syndrome [45, 46]. On the other hand, the consumption of 
fat spreads may be associated with unhealthier lifestyle and 
obesity [47], and our finding may reflect this difference. It 
can also be speculated that the difference arose, because the 
bioavailability of VitD is different between fortified milk 
and fat spreads [48, 49]. However, based on our study find-
ings, we could dispute whether the current strategy of adding 
VitD in fat spreads is beneficial in increasing serum 25(OH)
D concentrations in the general population. To the best of 
our knowledge, the current literature does not address this 
question.

In line with our study findings, there was no evidence 
in terms of a sex difference in VitD status according to a 
systematic review of observational studies published world-
wide [50]. However, we found that males gained more VitD 
from their diet than females (12.3 vs. 10.1 µg, respectively), 
whereas females reported higher VitD supplementation than 
males (24.5% vs. 10.8%, respectively). This result was con-
sistent with those of previous studies [15, 18, 51]. In general, 
energy intake from diet is higher in males [52], but it is 
noteworthy to acknowledge the difference in supplementa-
tion use.

We found the study population’s 31-year 25(OH)D to be 
predictive of their 25(OH)D at 46 years. To our knowledge, 
only one study has previously observed a similar finding in 
an adult population [20]. In our multivariable linear regres-
sion model, we were able to adjust for several confounders, 
including diet and supplementation. Our result may indicate 
that individual factors (e.g., sociodemographic, lifestyle, or 
genetics [53]) have an important role to play in VitD status 
in addition to nutrition and other VitD sources. This was 
shown in our findings as well: BMI, physical activity, smok-
ing, and alcohol consumption differed between the VitD sta-
tus groups, which is in line with previous knowledge from 
longitudinal studies [23, 31, 54, 55]. Individual biological 
pathways are also possibly linked to VitD status: absorption, 
liver and kidney function, chronic diseases, and medications. 
Future research is warranted to clarify these pathways and 
their role in individual VitD status.
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Our study had multiple strengths. The study was based 
on a large general population-based cohort with a high par-
ticipation rate and included a population from the same 
genetic, ethnic, and cultural backgrounds. As we were able 
to focus on specific age groups, possible confounding by age 
was accounted for [50]. Our findings also serve as impor-
tant information for future studies investigating the effect of 
VitD food fortification on the risk for chronic diseases. In 
our analyses, we were able to control for several potential 
confounding factors that are known to be associated with 
serum 25(OH)D (e.g., BMI, season, and latitude) [23]. In 
addition, using a comprehensive questionnaire at 46 years, 
we were able to obtain information about the participants’ 
nutrition, and supplementation use.

One of the limitations of our study was that to respect of 
the timing of our study to assess the effect of fortification, 
it would have been more informative to use baseline serum 
25(OH)D measurements before each wave of fortification. 
In addition, we had only one measurement per timepoint. A 
further limitation was that we did not have precise informa-
tion about the participants’ supplementation use at age 31. 
Our supplementation data at 46 years was not concurrent 
with the nationwide report, but VitD supplementation was 
positively associated with serum 25(OH)D concentrations, 
so we consider the supplementation data reliable.

In conclusion, our results  indicate a positive impact 
from the public health action on reducing the prevalence of 
serum 25(OH)D < 30 nmol/L and 50 nmol/L, and seasonal 
variations in VitD status among middle-aged adults in Fin-
land. In addition to food fortification, regular VitD supple-
mentation had an important effect on 25(OH)D, an increase 
of 0.5 SD compared to no supplementation. Although the 
fortification policy has influenced the entire population, 
we observed that the 31-year 25(OH)D concentrations in 
1997 independently associated with serum 25(OH)D con-
centrations 15 years later in 2012–2013, which might be 
explained by behavioural or genetic factors. Our current 
study findings raise the question how to best locate the indi-
viduals who are at risk for serum 25(OH)D concentrations 
below 50 nmol/L and how to promote a further improvement 
of VitD status at population level.
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