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Abstract: Vitamin D deficiency is a global public health concern with significant implications for bone
health and chronic disease prevention. Our aim was to summarize the evidence from Cochrane and
other systematic reviews evaluating the benefits or harms of vitamin D fortification of staple foods for
household use. In April 2023, we systematically searched Ovid MEDLINE, Embase, Epistemonikos
and the Cochrane Database of Systematic Reviews for systematic reviews investigating the effects of
vitamin D fortification of food in general populations of any age. We used Cochrane methodology
and assessed the methodological quality of included studies using AMSTAR (A MeaSurement Tool
to Assess Systematic Reviews). We assessed the degree of overlap among reviews. All outcomes
included in systematic reviews were assessed. The protocol is registered in PROSPERO (registration
number: CRD42023420991). We included 27 systematic reviews out of 5028 records for analysis.
Overall, 11 out of 12 systematic reviews calculating pooled estimates reported a significant increase
in serum 25(OH)D concentrations. The mean change in serum 25(OH)D concentrations per addi-
tional 100 units of vitamin D ranged from 0.7 to 10.8 nmol/L. Fortification of food with vitamin
D showed a reduction in the prevalence of vitamin D deficiency based on high-certainty evidence.
Parathormone (PTH) levels were described to decrease, bone mineral density to increase, while the
effects on other bone turnover markers were inconsistent. Fortification did not significantly impact
most anthropometric parameters, but it seemed to positively influence lipid profiles. In summary,
fortification of food with vitamin D results in a reduction of vitamin D deficiency and might increase
serum 25(OH)D concentrations, to varying extents depending on the fortified vehicle and population
characteristics. Additionally, fortification may have a positive impact on bone turnover and lipid
metabolism but may only have a limited effect on anthropometric parameters.

Keywords: food fortification; health outcomes; vitamin D; health impact; vitamin D deficiency; serum
25(OH)D; parathormone; prevention; overview of reviews

1. Introduction

Vitamin D is an essential micronutrient that plays a critical role in maintaining plasma
levels of calcium and phosphorus and facilitates proper bone mineralization [1–3]. Vitamin
D exists in two important forms: ergocalciferol (vitamin D2) and cholecalciferol (vitamin
D3). These compounds are derived from precursors found in plants (ergosterol) and in
the skin (dehydrocholesterol) [4]. When exposed to ultraviolet rays from the sun, these
precursors are converted into provitamins D2 and D3. Further transformations occur in
the liver and kidneys, resulting in the active form of vitamin D (calcitriol) [5]. While the
body can synthesize vitamin D through exposure to sunlight, dietary intake also serves
as a significant source. Foods rich in vitamin D include fatty fish (such as salmon and
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mackerel) [2,6], fortified dairy products (such as milk and yogurt), eggs, and certain
mushrooms [7].

Vitamin D deficiency is a widespread concern affecting populations worldwide [1,7–9].
Various studies and guidelines have proposed different cutoff levels to define vitamin
D deficiency. Most authors consider a range below 75 nmol/L (or 30 ng/mL) of serum
or plasma 25(OH)D concentration as vitamin D deficiency [10–12]. However, a more
critical threshold of <25 or <30 nmol/L (or 10/12 ng/mL) is associated with a significantly
higher risk of osteomalacia and nutritional rickets, leading to the classification of severe
vitamin D deficiency [13,14]. The Endocrine Society Task Force on Vitamin D’s clinical
practice guidelines define a cutoff level of 50 nmol/L as vitamin D deficiency [10]. In
infants and young children, a serum concentration of 25-OH-D below approximately
27.5 nmol/L (11 ng/mL) indicates a deficiency in vitamin D [15]. In the context of public
health, preventing vitamin D levels below 30 nmol/L (or 12 ng/mL) is essential, and
public health approaches should be employed to address this issue effectively [16]. Recent
reports have provided estimates of the prevalence of vitamin D deficiency in representative
population samples in Europe, Canada, and the US, based on standardized serum 25(OH)D
levels below 30 nmol/L. The reported prevalence rates for these regions are 13%, 7.4%,
and 5.9%, respectively [7,17,18]. In the Mediterranean region, without a food fortification
policy, vitamin D deficiency has been reported as high as 36% [19]. Vitamin D levels
below 30 nmol/L (or 12 ng/mL) are prevalent in more than 20% of the population in
countries like India, Tunisia, Pakistan, and Afghanistan [20]. Based on these estimates,
approximately 490 million individuals in India alone are estimated to suffer from vitamin
D deficiency [7,16].

Factors such as limited sunlight exposure due to geographical location, seasonal varia-
tions, cultural practices, or lifestyle choices contribute to inadequate vitamin D synthesis in
the body [6]. Additionally, dietary patterns that exclude or limit consumption of vitamin
D-rich foods can exacerbate the problem. In regions with limited access to sunlight, individ-
uals may struggle to achieve adequate vitamin D levels solely through sun exposure [6,21].
This is particularly true in areas with long winters, high levels of air pollution, or lifestyles
that involve indoor work or limited outdoor activities. Moreover, cultural practices like
wearing concealing clothing or using sunscreen with a high sun protection factor (SPF) can
further hinder the synthesis of vitamin D in the skin [22]. Dietary habits also play a crucial
role in vitamin D status [6,23]. Many natural food sources of vitamin D are limited in the
average diet, therefore, reaching the optimal vitamin D intake through dietary diversifica-
tion might be difficult. Specific food patterns, like high consumption of processed food and
low consumption of vegetables, fruits, nuts, whole grains, and fish may also predispose
people to an inadequate vitamin D status [24].

As a result, the prevalence of vitamin D deficiency has become a significant public
health concern [25]. Insufficient vitamin D levels have been associated with a range
of health issues, including weakened bones, increased risk of fractures, osteoporosis,
immune dysfunction, and an elevated susceptibility to certain chronic diseases such as
cardiovascular disease, diabetes, and certain cancers [1].

As a potential strategy, fortifying staple foods provides an accessible and convenient
way to improve the population’s vitamin D intake [16,26,27]. Fortification programs have
been implemented in numerous countries, such as Finland, the US, Denmark, and Canada,
as a means of addressing vitamin D insufficiency and its associated health risks [15,16].
Compared to supplementation, which only reaches a limited proportion of the population,
food fortification offers significantly broader coverage, ensuring equitable access to vitamin
D and its associated health benefits across diverse population groups.

Fortification can either be mandatory, required and enforced by government policies,
or voluntary, where the manufacturers have the liberty to decide whether to fortify the
food products or not [15]. The fortified foods vary by country and may include items like
margarine, milk, dairy drinks, cereals, biscuits, fruit juices, and more [28].
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To date, several systematic reviews have been conducted to examine the effects of
vitamin D fortification on various outcomes. However, there is a need for a comprehensive
overview that systematically synthesizes the available information. This overview aims to
bridge the existing knowledge gap by integrating and analyzing the results of previous
systematic reviews and providing a clearer picture of the overall impact of fortifying staple
foods for household use with vitamin D. This synthesis of information will offer a more
holistic and robust understanding of the benefits or potential harms associated with vitamin
D fortification initiatives, serving as a valuable resource for policymakers, researchers, and
public health professionals.

2. Materials and Methods
2.1. Search Strategy and Selection Criteria

The methods of this overview of reviews are based on the Cochrane Handbook for
Systematic Reviews of Interventions [29]. A priori protocol was registered in PROSPERO
with registration number: CRD42023420991. The report of this overview of reviews follows
the PRIOR (preferred reporting items for overviews of review) recommendations [30]. The
PRIOR checklist can be found in Supplementary File S1. The selection process is reported
in the PRISMA (The Preferred Reporting Items for Systematic Reviews and Meta-Analysis)
flow chart [31].

Ovid MEDLINE (ovidsp.ovid.com), Embase (www.embase.com), Epistemonikos
(www.epistemonikos.org), and the Cochrane Database of Systematic Reviews (www.
cochranelibrary.com) were searched from inception to 19 April 2023 for systematic re-
views on vitamin D fortification of staple foods. The search strategy combined indexing
terms and text words related to the concepts of vitamin D and fortification, and incorpo-
rated validated search filters for systematic reviews and meta-analyses [32,33]. For the
search strategy used, see Supplementary File S2.

To be included, the review needed to meet all the following criteria: (a) a systematic
review with or without meta-analyses; (b) systematic reviews including studies conducted
in the general population (including also pregnant women) of any age; (c) eligibility criteria
of the systematic review including fortification of vitamin D as an eligible intervention
(either as a standalone fortification or in combination with other vitamins and minerals);
(d) eligibility criteria of the systematic review including unfortified food as an eligible
comparison. Systematic reviews which included only uncontrolled studies, or exclusively
examined populations with specific diseases, were excluded. Any outcome investigated in
the included systematic reviews was of interest.

Two authors screened independently titles and abstracts for each study (PNN, ZNK,
SL, LJ, AZ, AK). In the full-text screening phase two reviewers independently searched
and reviewed articles for eligibility (SL, PNN, ZNK, AK). Discrepancies were resolved
through consensus.

2.2. Data Extraction

We extracted the following characteristics of the included systematic reviews: the date
of the search, the number of participants and trials included, the stated objective(s) of the re-
view, the type of participants involved, the geographical settings (countries) covered in the
studies, details of the intervention or exposure under investigation, the specific comparison
made within the review, eligible outcomes, and GRADE (Grading of Recommendations,
Assessment, Development, and Evaluations) assessment results, if available. Related to the
results of included reviews, we extracted the following data: the specific comparison made
within each review, the outcome(s) assessed, the number of trials reporting on each outcome,
and the number of included participants, and the results reported, which were derived
either from meta-analysis or narrative description (Tables S1–S5, Supplementary File S3).
We also collected information related to the subgroup analyses conducted in the included
systematic reviews and their results. The measurement units of vitamin D were converted

ovidsp.ovid.com
www.embase.com
www.epistemonikos.org
www.cochranelibrary.com
www.cochranelibrary.com


Nutrients 2023, 15, 3742 4 of 29

to IU (1 µg of vitamin D = 40 IU). After finalizing the first data extraction, a second reviewer
checked the collected data. All disagreements were resolved by consensus.

The methodological quality of the systematic reviews was assessed using the AMSTAR
(A MeaSurement Tool to Assess Systematic Reviews) tool [34]. The reviews were evaluated
by two reviewers, and any disagreements were resolved through discussion.

2.3. Data Synthesis

We summarized the data from the individual reviews narratively and presented
these summaries using tables (Tables S1–S5, Supplementary File S3). Association between
fortification characteristics (e.g., dose used, intervention duration) and average change
in serum 25(OH)D concentrations are presented using tables and complex diagrams. We
used bubble plots to show outcomes investigated in individual studies. We assessed the
degree of overlap among reviews by collecting data on the individual studies included in
the systematic reviews, which are also presented using table charts.

3. Results

The systematic search yielded 5028 records. After removing 2487 duplicates, we
screened 2541 records based on title and abstract. A total of 144 publications were assessed
for eligibility based on full text. The excluded articles and the reason for exclusion are listed
in Supplementary File S4. Finally, 27 systematic reviews fulfilled the eligibility criteria
and were included in this overview of systematic reviews [35–61]. The selection process is
shown in Figure 1.
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3.1. Description of Included Systematic Reviews

We summarized the baseline characteristics of the included systematic reviews in
Table 1. All data collected from the systematic reviews are shown in Tables S1–S5, Supple-
mentary File S3. The search date in the included systematic reviews were between 2006
and 2022. The systematic reviews included 2 to 40 vitamin D fortification trials.
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Table 1. Baseline characteristics of the included systematic reviews.

Review (First
Author, Year) Number of Studies Number of

Participants Included Participants
Eligible

Fortified Food
Product

Vit D Compound
Used for

Fortification

Duration of
Intervention

Dose of
Fortification Outcome

Aguiar 2017 [61] 14 studies Not reported General population of
all ages Food Not specified Not reported 800 IU/day Fractures, cost per

avoided fractures

Al Khalifah
2020 [60] 20 RCTs n = 5358 Children Food Vitamin D3 or not

specified 2–24 months 60–1000 IU/day

Serum 25(OH)D, vitamin
D deficiency prevalence,

school performance,
cognitive function,

infection rate, hospital
admission length

Brandão-Lima
2019 [58] 5 RCTs

n = 792; intervention:
n = 568, control:

n = 224

Children: ages 2–11
years, both sexes Food Vitamin D2 and D3 1.6–9 months 42–880 IU/serving,

300–880 IU/day Serum 25(OH)D, harm

Black 2012 [59] 15 RCTs n = 1523 Adults Food Not specified 11 weeks–2 years 120–1000 IU/100 g
or serving Serum 25(OH)D

Brett 2018 [57] 26 RCT n = 5403 Healthy children aged
2–18 years Food Vitamin D3 or

not reported 1.6 month–2 years 100–1000 IU/day Serum 25(OH)D

Brooker 2022 [56] 12 RCTs n = 4795 Healthy Children
Aged 9–48 Months

Milk or milk
formula Not specified 20 weeks–12 months The dose of milk:

150–750 mL/day Serum 25(OH)D

Cashman 2021 [54] 11 RCTs n = 1429 Children and adults,
both sexes Food Vitamin D3 8 weeks–6 months 140–4000 IU/day Serum 25(OH)D

Cranney 2007 [35] 13 RCTs
n = 1281,

intervention: n = 697,
control: n = 584

General population of
all ages Food Vitamin D3 or

not specified 3 weeks–24 months 228–800 IU/day Serum 25(OH)D

Cranney 2008 [55] 11 RCTs Not reported General population of
all ages Food Vitamin D3 or

not specified Not reported 137–1000 IU/day Serum 25(OH)D,
adverse effects

Das 2013 [53]

Children: 7 RCTs,
1 CCT, 2

before-after studies
Not reported

Children and
adolescents, age: 2 to

18 years
Milk Not specified Not reported

Not reported Serum 25(OH)D, PTH,
Ca, P1NP, CTx

Women: 13 RCTs, 1
before-after study Not reported

Women (of
reproductive age and

post-menopausal)
Food Not specified 2 weeks–2 years
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Table 1. Cont.

Review (First
Author, Year) Number of Studies Number of

Participants Included Participants
Eligible

Fortified Food
Product

Vit D Compound
Used for

Fortification

Duration of
Intervention

Dose of
Fortification Outcome

Dunlop 2021 [52] 34 RCTs

n = 3930,
intervention:

n = 2315, control:
n = 1615

Children and adults,
without compromised
vitamin D absorption

Food vitamin D2 or D3, or
not specified 4–104 weeks 200–4000 IU/day Serum 25(OH)D

Emadzadeh
2022 [51] 40 RCTs Not reported General population of

all ages Food Not specified 1–30 months 40–28,000 IU/day Serum 25(OH)D, PTH,
IGF-1, CTx, OC, BMD

Emadzadeh
2020a [50] 20 RCTs

n = 2297,
intervention:

n = 1146,
control: n = 1151

General population of
all ages Food Vitamin D3

or not specified 2–24 months 100–28,000 IU/day Weight, BMI, FM, LM,
WC, HC, WHR

Emadzadeh
2020b [49] 11 RCTs

n = 1070,
intervention: n = 532,

control: n = 538

General population of
all ages Food Vitamin D3 2–6 months Range:

1000–28,000 IU/day
FSG, FSI, HOMA-IR,

HbA1c

Fonseca Santos
2022 [48] 5 RCTs Not reported Postmenopausal

women Food Vitamin D3 4–12 weeks. 50–200 IU/serving Serum 25(OH)D, PTH,
CTx, TRAP5b, P1NP

Gasparri 2019 [47] 9 studies
n = 665, intervention

n = 322, control
n = 343

Women and men aged
18 to 99 years Yogurt Not specified 8–16 weeks 400–2000 IU/day

Serum 25(OH)D, PTH,
weight, BMI, FM, WC,

TC, TG, LDL, HDL,
HOMA-IR, FSG, BP

Lam 2016 [46] 5 studies n = 181 People living in
residential care Food Not specified 1–12 months 100–5000 IU/day Serum 25(OH)D, PTH

Niedermaier
2021 [45] 10 articles

RCT: n = 1303,
pre-post design:

n = 6134 and 4051,
meta-analysis

n = 665

General population of
all ages Food Not specified 8 weeks–11 years 200–1040 IU/day Serum 25(OH)D,

cancer mortality

Nikooyeh
2018 [43] 5 studies n = 189 Iranian adult

participants Food Not specified 8–12 weeks 1000–2000 IU/day Serum 25(OH)D

Nikooyeh
2022a [44] 31 studies

n = 7593,
intervention:

n = 4583, control:
n = 3010

Children aged 1 to
18 years Food Not specified 1–12 months 80–1000 IU/day Serum 25(OH)D
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Table 1. Cont.

Review (First
Author, Year) Number of Studies Number of

Participants Included Participants
Eligible

Fortified Food
Product

Vit D Compound
Used for

Fortification

Duration of
Intervention

Dose of
Fortification Outcome

Nikooyeh
2022b [42] 23 studies

n = 2002,
intervention:

n = 1173, control:
n = 829

Adults aged 18 years
and older Food Vitamin D2 or D3 3 weeks–2 years 200–2000 IU/day Serum 25(OH)D

O’Donnell
2008 [41] 9 RCTs

n = 889, intervention:
n = 437, control:

n = 452)

All populations,
community-dwelling

participants
Food Vitamin D3 3 weeks–24 months 136–1000 IU/day Serum 25(OH)D,

PTH, harm

O’Mahony
2011 [40] 9 studies n = 850 General population of

all ages Food Vitamin D2 or D3 3–12 weeks, 400–4000 IU/day Serum 25(OH)D, PTH,
Ca, glycemic status

Soto-Mendez
2019 [39]

41 RCTs (2 on
fortification with

vitamin D)

fortification: n = 262,
intervention n = 104

General population of
all ages

Milk or dairy
products Vitamin D3 16 weeks 200–500 IU/day TC, HDL, LDL, TG,

BP, glucose

Souza 2022 [38]
20 articles, including

10 Clinical
trial studies

Not reported General population of
all ages Bread Vitamin D2 or D3 3 weeks–12 months 172–5000 IU/100 g Serum 25(OH)D, PTH,

Ca, OC, ALP, P1NP, CTx

Tangestani
2020 [37] 20 trials n = 1786 Healthy population,

without age restriction, Food Not specified 1–24 months 80–5000 IU/day
Serum 25(OH)D, BMD,

PTH, OC, ALP,
CTx, P1NP

Whiting 2015 [36] 18 publications
(1 with fortification) Not reported Healthy adults Food vitamin D3 8 weeks 400 IU/day Serum 25(OH)D

ALP: alkaline phosphatase, BMD: Bone mineral density, BMI: Body mass index, BP: blood pressure, Ca: calcium, CCT: controlled clinical trial, CTx: serum telopeptides of type-1 collagen,
FM: fat mass, FSG: fasting serum glucose, FSI: fasting serum insulin, HbA1c: hemoglobin A1c, HC: hip circumference, HDL: high-density lipoprotein, HOMA-IR: Homeostatic Model
Assessment for Insulin Resistance, IGF-1: insulin growth factor-1, IU: International unit, LDL: low-density lipoprotein, LM: lean mass, OC: osteocalcin, PTH: parathormone, P1NP:
Total procollagen type 1 N-terminal propeptide, RCT: Randomized controlled trial, TC: total cholesterol, TG: triglyceride, TRAP5b: tartrate resistant acid phosphatase 5b, WC: waist
circumference, WHR: waist-to-hip ratio, 25(OH)D: 25-Hydroxy vitamin D.
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Of the 27 systematic reviews, 5 included children only [44,56–58,60], and 7 in-
cluded exclusively adults [36,42,43,46–48,59], while in 15 reviews all age groups were
included [35,37–41,45,49–55,61]. Most of the systematic reviews included studies of both
sexes, with the exception of two studies including only women [48,53].

While most of the studies did not apply restrictions based on the geographic location of
the study [35–42,44–61], one systematic review included only RCTs from Iran [43]. Only eight
systematic reviews reported data on other forms of vitamin D intake, e.g., from sun exposure
or dietary vitamin D intake from other foods or supplements [35,36,38,40,41,52,58,59].

The fortified vehicle in the included studies was a dairy product in seven systematic
reviews [36,39,47,48,53,56,58] and bread in two systematic reviews [38,61], while all types of
food vehicles were included in the rest of the reviews. The types of vehicles included in the
systematic reviews are shown in Table S3, Supplementary File S3. The dose of fortification
varied between 60–5000 IU/day in most systematic reviews, with the exception of two stud-
ies that used 28,000 IU/day of vitamin D for fortification [49,51]. The intervention duration
ranged from three weeks to 30 months in the studies included. Only limited information
was available on the type of vitamin D compound (Table S3, Supplementary File S3).

Among the 27 included systematic reviews, 22 reported the effect of vitamin D
fortification on serum 25(OH)D concentrations [35–38,40–48,51–53,55–60], 9 reviews re-
ported serum parathormone (PTH) levels [37,38,40,41,46–48,51,53], 3 reported serum cal-
cium (Ca) [38,40,53] and 4 systematic reviews reported adverse effects [35,41,55,58]. Five
systematic reviews examined the effect of vitamin D-fortified foods on bone markers
e.g., osteocalcin (OC), alkaline phosphatase (ALP), total procollagen type 1 N-terminal
propeptide (P1NP), serum telopeptides of type-1 collagen (CTX) and bone mineral density
(BMD) [37,38,48,51,53]. Regarding anthropometric parameters, two reviews described the
effect of food fortification with vitamin D [47,50]. Five systematic reviews described the
results on glucose metabolism [39,40,47,49,51], two studies reported blood lipid levels and
blood pressure [39,47]. Only one study investigated the effect of vitamin D-fortified food on
the prevalence of vitamin D deficiency [60], cancer mortality [45], school performance [60],
cognitive function [60], infection rate [60], and the cost-effectiveness of fortification [61].

GRADE assessment of results was performed by only two systematic reviews [53,60].
The majority of the systematic reviews assessed risk of bias of the included trials: the
Jadad-scale was used by 11 reviews [35,37,41,43,49,51,52,54,55,57,59] and the Cochrane
Risk of Bias Tool by 13 reviews [39,42–44,47,48,50,53,54,56–58,60]. Risk of bias assessment
was not reported in six reviews [36,38,40,45,46,61].

The methodological quality of included systematic reviews assessed using AMSTAR
can be found in Table S4, Supplementary File S3 [34]. The mean number of “Yes” answers
across the systematic reviews was 6.89 (the median was 7) out of 11. Two reviews were
assessed as high quality, where only the conflict of interest of the primary studies was
missing [35,60]. In contrast, three reviews demonstrated a high risk of bias, fulfilling
the requirements only in 3 fields of AMSTAR assessment [36,40,45]. All of the included
systematic reviews established the research question and inclusion criteria in advance,
and most of the systematic reviews provided information about the characteristics of the
included studies (n = 25) and the included publication type (n = 25). On the other hand,
there are potential sources of biases: the excluded trials were not listed in 92.6% (n = 25) of
the systematic reviews, and the conflict of interest of the primary studies was not addressed
in 88.9% (n = 24) of the systematic reviews. In 55.6% (n = 15) of the included systematic
reviews, the study quality was not considered in formulating conclusions, although it was
not assessed only in 18.5% (n = 5) of the reviews. Publication bias was not assessed in 55.6%
(n = 15) of the studies. Meta-analysis was not conducted in 33.3% (n = 9) of the systematic
reviews. Duplicate study selection and data extraction were not reported in 25.9% (n = 7) of
the systematic reviews. A comprehensive literature search was not performed, or keywords
were not provided in 25.9% (n = 7) of the systematic reviews.
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3.2. Effect of Vitamin D Fortification
3.2.1. Effect of Vitamin D Fortification on Serum 25(OH)D Concentrations

A total of 22 systematic reviews included evidence for the effect of vitamin D forti-
fication on serum 25(OH)D concentrations [35–38,40–48,51–53,55–60]. Meta-analysis was
undertaken in 12 systematic reviews [37,41–44,47,51–53,57,59,60], while 10 systematic re-
views reported the findings narratively [35,36,38,40,45,46,48,55,56,58].

Overall, 11 out of 12 systematic reviews calculating pooled estimates described an
increase in serum 25(OH)D concentrations. In the 11 systematic reviews describing a
significant positive effect [37,41–44,47,51,52,57,59,60], on average, fortification increased
serum 25(OH)D concentrations by 6.9 to 34.7 nmol/L (Table 2). In one systematic review
analyzing different age groups separately [53] meta-analysis results showed that vitamin
D fortification increased serum concentration of 25(OH)D3 in children (SMD 1.23, 95% CI
0.35 to 2.11, 7 trial, moderate quality of evidence) and post-menopausal women (SMD
0.82, 95% CI 0.30 to 1.34, GRADE: moderate certainty evidence), but not in women of
reproductive age (−1.10, 95% CI −3.81 to 1.60, GRADE: moderate certainty evidence).
Additionally, 10 systematic reviews summarized results on 25(OH)D concentrations nar-
ratively [35,36,38,40,45,46,48,55,56,58]. All of these systematic reviews reported studies
with elevated serum 25(OH) vitamin D concentrations in the fortified group versus the
control group. Although three reviews described a few studies as well, the results were not
significant [56,58] or decreased according to the control group [40].

Table 2. Results of included systematic reviews with meta-analysis on serum 25(OH)D.

Review (First
Author, Year

Number of
Included

Trials

Trial
Designs
Included

Eligible
Vehicle

Vehicle in Included
Studies

Effect of Vitamin D
Fortification

Direction
of Effect

Al Khalifah
2020 [60] 20 RCT food

milk MD 23.72 nmol/L
(95% CI 22.86 to 24.58) ↑

juice MD 11.80 nmol/L
(95% CI 7.35 to 16.26) ↑

cereal MD 8.93 nmol/L
(95% CI −0.36 to 18.21) –

yogurt and cheese MD 5.34 nmol/L
(95% CI 0.97 to 9.70) ↑

Black
2012 [59] 15 RCT food dairy products, orange

juice, bread
MD 19.4 nmol/L

(95% CI 13.9 to 24.9) ↑

Brett 2018 [57] 7 RCT food milk, yogurt/cheese,
cereal-based food, bread

MD 6.9 nmol/L
(95% CI 3.7 to 10.0) ↑

Das 2013 [53] 24 RCT + NRSI food

milk
children SMD
1.23 nmol/L

(95% CI 0.35 to 2.11)
↑

NR
women SMD

−1.10 nmol/L (95% CI
−3.81 to 1.60)

–

Dunlop
2021 [52] 34 RCT food

milk, milk powder,
milk-based drinks, yogurt,
cheese, fruit juice, biscuits,

snack bars, bread

MD 21.2 nmol/L
(95% CI 16.2 to 26.2) ↑

Emadzadeh
2022 [51] 40 RCT food dairy products MD 16.52 nmol/L

(95% CI 11.62 to 21.42) ↑

Gasparri
2019 [47] 9 RCT yogurt yogurt MD 31.00 nmol/L

(95% CI 26.10 to 35.91) ↑
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Table 2. Cont.

Review (First
Author, Year

Number of
Included

Trials

Trial
Designs
Included

Eligible
Vehicle

Vehicle in Included
Studies

Effect of Vitamin D
Fortification

Direction
of Effect

Nikooyeh
2018 [43] 5 RCT food milk, yogurt, yogurt drink,

bread
MD 34.68 nmol/L

(95% CI 28.59 to 40.77) ↑

Nikooyeh
2022a [44] 11 RCT food dairy products MD 20.29 nmol/L

(95% CI 13.32 to 27.25) ↑

Nikooyeh
2022b [42] 23 RCT food

dairy products, grain
products, juice, oil and

dairy with grain products

MD 25.40 nmol/L
(95% CI 19.50 to 31.30) ↑

O’Donnell
2008 [41] 4 RCT food milk MD 15.63 nmol/L

(95% CI 12.79 to 18.48) ↑

Tangestani
2020 [37] 20 RCT + NRSI food milk, yogurt, yogurt drink,

cheese, orange juice, bread
MD 16.94 nmol/L

(95% CI 13.38 to 20.50) ↑

MD: mean difference, NRSI: non-randomized studies of interventions, RCT: Randomized controlled trial, SMD:
Standardized Mean Difference, 95% CI: 95% confidence interval.

Four systematic reviews summarized the effects of milk fortification quantitatively (either
as the pooled effect estimate of all included studies or as a subgroup-analysis) [35,41,53,60], ad-
ditionally, 1 review summarized the findings on milk fortification qualitatively [56]. Three
assessed vitamin D fortification of dairy products quantitatively [42,47,60], and a further
four systematic reviews described the results on dairy products narratively [36,39,48,58].
The range of fortification doses used in the milk and dairy product fortification studies
summarized by meta-analysis and the pooled effect on serum 25(OH)D concentration is
shown in Figure 2.
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Figure 2. Association between fortification dose used, intervention duration and average change in
serum 25(OH)D concentrations, based on systematic reviews quantitatively summarizing effects of
milk or dairy product fortification with vitamin D [35,41,44,47,60].

Two systematic reviews compared the effects of different types of vehicles as a
subgroup-analysis [42,60]. One of the systematic reviews reported that milk increased
serum 25(OH)D concentration by an MD of 23.72 nmol/L (95% CI 22.86 to 24.58; I2 = 99%),
juice: 11.80 nmol/L (95% CI 7.35 to 16.26; I2 = 0%), cereal: 8.93 nmol/L (95% CI −0.36 to
18.21; I2 = 40%), and yogurt and cheese increased 25(OH)D concentration by an MD of
5.34 nmol/L (95% CI 0.97 to 9.70; I2 = 49%) [60]. The other systematic review did not ana-
lyze the effect of milk separately but included a study with oil fortification, which seemed
to have the highest treatment effect: oil (n = 1): 40.50 nmol/L (95% CI 30.65 to 50.35); Juice
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(n = 5): 34.40 nmol/L (95% CI 31.46 to 37.33); Grain products (n = 5): 31.72 nmol/L (95% CI
18.42 to 45.01); Dairy and grain products (n = 2): 25.66 nmol/L (95% CI 18.32 to 33.00);
dairy products (n = 19): 21.25 nmol/L (95% CI 12.51 to 29.98) [42].

A total of nine systematic reviews reported on the association between dose and
serum 25(OH)D concentrations [36,42–44,54,55,57,59,60]. Their results are summarized in
Table 3. The mean change of serum 25(OH)D concentrations for each additional 100 units
of vitamin D ranged between 0.7 and 10.8 nmol/L, depending on the fortified vehicle and
characteristics of the population. In a systematic review focusing on the fortification of
dairy products, a 1–2 nmol/L increase of serum 25(OH)D was seen with every 100 IU
vitamin D administered [55]. In a systematic review focusing on the fortification of yogurt,
a mean change of 5.05 nmol/L was reported for serum 25(OH)D for every 100 IU vitamin
D administered [36]. Based on the population age, the mean change of serum 25(OH)D
concentrations for 100 IU vitamin D administered ranged between 0.7 and 6.9 nmol/L in
the systematic reviews including only children [44,54,57,60], and ranged between 2 and
6.5 nmol/L in the systematic reviews including only adults [42,43,54,59].

Table 3. Mean change of serum 25(OH)D concentrations/100 IU vitamin D administered.

Author Number
of Studies Fortified Vehicle Specific Population

Mean Change in Se
25(OH)D (nmol/L)/100 IU
Vitamin D Administered

Al Khalifah, 2020 [60] 18
cereal, milk, dairy products, bread,

juice, two items of food: yogurt
and cheese or milk and bread

children 3

Black, 2012 [59] 7 dairy products, juice, bread adults 3

Brett, 2018 [57]

7 cereal, milk, dairy products,
bread, juice healthy children 6.9

4 baseline vitamin D
status <50 nmol/L 4.2–10.8

Cashman, 2021 [54]

11
milk, dairy products, bread, eggs,
orange juice, milk + bread, cheese

+ Yogurt + eggs + crisp bread
4

3 milk, dairy products children 4.75

8
milk, dairy products, bread, eggs,
orange juice, milk + bread, cheese

+ Yogurt + eggs + crisp bread
adults 6.5

Cranney, 2008 [55] 11 dairy products 1–2

Nikooyeh, 2018 [43] 5 yogurt, yogurt drink, milk, bread Iranian adult
participants 3.5

Nikooyeh, 2022 [44] 11 dairy products, juice,
grain products children 0.7

Nikooyeh, 2022 [42] 23
dairy products, juice, grain

product, oil and dairy together
with grain products

adult 2

Whiting, 2015 [36] 1 yogurt 5.05

Four systematic reviews considered the effect of the vitamin D dose administered in
the subgroup analysis [37,42,52,59]. Although the dose of vitamin D chosen as a cutoff
value in the subgroup-analysis was different (400 IU/day, 400 IU/day, 1000 IU/day, and
4000 IU/day, respectively), every systematic review reported greater treatment effect in the
subgroup with fortification dose above the cutoff value.

One systematic review assessing data from RCTs with vitamin D3-fortifed foods
undertook an individual participant data (IPD)-level meta-analysis of the response of
winter serum 25(OH)D to total vitamin D intake among children and adults [54]. Authors
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found that “IPD-derived vitamin D intakes required to maintain 90%, 95%, and 97.5% of
winter 25(OH)D concentrations ≥50 nmol/L are much higher than those derived from
standard meta-regression based on aggregate data, due to the inability of the latter to
capture between person-variability” [54]. The intake estimates to maintain 90%, 95%,
and 97.5% of concentrations ≥50 nmol/L were found to be 17.0, 28.1, and 43.6 µg/day,
respectively, when analyses were adjusted for baseline serum 25(OH)D, age, and body mass
index (BMI). The authors concluded that 12 µg/day of vitamin D, supplied by fortified
foods together with habitual intake, can prevent wintertime vitamin D deficiency (serum
25(OH)D < 30 nmol/L) in the vast majority of individuals [54].

Two systematic reviews compared the effects of vitamin D2 and D3 fortification as
part of subgroup analyses (Figure 3) [42,52]. One of the systematic reviews reported greater
effects on serum 25(OH)D for vitamin D3 (25 studies) (effect size 26.8 nmol/L; 95% CI: 21.1
to 32.5; I2 = 97%) than for vitamin D2 (4 studies) (effect size 17.2 nmol/L; 95% CI: 2.78 to
31.7; I2 = 96%); however, heterogeneity was high [52]. The other systematic review reported
no difference between trials that used vitamin D2 or D3 as a fortificant (MD 27.9 nmol/L,
95% CI 19.3 to 36.4 vs. MD 25.2 nmol/L, 95% CI 18.7 to 31.7, p = 0.62); however, only two
trials assessed the effect of vitamin D2 [42].
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Four systematic reviews investigated the effect of the baseline levels of serum 25(OH)D
either as subgroup-analyses or separately [41,44,52,59]. All of these studies reported greater
treatment effects when the baseline serum 25(OH)D level was <50 nmol/L, although in
each case the heterogeneity remained high.

According to the intervention duration three systematic reviews conducted subgroup-
analysis [37,42,51]. Two reviews reported no significant differences between trials with
shorter or longer duration [42,51], while one systematic review reported that serum
25(OH)D concentrations increased more in studies with a trial duration between three to
six months, as compared to those studies with an intervention duration shorter than three
months or longer than six months [37].

Based on the AMSTAR tool [34], the quality was heterogeneous (1 to 8 potential
sources of biases, from the 11 items of AMSTAR evaluation) among the systematic reviews
investigating the effect of fortification with vitamin D on serum 25(OH)D concentrations
(Table S4, Supplementary File S3). Six systematic reviews presented biases only in 1 or
2 fields of the AMSTAR tool [35,42,44,52,56,60], in contrast, four reviews had potential
sources of biases in 7 or 8 fields of the AMSTAR tool [36,38,40,45].

3.2.2. Effect of Vitamin D Fortification on Prevalence of Vitamin D Deficiency

One systematic review including 16 RCTs with a total number of 4093 healthy children
reported a reduction in the prevalence of vitamin D deficiency after fortification of food
(including milk, cereal, juice, bread, yogurt, and cheese) compared with no fortification
(RR 0.53; 95% CI 0.41 to 0.69; I2 = 94%, GRADE: high certainty evidence) [60]. The number
needed to treat (NNT) was calculated as 6.3 children to prevent one case of vitamin D
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deficiency [60]. The results of the individual studies are shown in Table 4. The systematic
review had a low risk of bias, fulfilling 10 criteria out of 11 items of AMSTAR (Table S4,
Supplementary File S3).

Table 4. Effect of fortification with vitamin D on Vitamin D deficiency prevalence (Results of
individual studies).

Study Food Vehicle Risk Ratio
(95% CI) Direction of Effect

Akkermans et al., 2017 [62] Milk 0.41 (0.23–0.72) ↓
Benjeddou et al., 2019 [63] Milk 0.45 (0.24–0.84) ↓

Brett 2018 [64] Yogurt and cheese 1.77 (0.17–18.26) –
Brett et al., 2016 [65] Yogurt and cheese 0.11 (0.03–0.49) ↓

Economos et al., 2014 [66] Juice 2.06 (0.24–17.96) –
Graham et al., 2009 [67] Milk 0.48 (0.29–0.78) ↓

Houghton et al., 2011 [68] Milk 0.80 (0.66–0.96) ↓
Hower et al., 2013 [69] Milk 0.77 (0.14–4.21) –

Khadgawat et al., 2013 [70] Milk 0.51 (0.46–0.56) ↓

Kuriyan et al., 2016 [71] Malt- and
cocoa-based milk 1.03 (0.34–3.09) –

Madsen et al., 2013 [72] Bread and milk 0.26 (0.15–0.44) ↓
Neyestani et al., 2014 [73] Milk 0.93 (0.83–1.05) –
Neyestani et al., 2014 [73] Orange juice 0.93 (0.86–1.00) –

Ohlund et al., 2017 [74] Milk 0.28 (0.17–0.46) ↓
Powers et al., 2016 [75] Cereal and milk 0.64 (0.34–1.02) –

Rich-Edwards et al., 2011 [76] Milk 0.27 (0.22–0.33) ↓
Wang et al., 2017 [77] Milk 0.87 (0.31–2.45) –

3.2.3. Effect of Vitamin D Fortification on Parathormone and Bone Turnover Markers

Altogether, five systematic reviews reported the effect of food fortification with vita-
min D on serum parathormone (PTH) levels and bone turnover markers [37,38,48,51,53].
Additionally, four reviews reported serum PTH levels, but not bone turnover mark-
ers [40,41,46,47]. The results of the meta-analysis are demonstrated in Table 5.

Table 5. Results of included systematic reviews with meta-analysis on bone turnover markers.

Review (First
Author, Year

Number of
Included

Trials

Trial Designs
Included

Eligible
Vehicle

Vehicle in Included
Studies

Effect of Vitamin D
Fortification

Direction
of Effect GRADE

Parathyroid hormone (PTH)

Das 2013 [53]

7 RCT + NRSI food milk children SMD −0.40
(95% CI −0.56 to −0.24) ↓ ⊕⊕OO LOW

13 RCT + NRSI

food NR
women of reproductive

age SMD −0.01
(95% CI −0.32 to 0.30)

– ⊕⊕OO LOW

food NR
post-menopausal women

SMD −2.53
(95% CI −4.42 to −0.65)

↓ ⊕⊕OO LOW

Emadzadeh
2022 [51] 25 RCT food dairy products MD −5.15

(95% CI −7.34 to −2.96) ↓ not reported

Gasparri
2019 [47] 4 RCT yogurt yogurt MD −15.47 ng/L

(95% CI −19.97 to −10.96) ↓ not reported

Tangestani
2020 [37] 15 RCT + NRSI food

milk, yogurt, yogurt
drink, cheese, orange

juice, bread

MD −9.22 ug/L
(95% CI −14.97 to −3.46) ↓ not reported

Serum ALP

Tangestani
2020 [37] 8 RCT + NRSI food

milk, yogurt, yogurt
drink, cheese, orange

juice, bread

MD −3.434 ug/L
(95% CI −7.959 to 1.090) – not reported
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Table 5. Cont.

Review (First
Author, Year

Number of
Included

Trials

Trial Designs
Included

Eligible
Vehicle

Vehicle in Included
Studies

Effect of Vitamin D
Fortification

Direction
of Effect GRADE

Serum CTx

Das 2013 [53] 4 RCT + NRSI food NR SMD −4.93
(95% CI −7.78 to −2.08) ↓ not reported

Emadzadeh
2022 [51] 8 RCT food dairy products MD −0.027

(95% CI −0.05 to −0.005) ↓ not reported

Tangestani
2020 [37]

4

RCT + NRSI food
milk, yogurt, yogurt
drink, cheese, orange

juice, bread

MD −0.06 mg/L
(95% CI −0.15 to 0.03) – not reported

2 MD −0.307 mg/L
(95% CI −1.07 to 0.46) – not reported

Serum Ca

Das 2013 [53] 7 RCT + NRSI food NR SMD −0.40
(95% CI −0.59 to −0.20) ↓ ⊕⊕OO LOW

Bone mineral density (BMD)

Emadzadeh
2022 [51] RCT food dairy products MD 0.081 g/cm2

(95% CI 0.047 to 0.116) ↑ not reported

Tangestani
2020 [37] 6 RCT + NRSI food

milk, yogurt, yogurt
drink, cheese, orange

juice, bread

MD 0.03 g/cm2

(95% CI 0.02 to 0.05) ↑ not reported

ALP: alkaline phosphatase, BMD: Bone mineral density, Ca: calcium, CTx: serum telopeptides of type-1 collagen,
GRADE: Grading of Recommendations, Assessment, Development, and Evaluations, MD: mean difference,
NRSI: non-randomized studies of interventions, PTH: parathormone, RCT: Randomized controlled trial, SMD:
Standardized Mean Difference, 95% CI: 95% confidence interval.

A recent systematic review (search date: 2020) focused on the effects of the vitamin D
fortification of food products on bone biomarkers [51]. The duration of the intervention
varied from one to thirty months, a part of included studies co-fortified with calcium (Ca),
the dosage of vitamin D fortification varied from 40 IU/day to 28,000 IU/day, and dairy
products were the dominant fortified foods used in most studies. The analysis of serum
parathyroid hormone (PTH) in 25 reports showed a significant effect of the intervention
(MD −5.148, 95% CI −7.341 to −2.955). Subgroup analysis according to age categorization
indicated that the point estimates were similar in both older and younger than 18-year-
old participants (−4.181 vs. −8.262, respectively). In the pooled analysis of eight reports,
serum telopeptides of type-1 collagen (CTx) were significantly decreased in the intervention
groups (MD −0.027, 95% CI −0.05 to −0.005). In contrast, serum osteocalcin (OC) did not
alter significantly (MD 0.803, 95% CI: −0.65 to 2.255). Subgroup analysis revealed that the
results were similar in adolescents and older populations. The duration of intervention
was more than six months in only two studies, which did not indicate different results
in comparison with studies of less than six months of interventions [51]. No significant
increase was observed in the bone mineral density (BMD), with the exception of spine site
areas (MD 0.081, 95% CI: 0.047 to 0.116).

Similar effects on PTH levels were reported in a few years earlier (search date: 2017)
systematic review including 20 reports [37]. Sub-group analysis showed that serum PTH
had more reduction if vitamin D was administered in a dose of >4000 IU/day as compared
with doses of ≤400, 400–1000, and 1000–4000) [37]. They found no significant changes
according to serum CTx levels or serum OC [37]. In contrast, the hip and spine BMD
elevated significantly, and results remained significant if the dose of vitamin D was higher
than 400 IU, the population was under the age of 35, the calcium dose was higher than
1000 mg/day, non-dairy fortified vehicles, and the effect seemed more effective at spine site
areas [37]. Additionally, serum alkaline phosphatase (ALP) and amino-terminal pro-peptide
of type 1 procollagen (P1NP) concentrations were investigated in this systematic review
and no significant effects were seen as a result of food fortification with vitamin D [37].

One broadly focused systematic review, including all types of food fortificants and
food vehicles, analyzed children, women of reproductive age (WRA), and post-menopausal
women separately. In studies included in this systematic review, milk was the preferred
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food vehicle and the amount of micronutrient used varied significantly among the stud-
ies [53]. In children, vitamin D fortification significantly reduced serum PTH concentration
(SMD −0.40, 95% CI −0.56 to −0.24), in WRA combined vitamin D and calcium had no
impact on serum PTH levels (SMD −0.01, 95% CI −0.32 to 0.30). For post-menopausal
women, a pooled analysis showed significant impacts on serum PTH concentration (SMD
−2.53, 95% CI −4.42 to −0.65) [53]. Additionally, pooled analyses showed significantly re-
duced serum levels of P1NP (three studies; SMD of −3.36 (95% CI −6.37 to −0.35) and CTx
(four studies; SMD of −4.93 (95% CI: −7.78 to −2.08) in both WRA and post-menopausal
women [53].

A systematic review focusing on the fortification of yogurt with vitamin D also re-
ported a significant decrease in PTH in the intervention compared with the control group
(MD −15.47 ng/L, 95% CI −19.97 to −10.96; I2 = 93%) [47].

Among the systematic reviews analyzing the results narratively, a similar effect was
observed on serum PTH levels and bone turnover markers [38,40,41,46,48]. Three system-
atic reviews reported significantly decreased levels of serum PTH in all of the included
studies [41,46,48], in contrast, two systematic reviews found conflicting results [38,40]. Two
systematic reviews summarized narratively the results on bone turnover markers [38,48]. In
one systematic review the results were conflicting [48], the other review found no significant
differences in serum OC, ALP, P1NP, or CTx [38].

These systematic reviews presented a risk of bias in 3 to 8 out of 11 items of AMSTAR
(Table S4, Supplementary File S3).

3.2.4. Effect of Vitamin D Fortification on Anthropometric Parameters

Two systematic reviews reported pooled results for anthropometric parameters [47,50].
The results of the meta-analyses can be found in Table 6.

Table 6. Results of included systematic reviews with meta-analysis on anthropometric parameters.

Review (First
Author, Year

Number of
Included

Trials

Trial Designs
Included

Eligible
Vehicle

Vehicle in Included
Studies

Effect of Vitamin D
Fortification

Direction
of Effect GRADE

Weight

Emadzadeh
2020 [50] 15 RCT food

milk, yogurt, cheese,
orange juice, bread,

eggs, snack bar

MD −0.07 kg
(95% CI −0.44 to 0.31) – not reported

Gasparri
2019 [47] 7 RCT yogurt yogurt MD −0.92 kg

(95% CI −1.44 to −0.40) ↓ not reported

BMI

Emadzadeh
2020 [50] 16 RCT food

milk, yogurt, cheese,
orange juice, bread,

eggs, snack bar

MD −0.044 kg/m2

(95% CI −0.229 to 0.142) – not reported

Gasparri
2019 [47] 6 RCT yogurt yogurt MD −0.15 kg/m2

(95% CI −0.33 to 0.03) – not reported

Fat mass

Emadzadeh
2020 [50] 10 RCT food

milk, yogurt, cheese,
orange juice, bread,

eggs, snack bar

MD −0.542%
(95% CI −1.207 to 0.123) – not reported

Gasparri
2019 [47] 6 RCT yogurt yogurt MD −1.3%

(95% CI −2.95 to 0.35) – not reported

Lean mass

Emadzadeh
2020 [50] 3 RCT food

milk, yogurt, cheese,
orange juice, bread,

eggs, snack bar

MD −0.089
(95% CI −0.496 to 0.317) – not reported

Waist circumference

Emadzadeh
2020 [50] 6 RCT food

milk, yogurt, cheese,
orange juice, bread,

eggs, snack bar

MD −1.283 cm
(95% CI −1.892 to −0.674) ↓ not reported

Gasparri
2019 [47] 5 RCT yogurt yogurt MD −2.01 cm

(95% CI −2.56 to −1.47) ↓ not reported
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Table 6. Cont.

Review (First
Author, Year

Number of
Included

Trials

Trial Designs
Included

Eligible
Vehicle

Vehicle in Included
Studies

Effect of Vitamin D
Fortification

Direction
of Effect GRADE

Hip circumference

Emadzadeh
2020 [50] 3 RCT food

milk, yogurt, cheese,
orange juice, bread,

eggs, snack bar

MD −0.127 cm
(95% CI −0.842 to 0.589) – not reported

Waist-to-hip ratio

Emadzadeh
2020 [50] 5 RCT food

milk, yogurt, cheese,
orange juice, bread,

eggs, snack bar

MD −0.020
(95% CI −0.035 to −0.004) ↓ not reported

GRADE: Grading of Recommendations, Assessment, Development, and Evaluations, MD: mean difference, RCT:
Randomized controlled trial, 95% CI: 95% confidence interval.

One of the systematic reviews pooled the results of 15 studies using diverse food
vehicles and found no effect of vitamin D fortification on weight (MD −0.065, 95% CI
−0.439 to 0.309, I2: 88.5%) [50]. Subgroup analysis by duration of intervention showed
that the intervention duration of ≤6 months was associated with a reduction in weight
of the intervention group (MD −0.368, 95% CI −0.818 to 0.081). However, if the duration
was more than six months, it was associated with a significant increase in weight (MD
0.904; 95% CI, 0.119 to 1.688) [50]. Vitamin D fortification reduced waist circumference
(MD −1.283; 95% CI, −1.892 to −0.674) and waist-to-hip ratio (MD −0.020; 95% CI, −0.035
to −0.004), but its effects on BMI, fat mass, lean mass, and hip circumference were not
significant [50].

The other systematic review, including studies on yogurt fortification with vitamin
D, found a significant decrease in body weight (MD = −0.92 kg, 95% CI: −1.44 to −0.40,
I2 = 99%, 7 studies, 589 participants), and waist circumference (MD−2.01 cm, 95% CI−2.56
to −1.47, I2 = 80%, 5 studies, 426 participants), but no significant change in BMI, and fat
mass [47].

Both systematic reviews fulfilled 7 items out of 11 items of AMSTAR (Table S4,
Supplementary File S3), presenting potential sources of biases.

3.2.5. Effect of Vitamin D Fortification on Glucose Metabolism

Two systematic reviews—including both healthy and diabetic participants—reported
on markers of glucose metabolism [47,49] and one reported on insulin growth factor-1
(IGF-1) quantitatively (Table 7) [51], and further two systematic reviews reported results
narratively on glycemic status [39,40]. In the two systematic reviews with meta-analysis,
most of the included studies were conducted in diabetic participants, therefore findings may
not be generalizable to healthy populations [47,49]. Pooled estimates showed no change
in hemoglobin A1c (HbA1c) levels after vitamin D fortification, but indicated a decrease
in fasting serum glucose (FSG), fasting serum insulin (FSI), and HOMA-IR (Homeostatic
Model Assessment for Insulin Resistance) and an increase in insulin growth factor-1 (IGF-1).
These systematic reviews fulfilled 7 to 8 fields out of 11 items of AMSTAR tool (Table S4,
Supplementary File S3).

According to the narrative results in one systematic review, the glycemic status was
improved in diabetic patients (risk of bias: in 8 out of 11 items of AMSTAR—Table S4,
Supplementary File S3) [40], the other review reported one study with no changes in
fasting serum glucose (risk of bias: in 3 items out of 11 in AMSTAR evaluation—Table S4,
Supplementary File S3) [39].

3.2.6. Effect of Vitamin D Fortification on Lipid Levels

One systematic review, including studies with vitamin D-fortified yogurt, summarized
the results of five studies, including 469 participants on lipid profiles [47]. The meta-analysis
showed a significant decrease in total cholesterol (MD −13.38 mg/dL, 95% CI −20.19 to
−6.56, I2 = 98%) and triglycerides (MD −30.12 mg/dL, 95% CI −43.22 to −17.02, I2 = 95%).
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There was also a decrease in low-density lipoprotein (LDL) cholesterol (MD −7.86 mg/dL,
95% CI −15.35 to −0.37, I2 = 99%) in intervention groups compared with control groups,
while the increase in high-density lipoprotein (HDL) cholesterol was not significant (Table 8).
The systematic review presented a risk of bias in 4 out of 11 items of AMSTAR (Table S4,
Supplementary File S3).

Table 7. Results of included systematic reviews with meta-analysis on glucose metabolism.

Review (First
Author, Year

Number of
Included

Trials

Trial Designs
Included

Eligible
Vehicle

Vehicle in Included
Studies

Effect of Vitamin D
Fortification

Direction
of Effect GRADE

HbA1c

Emadzadeh
2020 [49] 17 RCT food

milk, yogurt, cheese,
orange juice, bread,

eggs, snack bar

MD 0.034 (95% CI −0.655
to 0.069) – not reported

Fasting serum glucose (FSG)

Emadzadeh
2020 [49] 11 RCT food

milk, yogurt, cheese,
orange juice, bread,

eggs, snack bar

MD −2.772 (95% CI
−5.435 to −0.109) ↓ not reported

Gasparri
2019 [47] 4 RCT yogurt yogurt MD −22.54 mg/dL (95%

CI −37.55 to −7.52) ↓ not reported

Fasting serum insulin (FSI)

Emadzadeh
2020 [49] 9 RCT food

milk, yogurt, cheese,
orange juice, bread,

eggs, snack bar

MD −2.937 (95% CI
−4.695 to −1.178) ↓ not reported

HOMA-IR

Emadzadeh
2020 [49] 5 RCT food

milk, yogurt, cheese,
orange juice, bread,

eggs, snack bar

MD −1.608 (95% CI
−3.138 to −0.079) ↓ not reported

Gasparri
2019 [47] 4 RCT yogurt yogurt MD −2.18 (95% CI −2.92

to −1.44) ↓ not reported

Insulin Growth Factor-1 (IGF-1)

Emadzadeh
2022 [51] 8 RCT food dairy products MD 42.789 (95% CI 14.607

to 70.971) ↑ not reported

FSG: fasting serum glucose, FSI: fasting serum insulin, GRADE: Grading of Recommendations, Assessment,
Development, and Evaluations, HbA1c: hemoglobin A1c, HOMA-IR: Homeostatic Model Assessment for Insulin
Resistance, IGF-1: insulin growth factor-1, MD: mean difference, RCT: Randomized controlled trial, 95% CI:
95% confidence interval.

Table 8. Results of included systematic reviews with meta-analysis on serum lipid levels.

Review (First
Author, Year

Number of
Included

Trials

Trial
Designs
Included

Eligible
Vehicle

Vehicle in
Included
Studies

Effect of Vitamin D
Fortification

Direction
of Effect GRADE

Total cholesterol (TC)

Gasparri 2019 [47] 5 RCT yogurt yogurt MD −13.38 mg/dL (95% CI
−20.19 to −6.56) ↓ not reported

Low density lipoprotein (LDL)

Gasparri 2019 [47] 5 RCT yogurt yogurt MD −7.86 mg/dL (95% CI
−15.35 to −0.37) ↓ not reported

High density lipoprotein (HDL)

Gasparri 2019 [47] 5 RCT yogurt yogurt MD 1.48 mg/dL (95% CI
−0.18 to 3.13) – not reported

Triglyceride (TG)

Gasparri 2019 [47] 5 RCT yogurt yogurt MD −30.12 mg/dL (95% CI
−43.22 to −17.12) ↓ not reported

GRADE: Grading of Recommendations, Assessment, Development, and Evaluations, HDL: high-density lipopro-
tein, LDL: low-density lipoprotein, MD: mean difference, RCT: Randomized controlled trial, TC: total cholesterol,
TG: triglyceride, 95% CI: 95% confidence interval.
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3.2.7. Effect of Vitamin D Fortification on Serum Calcium and Other Adverse Effects

Three systematic reviews reported results on serum calcium levels [38,40,53]. One
systematic review summarizing the results of 7 trials conducted on children reported a
significant decrease in serum calcium levels (SMD −0.40, 95% CI: −0.59 to −0.20) [53].
Another systematic review reported results on four trials and narratively found that in three
included trials the serum calcium concentration remained stable, in one study decreased,
but only in the fortified rye bread group [40]. The third systematic review included studies
with fortified bread and only reported that the serum calcium levels remained stable in the
fortification studies [38]. The number of items presenting a risk of bias ranged from 4 to 8
of 11 in the AMSTAR tool (Table S4, Supplementary File S3).

A further four systematic reviews assessed other adverse effects of fortification (risk
of bias: in 1 to 5 items out of 11 in AMSTAR evaluation—Table S4, Supplementary
File S3) [35,41,55,58]. One study investigated the effect of food fortification with vita-
min D in children and reported most children reached or maintained sufficiency status
with no concentrations reaching the toxic threshold (25(OH)D > 250 nmol/L) [58]. Two
systematic reviews reported no adverse effects of fortification [35,55]. One systematic
review summarizing the results of three trials with 434 participants reported eight dropouts
from the intervention group because of gastrointestinal side effects [41].

3.2.8. Other Reported Outcomes

One systematic review investigated the cost-effectiveness of food fortification and
supplementation with vitamin D, and found that vitamin D-fortified bread was cost-saving
based on fracture cost (risk of bias: in 5 fields out of 11 in AMSTAR evaluation—Table S4,
Supplementary File S3) [61].

Another systematic review included school performance (2 trials, 904 participants),
cognitive function (2 trials), and infection rate (2 trials) as secondary outcomes (low risk of
bias based on AMSTAR evaluation—Table S4, Supplementary File S3) [60]

A third systematic review investigated the relationship between vitamin D fortification
and cancer mortality [45]. Based on three studies, the authors stated: “Fortification with
400 IU, 800 IU, and 2000 IU vit D/day found cancer mortality reductions by 11%, 15%, and
17%, respectively” [45].

3.3. Overview of the Individual Studies That Formed the Basis of the Systematic Reviews and the
Resulting Overview of Reviews

A total of 115 primary studies were included in the 27 systematic reviews. A table
mapping the primary vitamin D fortification studies included in the 27 systematic reviews
is shown in Supplementary File S5 [47,62–175]. The studies were included in one to eight
systematic reviews (mean: 2.72). A total of 46 primary studies were included in only
one systematic review, while the remaining 69 primary studies were included in multiple
systematic reviews.

Most individual studies investigated the effects of vitamin D fortification of milk
(Supplementary File S6) or other dairy products (Supplementary File S7). Among them,
the most frequent outcome investigated was serum 25(OH)D. Additionally, there were
a lower number of individual studies providing vitamin D-fortified buns or bread
(Supplementary File S8), juice or beverages (Supplementary File S9), cereal, biscuits, or
snack bars (Supplementary File S10), multiple food items (Supplementary File S11), oil or
biofortified food products (Supplementary File S12) to the participants.

4. Discussion

This overview summarizes 27 systematic reviews carried out between 2006 and 2022,
including 2 to 40 primary vitamin D fortification trials. General populations from diverse age
groups were included. In the included primary studies, dairy products and bread were the
most frequently fortified foods, with daily vitamin D fortification dosages ranging from 60 to
5000 IU. Based on currently available evidence, fortification of food with vitamin D results in
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a reduction of vitamin D deficiency and might increase serum 25(OH)D concentrations, to
varying degrees, depending on the fortified vehicle, fortification dosage, and characteristics
of the population. Fortification of food with vitamin D may have a positive impact on bone
turnover and may improve some lipid parameters, but may have only limited effect on
anthropometric parameters. The methodological quality of the reviews was assessed using
AMSTAR, with most demonstrating moderate to high quality.

The main results of the overview demonstrate a positive impact of vitamin D fortifi-
cation on serum 25(OH)D concentrations and the reduction of vitamin D deficiency. One
study investigating the effect of the systematic voluntary vitamin D fortification policy in
Finland between 2000 and 2011 reported improved vitamin D status, which was mostly
explained by the fortification (mainly from milk), but supplementation and changes in UV
radiation during this time also contributed to this result [109].

Several reports discussed the effectiveness of vitamin D food fortification as a strategy
to address vitamin D deficiency across diverse populations [176–179]. Countries like the US,
Canada, India, and Finland have already embraced this strategy, leading to improvements
in vitamin D status among their citizens [176,177]. Notably, Southeast Asian countries have
also explored the potential benefits of fortifying widely consumed foods, such as edible
oil, to address vitamin D deficiency in their populations [178]. Furthermore, investigations
in Mongolia have revealed that fortification of staple foods, including flour, milk, and
edible oils, with vitamin D3 could significantly raise 25(OH)D concentrations, indicating
its potential impact on public health [179]. This alignment with existing research supports
the notion that fortification can effectively increase vitamin D concentrations in the body,
making it a valuable strategy for addressing the widespread issue of vitamin D deficiency.

One strength of our overview of reviews is that it includes numerous systematic
re-views identified using systematic searches in four databases. Additionally, there were
no restrictions on the outcomes investigated, ensuring a comprehensive representation of
results. We were able to include several systematic reviews investigating the effects of food
fortification with vitamin D on serum 25(OH)D concentrations. The high heterogeneity
of these results calls attention to the role of certain modifying factors, such as the type of
vehicle, the dose of vitamin D administered, the type of vitamin D, the baseline serum
25(OH)D level, the population characteristics, or the difference in settings. Only a small
number of the included systematic reviews analyzed these modifying factors separately or
as a subgroup analysis, limiting the appropriate evaluation of these factors.

We aimed to assess the benefits or harms of fortification with vitamin D, but the
low number of studies assessing the potential adverse effects of vitamin D fortification
limited our ability to properly assess the potential harms of this intervention. We found
only limited evidence regarding several important outcomes, e.g., bone turnover markers,
anthropometric parameters, blood lipid levels, and cancer mortality, making it difficult to
comprehensively assess the effect of vitamin D fortification on these outcomes.

When analyzing the primary studies included in the systematic reviews, we found
that a large part of the evidence focused on the fortification of milk or dairy products. Some
of the included primary studies dealt with the fortification of bread and juice, but only a
few of the included primary studies dealt with the fortification of other types of food, such
as snacks or oils, limiting the possibility of appropriately assessing their effectiveness.

We collected data on the certainty of evidence in the included systematic reviews and
the risk of bias of primary studies to assess the factors that could impact the validity of
the results. Although almost all systematic reviews reported the risk of bias assessment of
the included primary studies, only two systematic reviews reported GRADE results. We
assessed the methodological quality of the included systematic reviews using AMSTAR [34].
The majority of studies demonstrated moderate-to-high-quality methodological rigor and
adherence to best practices in conducting systematic reviews. However, it should be
considered that although AMSTAR is a valid and feasible measurement tool recommended
for the overview of reviews [29], the quality of reporting may modify some items of
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the AMSTAR tool [180], making the methodological quality dependable on the adequate
reporting of the findings as well.

The positive impact of food fortification with vitamin D on serum 25(OH)D concen-
trations and vitamin D deficiency prevalence highlights that implementing or expanding
fortification programs to address vitamin D deficiencies in populations might have positive
effects. Collaboration with food manufacturers could be important in the implementation
process and might help establish clear guidelines and regulations for the fortification pro-
cess. Local settings (e.g., latitude, climate), population characteristics (e.g., baseline vitamin
D status), dietary vitamin D intake, and factors influencing vitamin D synthesis in the
skin (e.g., skin type, clothing habits) at the populational level should be considered when
establishing regulations. To maintain the safety and effectiveness of vitamin D fortification
efforts, it is crucial to identify appropriate fortification dosages and ensure the consumption
of these fortified foods. A modeling study investigating the effect of food fortification
with vitamin D (milk, plant-based oil, wheat flour) in seven low/lower-middle income
countries with high vitamin D deficiency prevalence found that only wheat flour fortified
with 400 IU vitamin D/100 g could theoretically increase the vitamin D intake >200 IU/day
in all of these low/lower-middle income countries [181]. By establishing clear guidelines,
policymakers and stakeholders can facilitate the successful implementation of vitamin
D fortification programs, ensuring that the public receives the intended benefits while
minimizing the potential risks associated with inappropriate dosages.

This overview of reviews focused on the generally healthy population, but fortification
at the populational level affects individuals with specific diseases as well, which should
be considered. Based on the results of this overview of reviews, we were able to identify
numerous research gaps. There is still limited knowledge about the effects of vitamin D for-
tification on important health outcomes, such as PTH levels, bone mineral density, glucose
metabolism, lipid levels, and anthropometric measures. To gain a more comprehensive
understanding of the overall impact of vitamin D fortification on health, future researchers
should prioritize investigating these aspects.

For better comparability of different vehicles, future studies should focus on vehicles
other than dairy products or bread. Researchers should consider stratified analyses based
on the different types of vitamin D used for fortification to determine whether specific
types lead to better vitamin D outcomes. Systematic reviews summarizing evidence on
vitamin D fortification should follow a more rigorous methodology.

5. Conclusions

Results of this overview of reviews indicate a positive impact of vitamin D fortification
of food on serum 25(OH)D concentrations and the reduction of vitamin D deficiency. While
these findings are promising, further research exploring the broader health effects and
potential harms of vitamin D fortification and optimal fortification dosages for the different
food vehicles fortified are necessary to effectively address vitamin D deficiency and its
associated health risks.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nu15173742/s1, File S1: PRIOR checklist; File S2: Search Strategy;
File S3: Table S1–S5 Characteristics of the included studies; File S4: Excluded studies; File S5: Primary
studies included in the systematic reviews; File S6: Outcomes investigated in studies on vitamin
D fortification of milk and milk powder; File S7: Outcomes investigated in studies on vitamin D
fortification of dairy product; File S8: Outcomes investigated in studies on vitamin D fortification
of bun and bread; File S9: Outcomes investigated in studies on vitamin D fortification of juice and
beverages; File S10: Outcomes investigated in studies on vitamin D fortification of cereal biscuits and
snack bars; File S11: Outcomes investigated in studies on vitamin D fortification of multiple food
items; File S12: Outcomes investigated in studies on vitamin D fortification of oils and biofortification
of eggs and mushrooms.
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