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In some of the RCTs, vitamin D 3 supplements were administered once or twice a
week, monthly, or quarterly, and the doses were reported in the form of international units
(IUs) [38,42,43,46� 48]. For this work, these were converted to daily dose equivalents and
expressed in micrograms (i.e., 40 IU = 1 � g). A food frequency questionnaire was used in
the studies that reported habitual dietary intakes of vitamin D; such data were not available
from all RCTs. For those studies that did report habitual vitamin D intakes, these were
added to the supplemental vitamin D to derive �total vitamin D intake� estimates.

2.2.2. Observational Studies
VDSP standardized 25(OH)D data, and other safety data from 20 observational stud-

ies [55� 77], were gathered from representative childhood/teenage and adult/older adult
European populations (WP1) [ 78], as well as two pregnancy cohorts [ 79,80] and one in-
fant [64,65] cohort (WP7) (Supplementary Table S2). In addition, 25(OH)D data from a
secondODIN IPD-level meta-analysis, in this case, of the association between vitamin D
and all-cause mortality (including cardiovascular and cancer mortality), based on eight
previous PCSs (n = 26,916) [81], were included. Seven of these PCSs had their serum
25(OH)D data standardized by the VDSP protocols, whereas one had its serum 25(OH)D
values measured de novo.

2.2.3. Adverse Health Effects of High Vitamin D Intake or Serum 25(OH)D Concentrations
Safety, in terms of the additional potential adverse health effects of high vitamin D

intake or serum 25(OH)D concentrations, was de�ned within the ODIN project as the risk
of increased mortality, cardiovascular mortality, adverse pregnancy outcomes, any adverse
fetal and infant outcomes, and an increased risk of eczema, asthma, and food allergies.
Speci�cally, in the IPD meta-analysis of 12 RCTs to investigate whether there are bene�cial
or harmful effects of vitamin D 3 supplementation [ 30], the speci�ed outcomes were blood
pressure, low-density lipoprotein (LDL), high-density lipoprotein (HDL), total cholesterol,
triglycerides, PTH, glycated hemoglobin (HbA1c), fasting glucose, insulin and C-peptide,
and 2-h glucose.

2.3. Collection of Safety Data
The data regarding the safety and the adverse effects throughout the ODIN project

were collected via a speci�c questionnaire-based Excel repository platform. The questions
on the safety considerations re�ected the abovementioned speci�ed measures, namely, the
prevalence of high serum 25(OH)D concentrations, the prevalence of elevated serum cal-
cium, new information on the possible associated adverse health effects, vitamin D intakes
at, or in excess of, the ULs, when available, as well as other speci�c safety considerations.

2.4. Ethical Considerations
ODIN included a dedicated ethics work package, which collected the ethical ap-

provals from pre-existing studies to ensure that the necessary consent was obtained
to conduct 25(OH)D, and associated, data analysis. Ethical approval was obtained for
the individual studies conducted within ODIN from the respective local ethical review
boards [34�37,52�54].

3. Results
3.1. Study Characteristics
3.1.1. Observational Setting

The characteristics of the observational studies included in this work are described in
Supplementary Table S2. These studies were nationally representative nutrition surveys
and epidemiological cohorts among a wide range of European populations across several
countries. Surveys were conducted among infants and children, adolescents, adults, and
older adults; cohorts among pregnant women and infant populations; and the IPD-level
meta-analyses of cohorts among older adults.
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3.1.2. Interventional Setting
Table 1 shows the characteristics of the 20 vitamin D RCTs and their participants. The

studies were all conducted in the following European countries: three each in Denmark,
Ireland, and the Netherlands; �ve in Norway; two in Finland; and one each in the U.K.,
Greece, Germany, and Austria. One study each was conducted among the following
population groups: children, adolescents, and pregnant women. Among the remaining
17 RCTs, all carried out in adult populations (age range 18�80 years), two studies were in
women of ethnic groups, two in mixed gender populations with immigrant backgrounds,
one among the elderly living in nursing home, and two among individuals with high BMI.
One study each was carried out in a population with the following conditions: impaired
glucose tolerance (IGT) and/or impaired fasting glucose (IFG), low bone mineral density,
and arterial hypertension. The study durations varied from one to twelve months.

The vitamin D supplementation RCTs administered vitamin D 3 supplements (18 RCTs)
or vitamin D 2 supplements (2 RCTs) (Table 1). The administered supplemental vitamin
D3 doses � 70 � g/day were: 5 � g/day; 10 � g/day; 15 � g/day; 20 � g/day; 25 � g/day;
30 � g/day; and 70 � g/day. Those of doses � 71 � g/day (or the daily equivalent) were:
71 � g/day (i.e., 20,000 IU/week); 143� g/day (i.e., 20,000 IU/twice a week or 40,000 IU/week);
163� g/day (i.e., 800 IU/day + 20,000 IU/twice a week); and 175 � g/day. Each of the 2 RCTs
that administered supplemental vitamin D 2 used doses of 25 and 100� g/d, respectively.
Of the 4 RCTs administering vitamin D as forti�ed food(s), 1 RCT each used bread, cheese,
mushrooms, or a combination of four different foods (vitamin D-forti�ed low-fat cheese,
yoghurt, eggs, and crisp bread). Of the food-based RCTs, 2 used vitamin D3-forti�ed food(s)
(i.e., cheese and combined forti�ed foods providing 5.7 and 20 � g/day, respectively), while
the other 2 studies used vitamin D 2-forti�ed foods (i.e., bread and mushrooms providing
25 and 100� g/day, respectively) in the intervention arms.

3.2. Dietary Intakes of Vitamin D Exceeding the Tolerable Upper Level: Interventional Setting
In the supplemental vitamin D RCTs, the mean total vitamin D intakes were 25.3

and 29.7 � g/day at the 99th percentile for children and adolescents, respectively (data not
shown). Among those RCTs conducted in adult populations, where habitual vitamin D
intakes were reported (4 out of 6 de novo RCTs), the mean total intake was between 53.4
and 79.5 � g/day at the 99th percentile. In food-based vitamin D RCTs, the mean total
intake was 70.7 � g/day at the 99th percentile (intervention with vitamin D 3-enriched food)
and 55.5 at the 97.5th percentile (intervention with vitamin D 2-forti�ed bread). Vitamin D
intakes did not exceed the UL (i.e., 50 � g/day for children aged 1�10 years; 100 � g/day for
adolescents and adults) in any RCT with available data on habitual vitamin D intakes.

3.3. Prevalence of High Serum 25(OH)D Concentrations (>125 nmol/L): Observational and
Interventional Setting
3.3.1. Observational Studies in Children, Adolescents, and Older Adults

There were no cases of serum 25(OH)D concentrations >125 nmol/L during extended
winter in seven of the eight European childhood and adolescent population samples [ 78].
In one child cohort (2-year-olds from the Cork BASELINE birth cohort) [ 64], three subjects
(0.4%) had serum 25(OH)D concentrations >125 nmol/L during extended winter (Sup-
plementary Table S2). Of the six European adult/older adult population samples, four
had no cases of serum 25(OH)D concentrations >125 nmol/L during extended winter,
and the prevalence in the other two studies ( Tromsł study�6th Survey and the New Hoorn
Study) [70� 73] was 0.3%. In the one ethnic adult population sample, based in Finland (the
Maamu study), the prevalence of serum 25(OH)D concentrations >125 nmol/L was 0.2%
during extended winter.

Data from the eight prospective cohorts of older adults (median age 61.6 years, 58%
females, combined n = 26,916) [81] showed that the prevalence of 25(OH)D >125 nmol/L
ranged from 0 to 0.6% throughout the year, and from 0 to 0.3% during the extended
wintertime (Supplementary Table S2).
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Taking all 20 observational study samples of children/adolescents, adults, and older
adults combined, out of a total of 61,082 subjects, 132 (0.22%) had serum 25(OH)D>125 nmol/L
on a yearly basis, including the summer months, and only 70 during winter alone.

The prevalence of high 25(OH)D concentrations was almost zero in the pregnancy
cohorts analyzed.

3.3.2. Interventional Setting: Vitamin D Supplementation RCTs
The prevalence of serum 25(OH)D >125 nmol/L in the vitamin D RCT studies, strat-

i�ed by supplemental doses � 70 � g/day or � 71 � g/day, is shown in Table 2. Of the
10 RCTs of children, adolescents, and adults with doses � 70 � g/day (ranging from 5 to
70 � g/ day), only 2 RCTs had cases of endpoint serum 25(OH)D >125 nmol/L, and only one
subject in each (one adolescent and one adult woman of East African descent, both of whom
received a vitamin D 3 supplement of dose 20 � g/day for �ve months of extended winter
in the U.K. and Finland, respectively (Table 2)). It is important to note that when habitual
vitamin D intake was accounted for, the total vitamin D intakes of these two individuals
were 23.2 and 59.5� g/day, respectively (data not shown). In the vitamin D RCT among
pregnant women, endpoint serum 25(OH)D >125 nmol/L was observed among eleven
participants, of whom �ve women received 10 � g, and six women received a 20-� g vitamin
D3 supplement daily for 25 weeks (none were in the placebo group, eight had endpoint
sampling in summer (total vitamin D intakes in the range of 16.0�43.9 � g/day); three in
winter (total vitamin D intakes in the range of 29.6�53.4 � g/day)).

All 6 of the RCTs that administered supplement doses of vitamin D 3 � 71 � g/day had
cases of serum 25(OH)D >125 nmol/L, ranged from 7.0% in the groups receiving 71 � g/day
of vitamin D 3 to 91.9% in those receiving 163� g/day (Table 2). These RCTs ranged in
duration from six months to 1 year so were not winter-based trials only. Of note, however,
in all but one of these RCTs, the placebo group had no cases of endpoint serum 25(OH)D
>125 nmol/L. Two individuals in the placebo group of the trial of Norwegian adults with
impaired glucose tolerance had serum 25(OH)D >125 nmol/L (no data available other than
supplemental vitamin D intake).

3.3.3. Interventional Setting: Vitamin D-Forti�ed Food-Based RCTs
In 3 out of the 4 RCTs using vitamin D-forti�ed foods, which provided doses of 5.7 � g

vitamin D 3/day, or 25 or 100 � g vitamin D 2/day, no participants had endpoint serum
25(OH)D concentrations >125 nmol/L (Table 2). In the wintertime food-based RCT (in
Denmark), 1 out of 35 women of Pakistani descent (2.9%), and 1 out of 37 Caucasian
women of Danish descent (2.7%) who received vitamin D 3-enriched food with 20 � g/day
for 3 months had endpoint serum 25(OH)D >125 nmol/L. Accounting for habitual vitamin
D intake together with supplemental vitamin D, their total vitamin D intakes were 25.8
and 27.4 � g/day, respectively.

In summary, out of 3353 participants who took part in the 20 vitamin D RCTs included
in this ODIN safety work, a total of 320 (9.5%) individuals (belonging to the intervention
arms that received either supplements or forti�ed foods) had serum 25(OH)D >125 nmol/L
at the endpoint of the study. The proportion of the endpoint serum 25(OH)D >125 nmol/L
was 9.4% (n = 318) among the participants who ingested vitamin D supplements, and 0.1%
(n = 2) among those who ingested vitamin D-forti�ed foods. The majority (95%) of the
prevalence of endpoint serum 25(OH)D >125 nmol/L among the vitamin D supplement
RCTs was in those that used doses� 71 � g/day.
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Table 2. Prevalence of serum 25-hydroxyvitamin D (S-25(OH)D) >125 nmol/L at baseline and at endpoint in ODIN RCTs, strati�ed by vitamin D intervention and dose.

References
Population

Group
Duration of
Intervention

Intervention
Groups

Prevalence (%) of
S-25(OH)D >125 nmol/L ( n/Total n)

Baseline Endpoint

Vitamin D supplementation RCTs�Supplemental vitamin D 3 dose � 70 � g/d

Cashman et al., 2009 *,
Muldowney et al., 2012 * Persons >63 years of age 22 wk

0 � g of vitamin D 3 0 0
5 � g of vitamin D 3 0 0
10 � g of vitamin D 3 0 0
15 � g of vitamin D 3 0 0

Cashman et al., 2008 *,
Muldowney et al., 2012 * Persons 20�40 years of age 22 wk

0 � g of vitamin D 3 1.8 (1/56) 0
5 � g of vitamin D 3 0 0
10 � g of vitamin D 3 1.8 (1/57) 0
15 � g of vitamin D 3 1.9 (1/52) 0

Mortensen et al., 2016 ** Children 20 wk
0 � g of vitamin D 3 0 0
10 � g of vitamin D 3 0 0
20 � g of vitamin D 3 0 0

Smith et al., 2016 ** Adolescents 20 wk
0 � g of vitamin D 3 0 0
10 � g of vitamin D 3 0 0
20 � g of vitamin D 3 0 2.6 (1/38)

O’Callaghan et al., 2018 ** Pregnant women 25 wk
0 � g of vitamin D 3 0 0
10 � g of vitamin D 3 0 13.5 (5/37)
20 � g of vitamin D 3 0 13.6 (6/44)

Adebayo et al., 2018 **

Women of East African descent

5 mo

0 � g of vitamin D 3 0 0
10 � g of vitamin D 3 0 0
20 � g of vitamin D 3 0 8.3 (1/12)

Women of Finnish descent
0 � g of vitamin D 3 0 0
10 � g of vitamin D 3 0 0
20 � g of vitamin D 3 0 0

Chel et al., 2008 * Nursing home residents >70 years of age 4 mo
0 � g of vitamin D 3 0 0
15 � g of vitamin D 3 0 0

Wicherts et al., 2011 * Non-western immigrants with 25(OH)D
values <25 nmol/L 6 mo

0 � g of vitamin D 3 0 0
20 � g of vitamin D 3 0 0

Oosterwerff et al., 2014 * Non-western immigrants with pre-diabetes and 25(OH)D
values <50 nmol/L 16 wk

0 � g of vitamin D 3 0 0
30 � g of vitamin D 3 0 0
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Table 2. Cont.

References
Population

Group
Duration of
Intervention

Intervention
Groups

Prevalence (%) of
S-25(OH)D >125 nmol/L ( n/Total n)

Baseline Endpoint

Pilz et al., 2015 * Persons with a history of arterial hypertension and
25(OH)D values <75 nmol/L 8 wk

0 � g of vitamin D 3 0 0
70 � g of vitamin D 3 0 0

Vitamin D supplementation RCTs�Supplemental vitamin D 3 dose � 71 � g/d

Sollid et al., 2014 * Persons with IGT and/or IFG 1 yr 0 � g of vitamin D 3 0.4 (1/255) 0.8 (2/242)
71 � g of vitamin D 3 0.4 (1/256) 7.0 (17/242)

Sneve et al., 2008 *,
Jorde et al., 2010 *,

Beilfuss et al., 2012 *
Persons with a high BMI 1 yr

0 � g of vitamin D 3 0 0
71 � g of vitamin D 3 0 11.3 (12/106)
143 � g of vitamin D 3 0 53.4 (62/116)

Grimnes et al., 2011 * Persons with 25(OH)D values <42 nmol/L 6 mo
0 � g of vitamin D 3 0 0

143 � g of vitamin D 3 0 46.9 (23/49)

Kjaergaard et al., 2012 * Persons with 25(OH)D values <55 nmol/L 6 mo
0 � g of vitamin D 3 0 0

143 � g of vitamin D 3 0 49.2 (59/120)

Grimnes et al., 2012 * Women with a low BMD 1 yr 0 � g of vitamin D 3 0.7 (1/148) 0
163 � g of vitamin D 3 1.3 (2/149) 91.9 (125/136)

Wamberg et al., 2013 *
Wamberg et al., 2013 * Persons with a high BMI and 25(OH)D values <50 nmol/L 6 mo

0 � g of vitamin D 3 3.8 (1/26) 0
175 � g of vitamin D 3 0 31.8 (7/22)

Vitamin D forti�ed food based RCTs

Urbain et al., 2011 * Adults 4 wk

Placebo-controlled 0 0
D2-enriched mushrooms providing

700 � g of vitamin D 2 weekly 0 0

D2 supplement providing
700 � g of vitamin D 2 weekly 0 0

Itkonen et al., 2016 ** Adults 8 wk

Placebo-controlled 0 0
D2-enriched bread providing

25 � g of vitamin D 2 daily 0 0

D2 supplement providing
25 � g of vitamin D 2 daily 0 0

D3 supplement providing 25 � g
of vitamin D 3 daily 0 0
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Table 2. Cont.

References
Population

Group
Duration of
Intervention

Intervention
Groups

Prevalence (%) of
S-25(OH)D >125 nmol/L ( n/Total n)

Baseline Endpoint

Manios et al., 2017 ** Adults 20 wk
Placebo-controlled 0 0

D3-enriched Gouda cheese providing
5.7 � g of vitamin D 3 daily 0 0

Grłnborg et al., 2020 **

Women of Pakistani descent

3 mo

Placebo-controlled 0 0
D3-enriched food providing 20 � g

of vitamin D 3 daily 2.9 (1/35) 2.9 (1/35)

Women of Danish descent
Placebo-controlled 0 0

D3-enriched food providing 20 � g
of vitamin D 3 daily 0 2.7 (1/37)

S-25(OH)D, serum 25-hydroxyvitamin D concentration; RCTs, randomized controlled trials; * Reanalyzed 25(OH)D; ** 25(OH)D analyzed de novo; � g/d, � g/day; IGT, impaired glucose tolerance; IFG, impaired
fasting glucose; BMI, body mass index; BMD, bone mineral density; wk, weeks; mo, months; yr, year.
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Table 3. Prevalence of high serum calcium (S-Ca) concentrations in ODIN RCTs.

References Population Group Type of
Intervention

Upper Limit (UL) of
Reference Range for

S-Ca (mmol/L)

Number of Subjects
with

S-Ca >UL Out of
Total Number of

Subjects

Prevalence (%) of
Subjects

Exceeding Upper Limit of
Reference Range of S-Ca

Highest S-Ca
Concentration
mmol/L if >UL

Vitamin D supplementation RCTs�Supplemental vitamin D 3 dose � 70 � g/d

Cashman et al., 2009 *,
Muldowney et al., 2012

*
Persons of age > 63 yrs Vitamin D3 2.60 1/200 0.5 NA

Cashman et al., 2008 *,
Muldowney et al., 2012

*
Persons of age 20�40 yrs Vitamin D3 2.60 0/214 0 NA

Mortensen et al., 2016
** Children Vitamin D 3 >2.70 0 0

Smith et al., 2016 ** Adolescents Vitamin D3 2.50 0 0
O’Callaghan et al.,

2018 ** Pregnant women Vitamin D 3 2.63 0 0 0

Adebayo et al., 2018 ** Ethnic women Vitamin D 3 2.65 9/147 (baseline)
2/125 (endpoint)

6.1 (baseline)
1.6 (endpoint)

2.82 (baseline)
2.74 (endpoint)

Chel et al., 2008 * Nursing home residents,
age >70 years Vitamin D 3 NA NA NA NA

Wicherts et al., 2011 * Non-western immigrants, 25(OH)D
<25 nmol/L Vitamin D 3 2.60 1/112 0.9 NA

Oosterwerff et al., 2014
*

Non-western immigrants,
prediabetic, with 25(OH)D

<50 nmol/L
Vitamin D 3 *** 2.60 0/110 0 NA

Pilz et al., 2015 *
Persons with history of arterial

hypertension, 25(OH)D
<75 nmol/L

Vitamin D 3 2.55 3/188 1.6 NA

Vitamin D supplementation RCTs�Supplemental vitamin D 3 dose � 71 � g/d

Sollid et al., 2014 * Persons with IGT and/or IFG Vitamin D 3 *** 2.60 0/484 0 NA
Sneve et al., 2008 *,
Jorde et al., 2010 *,

Beilfuss et al., 2012 *
Persons with high BMI Vitamin D 3 2.60 0/334 0 NA

Grimnes et al., 2011 * Persons with 25(OH)D <42 nmol/L Vitamin D 3 2.60 0/94 0 NA


