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ABSTRACT

Vitamin deficiencies remain major etiological factors in the global burden of disease, especially in
low- and middle-income countries. The purpose of this state-of-the-art review was to update
current information on deficiencies of vitamins and public health approaches to addressing them.
Some stages of life present a higher risk of deficiency than others: risks are higher in pregnant
women, children (from conception to young childhood), adolescents, the elderly, and all of the
over 800 million people globally who are undernourished. At risk are approximately 125 million
preschool children with vitamin A deficiency, as well as sub-populations at risk of deficiencies of
folate, thiamin, vitamin B12, niacin, riboflavin, other B vitamins. and vitamin D. Addressing
micronutrient deficiencies requires identifying those at risk and then working to prevent and
manage that risk. Public health approaches include improved, diversified diets; supplementation;
fortification and biofortification; and other supportive public health measures. Historically, as with
pellagra and beriberi and, in the last 3 decades, with vitamin A and folic acid, there has been
encouraging progress, but much remains to be done. Curr Dev Nutr 2019;3:nzz075.

Introduction

Globally, the WHO is frequently quoted as estimating that almost 2 billion people are at
risk of micronutrient deficiencies (vitamins and minerals/trace elements) (1). Amongst these
are approximately 125 million preschool children with vitamin A deficiency, as well as sub-
populations at risk of deficiencies of folate, thiamin, vitamin B12, niacin, other B vitamins, and
vitamin D (1, 2). By their very definition, vitamins are essential for optimizing health and, indeed,
for life. Some stages of life present a higher risk of deficiency than others: risks are higher in
pregnant women, children (from conception to young childhood), adolescents, and the elderly.
The latest estimate by 5UNagencies is that 821million people globally are undernourished, which
puts them at risk of vitamin and other micro- and macro-nutrient deficiencies (3).

Background
This brief state-of-the-art review of much of the recent literature looks at vitamin deficiencies
throughout the life cycle, including vitamin deficiencies in pregnancy and the first 1000 days
after birth, particularly in low- and middle-income countries (LMICs). Public health approaches
to vitamin deficiency prevention and control have developed and expanded over the last 4
decades (August 8-10 in Sydney, Australia). However, with an increasing number of programs
using different approaches, and also increased availability due to commercial fortification, there
is also at least a theoretical possibility of overlap, with excess intakes of some vitamins (4, 5).
The US National Institutes of Health, through the Biomarkers for Nutrition in Development
(BOND) Initiative (6), have convened up-to-date expert reviews of folate (7), vitamin A (8), and
vitamin B12 (9) (and 3 minerals), showing, amongst other things, the still pressing need for more
knowledge on biomarkers, cutoffs, and the need for more data on the prevalences of deficiencies,
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especially in LMIC. More recently, the New York Academy of Sciences
reviewed thiamin and vitamin D (10–12), and before that the European
Community established up-to-date reviews and recommendations
through activity from European Micronutrient Recommendations
Aligned (13).

Basically, vitamins are a group of organic compounds that are
essential for normal growth and optimal nutrition and are required
in small quantities in the diet because they cannot be synthesized by
the body. As is well-known, the word “vitamine” was coined in 1911
by the Warsaw-born biochemist Casimir Funk (1884–1967). At the
Lister Institute in London, Funk isolated a substance that prevented
nerve inflammation (neuritis) in chickens raised on a diet deficient
in that substance, which he named “vitamine” because he believed it
was necessary to life and it was a chemical amine. The “e” at the end
was later removed when it was recognized that vitamins need not be
amines (14); this was also true of thiamine (also thought to be an
amine), now more correctly identified as thiamin (15). The letters (A,
B, C, and so on) were assigned to the vitamins in the order of their
discovery. The single exception was vitamin K, which was assigned
its “K” from “Koagulation” by the Danish researcher Henrik Dam.
Many of the physiologic functions of vitamins are known, but much
is not (2, 6–9). Most of the vitamins are recognized as being of public
health significance (vitamin A, or retinol, and the pro-vitamin A, beta
carotene; B vitamins, such as folate, B12, and others, including vitamin
B1, or thiamin; vitamin B2, or riboflavin; vitamin B3, or niacin; vitamin
B6, or pyridoxine; and, less so, vitamin C, or ascorbic acid; vitamin
E; and vitamin K), all of which have co-enzyme or co-factor actions
in biochemical and physiological functions for the body’s functioning,
growth, andmaintenance. Many also have more specific actions as well;
for example, vitamin A has a role in preventing blindness, folate and
vitamin B12 are important factors in nucleic acid synthesis, vitamin C
has importance in the synthesis of collagen, vitamin K is an essential
factor in the formation of blood clotting factors, and so on. VitaminD is
actually a steroid vitamin that promotes the absorption andmetabolism
of calcium and phosphorus (and in some settings is also sourced largely
from exposure to sunlight). Folate, niacin, riboflavin, and vitamins
B6 and B12, as well as zinc, are all involved in 1-carbon metabolism
and, thus, are important in early gestation and early cell proliferation,
growth, and protein synthesis (16, 17).

Scope of review
This state-of-the art review looked at the impacts of vitamin deficien-
cies; their prevalences in terms of population risks; methods used in the
prevention and control of such deficiencies; political, social, and other
factors; current coverage and progress; some emerging issues; and some
conclusions. As noted, the emphasis is on LMICs and programmatic as-
pects. The review used a wide-ranging search for references in both the
formal literature and the grey literature (including byNon-Government
Organisations), mainly by “snowballing” (forward citation searching):
that is, identifying relevant references of key articles, following them
up, and then repeating the process with each article used. This was
underpinned by a formal literature search of articles and reports over
the last 15 years (2000–2015), in English only, through the University
of Sydney Fisher Library, with an emphasis on micronutrient programs
and fortification. The keywords used were: “Fortified food∗,” “Enriched
food∗,” “Supplemented food∗,” and, for medical subject headings in

Medline (via OvidSP), “Food, fortified//ae- adverse effects.” The com-
plementary keywords also used were: “Government program∗,” “Gov-
ernment sponsored program∗,” “Nutritional policy,” “Government
health promotion,” “Food fortification program∗,” “Policymaker∗,”
“Health polic∗,” “Mandatory program∗,” and, under medical subject
headings, “Health promotion/og,” “Nutrition policy/,” “Health policy/,”
“Mandatory programs/,” “Policy making,” and “Legislation, Food/.”
Over the prior 4 years, these searches were updated through weekly
reviews of relevant journals, including the American Journal of Clinical
Nutrition, Bulletin of the WHO, Asian Pacific Journal of Clinical
Nutrition, Journal of Nutrition, PLOS One, and so on, and with periodic
updates of the original search. Clarifications and unpublished data from
persons involved in global micronutrient program activities were also
sought. Finally, only those articles with emphases on vitamins (as op-
posed tomicronutrients in general) were selected, as well as those where
information on vitamins was thought to be relevant and was extracted.

Impacts of Vitamin Deficiencies

The health of women, as well as their reproductive outcomes, are par-
ticularly affected by vitamin deficiencies, even more than had generally
been considered (18–20). Similarly, the social impact of the health
consequences of vitamin deficiencies is also disproportionately borne
bywomen (21, 22), adolescents, and children (7, 22), according to socio-
economic strata (23). As infants and young children grow rapidly, their
immune systems, incidences of infectious diseases, intellectual develop-
ment, physical development, and growth can all be affected by vitamin
deficiencies (2). The elderly, as a sub-population, are often at risk (7, 24).
Increasingly, it is clear that also there are interactions between vitamin
deficiencies and chronic diseases, including deficiencies in obese indi-
viduals and those with lower bioavailability: these are not always identi-
fied clinically (25). On a larger scale, vitamin deficiencies contribute to
the global burden of disease, economic costs, and constrained national
development (26), although the overall impact of vitamins alone is not
known and likely to be small. Nevertheless, it has been estimated that
the burden of micronutrients in general, using the 2 billion figure, leads
to the risk of suboptimal development in 40–60% of children in the 6-
to 24-month age group who are growing up in LMICs (27).

A decline in dietary quality, leading to deficiencies in vitamins (and
other micronutrients), is an early response to crises that affect food
supplies and generate household food insecurities, and so, evidence of
vitamin deficiencies has been used as an early indicator in such crises
(28, 29). Although historical and well-recognized impacts of vitamin
deficiencies are used in the development of programs, emerging exam-
ples of underestimated, subtle, and uncertain impacts of some vitamin
deficiencies (e.g., vitamin B12, vitamin D, and so on) are increasingly
being recognized (6, 30). Vitamin D is essential for normal metabolism,
and some recent evidence suggests that inadequate concentrations of
vitamin D may be associated with weight gain, obesity, the metabolic
syndrome, and even cancer (31), particularly as low-serum vitaminD in
US adolescents has been associated with hypertension, hyperglycaemia,
and the metabolic syndrome, independent of adiposity (30). The recent
publication of the results of the large, multicenter Vitamin D and
Lifestyle (VITAL) study of supplementation with vitamin D did not,
however, result in lower incidences of invasive cancer or cardiovascular
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events than a placebo (32). A high frequency of vitamin D deficiency in
currently pregnant Japanesewomen has been associatedwith ultraviolet
radiation avoidance and a diet low in vitamin D (33). Vitamins A, D, E,
and B12 and folate all contribute toward protection against oxidative
stress, enhance immune cell proliferation, regulate epithelial integrity,
and improve antigen action (34, 35).

Prevalence of population risk and scope of the problem
Even within the last millennium, micronutrient deficiencies were also
common in industrializing countries of European and North American
countries, at least in themore deprived sub-populations (2, 36). Vitamin
A deficiencywas widespread in Europe, and notably inDenmark, where
it contributed to deaths in young children. Rickets was common in
children who lived in the industrial cities of North America and Europe
from the 17th until the early 20th centuries, when over 85% of the
children living in these areas had rickets, primarily due to a lack of
sunshine and insufficient production of vitamin D in the skin (36).
Almost as soon as vitaminDwas synthesized in the 1930s, it was used to
fortify milk in Europe and North America, leading to the eradication of
rickets as a major health problem in children. In the early 20th century,
pellagra was common in the maize-eating populations of the southeast
United States. At the peak of the epidemic (1928–30), 7000 individuals
died each year from pellagra due to niacin deficiency (2, 36).

The common estimate of those suffering from micronutrient
malnutrition (deficiencies of vitamins and trace elements) is around
2000 million people (1). Single micronutrient deficiencies rarely
happen in isolation; more often, multiple deficiencies are occurring
simultaneously, especially in women in LMICs globally (18–20). More
specifically, current estimates are that vitamin A deficiency is present in
∼190 million (1 in 3) preschool children (8); folate deficiency is present
in 15–49% pre-fortification (7); and vitamin D is a global problem
impacting up to 1 billion people (30); with less clear or localized
estimates for vitamin B12, thiamin, other B vitamins, and vitamin
E (2). The 2 billion figure includes the iodine deficiency disorders,
with an estimate of approximately 1.88 billion inadequate intakes,
zinc deficiencies, and anemias caused by micronutrient deficiencies,
predominantly of iron, but also of folate, vitamin B12, other B vitamins
(2), vitamin A (37), and vitamin E (38), depending on the context (39).

Other, less-common vitamin deficiencies have still been reported
but have usually been present in specific circumstances, such as in
refugee camps and in those with restricted diets: there were reports of
an outbreak of beriberi among African Union troops in Mogadishu,
Somalia, who were living on restricted rations, which was quickly
responsive to thiamin supplementation (40). Deficiencies of some of
the other B vitamins, while not uncommon in LMICs, are rarely life-
threatening (except thiamin deficiency in some circumstances) (2, 10).
Nevertheless, because of their role in serious deficiency diseases such
as pellagra (a deficiency of niacin) and anemia (riboflavin and other
B vitamins), as well as superficial skin and mouth lesions (2), these
B-vitamins are added to cereal fortifications and supplementary foods.
Riboflavin deficiency is known to be endemic in many LMICs (41).
There is also evidence that riboflavin’s status is generally low in the UK
population and other affluent countries, and particularly in the elderly
and in younger women (42).

Vitamin B12 deficiency is usually underestimated, but has been
described as “a major public health problem worldwide” (43) and has

been reported to be as high as 40% in Latin America, 70% in Africa, and
70–80% in South Asia (35). The authors of a recent review suggested
that vitamin B12 deficiency increases the risk of neglected tropical
disease infections and that the existence of such infections can itself lead
to vitamin B12 deficiency (35). Given its association with an increased
risk of adverse pregnancy outcomes and impaired psychomotor and
cognitive development, and its role in the health of the elderly, vitamin
B12’s public health impact is almost certainly underestimated (43).
Similarly, vitamin E deficiency, with its role of counteracting oxidative
stress, improving immune functions, and protecting against neurologic
and cognitive deficits, is suggested to be underestimated, especially in
LMICs, where it coexists with other oxidative stressors, such as malaria
and HIV infection (38).

Thiamin deficiency is another public health concern in several
LMICs that is considered to be not getting the attention it should
(10, 11). Thiamin deficiency is known to cause or contribute to infant
mortality andmay also have lifelong neurodevelopmental consequences
(11). Thiamin insufficiency (as assessed by low blood-thiamin statuses)
is endemic among several Southeast Asian countries: Cambodia
(70–100% of infants and 27–100% of reproductive-age women); Laos
(13% of hospitalized infants); and Thailand (16–25% of children and
30% of elderly adults) (11). Thiamin deficiency accounts for up to 45%
of deaths in children under 5 Cambodia, 34% of infant deaths in Laos,
and 17% of infant deaths in Myanmar (10). Deficiencies also exist in
Africa, Asia, and the Americas, but these instances have typically been
isolated (11).

Nevertheless, the vitamins of most public health concern are
vitamin A, folate, and—now receiving greater attention—vitamin
B12 and vitamin D. Minerals and trace elements of global public
health importance include iron, zinc, calcium, selenium, and maybe
magnesium (2), and are not further discussed here. The inexactitude
of the prevalence figures cited for vitamin deficiencies reflects the
challenges to assessing the sizes of the problems (6). Table 1 aims to
give a summary of the more important vitamins to this review.

Measuring the scope of the problem
A range of challenges gets in the way of accurate measurements of the
prevalences of vitamin deficiencies. Prime amongst these are a lack of
data because of infrequent or even no national surveys; geographic and
situational factors (often leading to sub-national data standing in for
nationally representative data); the use of imperfect biomarkers (e.g.,
in vitamin B12); a lack of agreement on the best measures, because
of changing definitions and uncertain cutoffs (e.g., in vitamin D); and,
in LMICs particularly, a lack of financial resources and laboratory and
personnel capacities (2, 6).

Besides a not-infrequent lack of consensus on the best biomarkers
to use and their cutoff values, even the biomarkers that are accepted can
be influenced by inflammation and infection, the hydration status of
the subject, the subject’s age and gender, kidney function, the analytical
method used (including time of drawing of blood), the capacity of
the laboratory being used and its resources, and other factors, such
as the season or times of annual dietary shortages (6). The size of the
problem depends also on a recognition of the outcomes of deficiency,
which may be subtle or manifest in ways not expected or looked
for, such as when the vitamin is acting as a facilitator, as just 1
co-enzyme or co-factor to a particular biological/biochemical process.
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It has been recognized, for example, that vitamin B12 statuses differ by
whether awoman is pregnant, lactating, elderly, or so on, comparedwith
control women with equivalent nutrient intakes (44).

An example of this is vitamin A deficiency, where new evidence and
interpretations of what actually constitutes a vitamin A deficiency have
vastly expanded understandings of the prevalences of the deficiency,
and so increased its public health importance (45). The deficiency had
been recognized as a cause of night blindness and xerophthalmia at
least since ancient Egypt, Greece, and Assyria, where it was treated
with fish and animal liver and oil (46); was described clinically in
the late 19th century in Denmark, Japan, India, the United Kingdom,
and the United States; and then was implicated in the mid-1980s
in the increased risk of mortality in young children in LMICs with
infectious diseases (45), although the mechanism was initially unclear.
While the end stage of blindness is clearly an individual and family
disaster, especially in poorer individuals and families, in global public
health terms, there were many public health nutrition priorities
competing for attention and resources, and vitamin A deficiency was
deprioritized, given the relatively low prevalence of blindness (37,
45). Then, in the early 1980s, a program of providing high-dose
vitamin A capsules to young Indonesian children was found to be
saving children’s lives, besides reducing ophthalmological signs such as
night blindness and blindness from ulceration of the cornea through
dryness (xerophthalmia) (45). While there was some initial resistance
by the public health community to this finding, enough replications
of the results in different settings allowed a consensus that something
like a 24% reduction of young child deaths from infectious diseases
in LMICs could be expected from vitamin A supplementation (47).
This immediately, vastly increased the number of children diagnosed
as vitamin A deficient, and so the deficiency came to be perceived
as a far more significant public health concern. With an effective
intervention now known and vastly increased numbers of children
(and later, pregnant women in LMICs) defined as vitamin A deficient,
the new emphasis on child survival by reducing the mortality rate in
children under 5 years of age became an issue of importance to the
UN Agencies, especially UNICEF, and vitamin A deficiency control
and prevention programs were created by bilateral donors in Canada
and the United States, who funded and provided expertise for national
programs (mainly for supplementation) in many countries. A recent
systematic review confirmed that vitamin A supplementation reduces
the overall risk of death and deaths due to diarrhea by 12%, while
reducing new episodes of diarrhea and measles (and blindness from
vitamin A deficiency) (48).

With considerable success in many national programs, although
the actual physiological mechanism remains unclear, there is now a
suggestion by some that the impact is no longer as great as it was. This
is, perhaps, becausemeasles and diarrhoa are, globally, less of a problem
due to immunization and health interventions such as oral rehydration
supplements and zinc for diarrhea. The true impact is a continuing
source of debate at present (49, 50) and has practical considerations
in terms of what interventions countries should be using and how to
knowwhen it is appropriate to shift, for example, from supplementation
to dietary interventions, including fortification, or to some mixture of
approaches. In the meantime, coverage with vitamin A supplements,
twice a year, is stagnant or even dropping (51), before anything has come
to take their place on the same scale.

Prevention and Control

As noted above, the widespread micronutrient deficiencies that are
reported today in LMICs were once not uncommon in the poor
urban and rural populations of Europe and the United States. Goiters,
congenital iodine deficiency syndrome (then known as cretinism),
anemia, rickets, pellagra, and xerophthalmia were common illnesses
until the early 20th century (36), and so there is public health experience
in eliminating most of these deficiency diseases in the more affluent
world (2). As seen in the vitamin A example, differing prevention
and control activities vary according to the seriousness and extent
of the public health problem, the populations affected, and changes
in deficiency epidemiological profiles, varying outcomes because of
the decline of associated diseases, improved methods of diagnosis,
and the improved science of interventions and prevention. In the
first 4 decades of the 20th century, the scientific community aimed to
separate and characterize the vitamins responsible for xerophthalmia,
rickets, pellagra, scurvy, and beriberi. Later, in the 1940s, the dietary
requirements that were not being fulfilled and led to these diseases
received considerable attention (52). With the increasing realization
that rarely do people on poor-quality diets have just 1 deficiency, the
concept of addressing multiple micronutrient deficiencies, apart from
the iodization of salt and vitamin A supplementation programs, is in
increasing favor, as are using more than 1 approach and using both
nutrition-specific and nutrition-sensitive interventions (2).

An increasingly pressing need is for sustainable programs and
approaches, not least because bilateral and UN support is declining for
many nutrition interventions, especially for single-vitamin deficiencies
(53). Improved dietary diversity would be ideal, as supported by im-
proved standards of living and, hence, diets and healthy environments.
A complication here is that the poor diets of vulnerable children often
are not providing vitaminAor other necessary vitamins.Diets in LMICs
are described as being monotonous, of low dietary diversity, and of
poor quality as regards vitamin content: for example, the vitamin A
in animal-source foods is much more available physiologically but is
also much more expensive (37, 54). Cheaper diets, consisting largely of
dark green leafy vegetables and some fruits that supply beta-carotene
(a vitamin A precursor), are a lot less effective in terms of vitamin A
activity (maybe 12–21 times less available physiologically) (37). This
problem is worsened by the concurrent infectious diseases often seen
in the same populations, which reduce appetites (and so micronutrient
content in the reduced diet), increase utilization of vitamins, and
increase excretion of vitamins (37). In most cases, a mixture of the
following four methods are most effective and generally should be
employed concurrently, adapted to the local situation and populations
(2, 53).

First, improved diets can be provided through appropriate agri-
culture and horticulture, nutrition education, home gardens, small
livestock holdings, and food availability and accessibility, including
storage and cooking methods (3). Second, where diets are inad-
equate for reasons of poverty, environmental stress, or for other
reasons, supplementation programs have been successfully introduced
to complement dietary sources. Third, in other countries, including
affluent countries and LMICs, notably Guatemala, fortification (4,
36, 55) and, more recently, biofortification have been successful to
a greater or lesser extent (56). Fourth, because of the association
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of deficiencies with diseases, poor living conditions, and other in-
equities, public health measures are necessary to complement any
of the interventions; these measures may include reducing disease
incidences, improving breast-feeding rates, better complementary feed-
ing, increased immunization coverage, improved water and sanitation
measures, improved antenatal and obstetric care, and so forth (53, 57).
Ultimately, for sustainability of programs there is a need to reduce global
and national inequities through political and socio-cultural change and,
increasingly, action on climate change (58).

As noted, vitamin deficiency prevention and control programs often,
and increasingly, include minerals and trace elements of public health
concern, such as iodine, iron, and zinc. This is especially so now, with
the increasing adoption of integrated approaches and nutrition-specific
and nutrition-sensitive programming (59).

Increasing dietary quality and diversity
Among the best known instances of dietary factors is the use of citrus
fruits and other vitamin C–containing fruits and vegetables to prevent
and treat the scourge of scurvy at sea: a deficiency disease that is said
to have caused more deaths at sea than storms, shipwrecks, combat,
and all other diseases combined (60). Often occurring with pellagra
and beriberi, scurvy was the most feared risk at sea. More broadly,
because more dietary improvement often builds on existing practices
and culture, food-based approaches are more potentially sustainable
(3). “Food-based approaches provide several micronutrients at once,
they are viable, affordable and sustainable, they have social, cultural,
economic and environmental benefits and they are local and not top-
down,” as the FAO describes ways of improving diets (3).

The strategies to improve diets in resource-poor situations mean
increasing the production and consumption of foods that are high in
available micronutrients through agriculture and horticulture, small
animal production or aquaculture, and, increasingly, but still limited,
biofortification (54). Social and behavioral change communication
(SBCC), when properly developed, increases cultural acceptability,
helps a program be economically feasible, and contributes to sustain-
ability (54, 61, 62). Food storage, processing, germination, cooking
methods, and strategic food combinations can all be used to increase
micronutrient retention and the bioavailability of plant foods, and have
been found to have a relatively large, measurable impact (54, 63).
Such strategies can be reinforced by including dietary enhancers of
micronutrient absorption (such as vitamin C–containing foods) and
by reducing absorption inhibitors (such as some forms of cassava).
However, social change is often slow and requires appropriate formative
research, and so, in the short-term, improving diets is often constrained
by local limits of availability and accessibility. The limited research on
the impact of dietary changes in such settings (including systematic
reviews) has been inconclusive due to often weakmethods of evaluation
studies, although a major evaluation by Helen Keller International was
conducted in 4 country programs and showed largely positive outcomes
(62).

This showed improved household garden practices, food pro-
duction, and consumption; increased dietary diversity and income;
and reduced anemia among preschool children. The number of
crop varieties consumed was significantly increased, including in
the proportion of households consuming eggs and/or liver. Another
evaluation showed increased empowerment among poor women with

home gardens (64). Bangladeshi children who did not receive routine
vitamin A supplementation were less likely to be night blind if the
family had a home garden (64). In general, while a dietary approach (in
its broadest definition) is most likely to ensure sustainable, if modest,
impacts on micronutrient statuses, growth, and development, it needs
to be combined with strategies that address the underlying causes of
undernutrition, including reducing inequities and poverty alleviation,
as well as promoting food security and income generation (61, 63, 64).

Supplementation
The relative failure of large-scale protein-energy malnutrition inter-
ventions in the 1980s reflected the difficulties of enhancing dietary
diversification and using social and political measures to make changes
in nutrition outcomes at a large scale. These factors made vertical
programs1 such as supplementation attractive, not least because of their
cost-effectiveness (the Copenhagen Consensus concluded a benefit:cost
ratio of 9.5:1) (27). To international, bilateral donors, such programs
also appeared to offer potential solutions with a clear problem, a clear
solution, and clear outcomes; with their funding and support, therewere
considerable successes in at-risk countries (47, 50).

While overall these programs showed successful impacts, some
of the disadvantages of vertical programs became clearer with more
experience, including the frequent dependence on external funding,
for example, for vitamin A (Canadian Department of Foreign Affairs
and Trade), iron/folic acid (UNICEF), and HIV programs (UNAIDS).
Other challenges included logistics and supplies issues; the difficulty in
reaching those most at risk due to their geographic and social isolation;
and issues of program sustainability and policy transitions to other
mechanisms. There was also a lack of proper national evaluations (48).
Nevertheless, many millions of lives were, and continue to be, saved by
the programs (48, 50, 65).

Recent reviews, noting the increased demands in pregnancy and
the coexistence of deficiencies of multiple micronutrients, have found
evidence that supports the use of multiple micronutrient supplements
(rather than only the iron-folic acid supplements), as they have been
shown to reduce the risk of low birth weights, preterm births, and
infants being born small for their gestational age (15, 66). While this
is currently not WHO policy, except under limited circumstances, the
policy seems likely to change in the near future (67). Consequently,
the use of multiple micronutrient supplements, as opposed to single
vitamin supplements, seems the likely trend moving forwards (except
perhaps for vitamin D (24), vitamin A, and iodine). Much of the more
affluentworldmakes use ofmultivitamin supplementation formuch less
physiological reason or need (68), including in most pregnancies. Over
half of the US population takes vitamin supplements, including 70% of
those aged 60 and older: among these older adults, 29% take 4 or more
supplements of any kind (24).

Fortification
As noted above, vitamin deficiencies of vitamin A, vitamin D, niacin,
and B vitamins were previously endemic in much of North America
and Europe. During the 1930s, most of the chemical structures of

1
Those programs and policies, usually created through external funding, that addressed a

single health problem from global identification to interventions by addressing just the
problem, rather than taking a wider systems approach.
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the major vitamins were elucidated; most could be synthesized, thus
enabling their addition to food (36, 52). Vitamin A was first added to
margarine voluntarily in the United Kingdom in 1927, and it became
a mandatory practice during the Second World War, largely to achieve
nutritional equivalence of margarine to butter. After the introduction of
vitaminA–fortifiedmargarine inDenmark in 1917, the number of cases
of xerophthalmia reported at Copenhagen Hospital fell by more than
90% and it had been eliminated by 1918 (69). The mandatory addition
of vitamin D to milk that started in 1965 in Canada eliminated the
widespread problem of childhood rickets (55). Voluntary enrichment
of bread and other grain products with niacin was implemented in
1938 in the United States, with mandatory fortification following in
1940; as a result, pellagra had become almost nonexistent by 1950 (55).
Iron, thiamin, niacin, and riboflavin were later all required to be added
to wheat flour and other cereal products in North America and parts
of Europe, to replace nutrients lost during the milling process and to
reduce the risks of anemia, beriberi, pellagra, and riboflavin deficiency,
respectively (36, 55, 70); this contributed to the virtual elimination of
beriberi and pellagra in the more affluent world. Fortification has also
been used in LMICs like Guatemala, where the early and historical
fortification of sugar with vitamin A effectively controlled a previously
serious problem in young children in a cost-effective, sustainable way
(4, 55, 69).

Sustainability is more likely when the costs of fortification are passed
onto the consumer and when changes in consumption habits are not
required (71). Nevertheless, this does not mean that consumers do not
need to be aware of their food supply being fortified, not least for contin-
uing political support (4). However, in terms of effectiveness in LMICs,
mandatory fortification generally requires centrally-processed food
factories and the presence of strong compliance and regulation within
the country. There are often limitations on reaching those most at risk
of deficiency, because of geographic remoteness or a lack of accessibility
to food due to poverty. There are also, in such settings, often challenges
to assessing effectiveness. Aiming for sustainability, and to reach other
populations in LMICs, the large-scale fortification of staple foods has
been recommended by the WHO (71) and promoted by others, such as
the Micronutrient Initiative (now Nutrition International), the Global
Alliance for Improved Nutrition, and other civil society organizations
(36, 55, 69). Various methodological recommendations and standards
have been developed along with the promotion of fortified staple foods,
especially by the WHO, the CDC, and the private sector (71). The
effective reach of fortified of foods, especially staples, depends on both
the distribution of the deficiency, the presence of a suitable food vehicle,
the reach of the distribution of the fortified foods (4), and quality
assurance and control programs (55). In the United States, mandatory,
large-scale fortification of enriched cereal grain products with folic acid
was authorized in 1996 and fully implemented in 1998. Within 5 years,
the prevalence of neural tube defects had been dramatically reduced,
to around 0.66/1000 pregnancies or less (69). The fortification of cereal
grain products with folic acid became mandatory in several countries
soon after, and has been consistently effective in reducing the prevalence
of neural tube defects to an even lower incidence, of around 0.5 per 1000
total births, in countries where it has been implemented (69).

Where a deficiency is widespread in a population, large-scale
fortification is most efficiently addressed if mandated by legislation (69,
71). Other, mainly affluent countries have had success with voluntary

approaches and, in some cases, being even more targeted, increasingly
by the adoption of commercial formulations of vitamin fortificants in
food and drinks: often, these fortifications are more for a perception
of improved wellbeing and for marginal health and functioning
improvements, rather than for any real deficiency. Other methods
of delivery have included so-called home/point-of-use fortification
powders, such as Sprinkles (72); the more recent biofortification of
sweet potatoes in Southeast Africa (73) and elsewhere; and, less
successfully because of consumer and/or donor resistance, genetically
modified plant fortifications, such as the development of “golden
rice” (55). The widespread and often unrecognized endemicity of
B vitamins and their interactions with other micronutrients (41)
means that they are also routinely added to fortified, complementary
feeding supplementary foods (thiamin, riboflavin, niacin, vitamin B6,
and vitamin B12, along with folic acid, other micronutrients, and
the macronutrients of energy, protein, carbohydrate, and fat) (70)
when treating acute malnutrition in children. Commercially fortified
young child–complementary foods are also extensively used in affluent
countries and by LMICs’ elites, even when there is not a problem of
vitamin deficiencies.

Large-scale fortification has used cereals (e.g., folic acid), wheat and
maize flour, and, less successfully due to technical challenges, rice: the
lack of success in rice is a pity, as it is consumed by more people
globally. It has also been used in fats and oils, such as vegetable oils used
for cooking, butter and margarine milk, and condiments such as salt
(iodine), sugar (vitamin A), fish sauce, and soy sauce (36, 55), especially
for the fat-soluble vitamins. Fortification with vitamins has been a
challenging strategy, largely owing to sensory changes of the finished
product and a poor stability of the fortificantwhenusing certain vehicles
(36, 74). There has, nonetheless, been notable success, and at least 23
countries now require fortification of edible oils (74). Modelling has
also shown that the fortification of vegetable oil, rice, and sauces is
an effective strategy to address micronutrient gaps and deficiencies in
young children, including in LMICs such as Vietnam (75).

Accompanying public health and nutrition measures
For both effectiveness and for sustained programs, addressing nutrition
deficiencies requires looking beyond the specific vitamin ormicronutri-
ent. National programs need to take measures to include the whole diet
and the environment in which the diet is being consumed, including
by addressing infectious diseases; antenatal care; newborn, infant, and
young child nutrition; water, sanitation, and hygiene improvements;
social equity; and household food distribution (58). Addressing all
these nutrition-sensitive influences on deficiencies will strengthen and
sustain the nutrition-specific measures above (3). Women’s (and young
and adolescent girls’) education is among the most important factors
(59).

Political, Social, and Other Factors: Who is at Risk?

Women and young children, especially in LMICs, as well as adolescents,
are particularly vulnerable to deficiencies, as are the increasing
populations of the elderly. It is often said that “most people can get all
the vitamins they need from a healthy diet,” but getting a healthy diet
is often exactly the challenge, as diets in cash-strapped populations are
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often monotonous, less dense in micronutrients, and have few sources
of vitamin- and micronutrient-rich animal-source foods. This paper
addresses the populations at risk of deficiencies, rather than individuals
with clinical deficiencies that might be found and dealt with in health
facility and hospital conditions.

So, who is at risk? Those at most risk include sub-populations
living in poverty and the food insecure: over 821 million people
globally are considered to be food insecure (3). These populations
include women; children and adolescents, as their growth patterns
result in increased needs (2); those in emergencies and disasters (1);
the elderly (76); and those living where there are high prevalences
of clinical and disease conditions. Childhood infectious diseases can
affect the vitamin intake through reduced appetites, poor physiologic
absorption, and, often, such as in HIV and tropical enteropathy,
increased utilization and excretion of vitamins. Even in affluent
populations with high concentrations of chronic diseases and obesity,
micronutrient deficiencies occur in resource-poor settings, including
in urban settings (13, 77). A systematic review of all studies (1988–
2008) reporting on micronutrient intakes in women living in resource-
poor environments in the United Kingdom showed that, except for
vitamin A (29%), vitamin C (34%), and niacin (34%), mean/median
intakes of vitamins were below the estimated average requirements
in over 50% of the studies (77). Pregnant women in LMICs are at
especially high risk ofmicronutrient deficiencies and poor reproductive
outcomes, as their poor diets lead to inadequate weight gain and
multiplemicronutrient deficiencies.Other negative factors include early
marriages and adolescent pregnancies; poorly resourced health systems
and inadequate obstetric care; multiple births and the close spacing
of pregnancies; poor health; poor water and sanitation; and poverty,
inequities, and some cultural practices, including when women have
less access to education at all levels (18, 20).

Economic impact
An early estimate by the World Bank suggested that 3–4% of gross
domestic products may be lost to micronutrient deficiencies in LMICs
(78). Estimates include acute impacts and longer-term developmental
impairments that affect educational attainments and economic earning
power. Just in LMICs alone, micronutrient deficiencies have been
estimated to cause an annual gross domestic product loss of 2–5% (36),
with direct costs estimated to be between US $20–30 billion every year
(27). The potential of micronutrient interventions to reduce related
diseases and their resultant economic burdens is well-recognized, but
the information needed to inform cost-effectiveness needs improved
tools that integrate information on program coverage, dietary intake
distribution, biomarkers, and costs (6, 53).

The Progress of Programs and Policies Addressing Vitamin
Deficiencies

The greatest constraints in the changing world are the apparently
intractable numbers of food-insecure persons in the world, with
obvious consequences for vitamin deficiencies. Current estimates are of
over 821 million people who are food (and nutritionally) insecure (3),
with 108 million severely food insecure (up from the already alarming
80 million in 2015). At the same time, the overall global population is

still increasing and there are growing constraints on land, water, and
fisheries (58, 79). Climate change is already affecting the food supply,
including the availability of micronutrients, especially iron and zinc,
and, although probably less so, vitamins (79).

Dietary adequacy and diversity
Over 800,000 households in Bangladesh have been reached with home
gardens, which also empower poor women, and programs have also
been established in parts of Southeast Asia and in West Africa (62).
A recent review on sustainability concluded that is indeed possible to
“improve the micronutrient density of the food supply by increasing
fruit and vegetable and/or small-scale livestock through agricultural
diversification” by promoting home gardening, especially when paired
with nutrition and health SBCC (80).

However, the global challenges to food security remain: 1 person
out of every 9 in the world is food insecure (3). The recent State
of Food Security and Nutrition in the World report found that
undernourishment and severe food insecurity appear to be increasing
in almost all sub-regions of Africa, as well as in South America,
whereas the undernourishment situation is stable in most regions of
Asia. A more encouraging finding last year was that the rising trend
in undernourishment had not yet been reflected in rates of child
stunting; this was expected to continue to be the case in 2019 (3). FAO
and its partners (International Fund for Agricultural Development,
World Food Program, UNICEF, and WHO) have reiterated the call
for a multisectoral approach to reduce undernutrition and the burden
of stunting and wasting, in order to reduce childhood morbidity
and mortality (3), reach global nutrition goals, and reach the second
sustainable development goal.

Supplementation
Again using vitaminAas an example, progress has been considerable via
supplementation, using several different processes and varying staged
events. VitaminAdeficiency considerably increases themortality rate of
measles in young children in LMICs, and the allied successes of measles
vaccination programs and vitaminA supplementation programs has led
to considerable decreases in the consequences of measles. The global
progress of the vitamin A supplementation programs has been seen in
the estimates of decreasing deaths, from 1.3 to 2.5 million preventable
deaths in 1992 to approximately 650,000 deaths annually in 2003 (8);
this trend that can be explained, in part, by reduced fatality rates of
about 50% from measles and approximately 40% from severe diarrhea
and dysentery, as a result of improved vitamin A statuses. This is a good
example of different sectors working together on the prevention and
control of vitamin deficiencies (49).

Supplementation programs had been steadily increasing their cov-
erage, with 2 doses per year (47), although a recent report by UNICEF
in 2018 showed some worrying backsliding internationally. The initial,
positive trends were helped by linking vitamin A supplementation
(VAS) to polio immunization on National Immunization Days (reach-
ing coverage of 85%), and then was somewhat maintained by national
vitamin A supplementation days or weeks (47). In terms of ongoing
sustainability, there have been allied efforts to make supplementation
days part of routine community and district care, and it was estimated
that about 60% of eligible children were being reached. Since 2000,
these global efforts to scale up VAS programs have yielded dramatic
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improvements in coverage from a decade before, contributing to a
decline in child mortality (49, 81). But these efforts peaked at 78% (290
million children) in 2009 due to a loss of delivery platforms, weak health
systems, and fragile states (50), leading to a shocking 6-year low. In
2016, 64% of children in need in priority countries were reached, but
more than 140 million children were not, leaving them vulnerable to
increased risks of disease and death (50).

Fortification
In comparison, Guatemala, and subsequently other Central American
countries, showed it was possible to virtually eliminate vitamin A
deficiency by fortifying sugar with vitamin A (2, 4). Especially in
Southeast Asia, commercial foods and oils are also increasingly being
fortified (75). The effectiveness of large-scale fortification of staple
foods to prevent micronutrient deficiencies in affluent countries has
been demonstrated for over 80 years now, whereas the effectiveness in
LMICs has been more recent. A recent review showed that measurable
improvements in the micronutrient and health statuses of women and
children in LMICs are now happening (82).

Currently, 86 countries mandate fortification with both iron and
folic acid (except Australia, which does not mandate iron but fortifies
with thiamin) and 4 mandate iron with no folic acid (Congo, Philip-
pines, the United Kingdom, and Venezuela). Nearly a third (31.3%) of
all the world’s industrially-milled wheat flour is fortified, as is 64.6% of
the world’s industrially-milled maize flour and 0.8% of the world’s rice
(at this point only Papua New Guinea has mandated the fortification
of rice) (83). There is now said to be increased effectiveness of receipt
by target populations (as identified by the recently established Global
FortificationData Exchange). Even in countries like Afghanistan, which
has a variety of constraints on extensive public health programs, there
have been examples of voluntary fortification with vitamins (and other
micronutrients), such that 71% of wheat flour is fortified with vitamins
B9 (folic acid) and B12 (along with iron and zinc), and 33% of oil is
voluntarily fortified with vitamins A and D (83).

Discussion

Emerging issues
Not all of the following issues are just emerging, but all require
increased attention and resources. They include the identification of
suitable, field-friendly, and innovative biomarkers; increased human
and financial resources; and improved logistics at community, sub-
national, and national levels (55). As the situations in countries change,
concentrations of deficiencies change (including increasing in times of
climate emergencies and human conflict), so that countries need to
make decisions on modifications to programs, including determining
when to transition to a different configuration of delivery mechanisms
(53). A factor here is that, with increasing participation in the global
market economy, there may be more sources of a particular vitamin
than when the program was first started. In the case of vitamin A,
periodic, high-dose supplementation was seen as a short-term solution
until more sustainable solutions became available. In most countries
with a public health problem, supplementation programs providemuch
of the protection, but now there is increased fortification of oil or other
staples, such as sugar; improved diets as some countries become more

affluent; and the availability of commercialized, common staples in
breakfast cereals and snack foods. A recent examination of the potential
for excess intakes has been undertaken by Tanumihardjo et al. (5) in
Guatemala, South Africa, the United States, and Zambia, and there is
indeed a potential for excessive intake in some groups.

Another concern is the micronutrient deficiencies occurring in
obese individuals and in other noncommunicable diseases, where they
may be overlooked, but more research is needed to contribute to public
health approaches (25, 31). Already, much of the adult population
in affluent countries is taking vitamin supplements, although there
is skepticism as to whether their regular ingestion is worth it, both
financially and nutritionally, or not (68). Climate change and its impact
on micronutrient availability is an increasingly real, looming risk, but
currently this appears to be more likely to affect the iron and zinc
in cereals than to affect vitamins. Overall, increased resources are
needed to gather more country data (including on the prevalence of
deficiencies), including through applied research.

As in much of life, interest in scientific enquiry is somewhat at the
call of fashion or enthusiasms. This can be driven by new discoveries,
which open up other aspects of interest; by unrelated advances in
different areas, such as genomics and the various other -omics; and
even by increasing economic opportunities, as by donor priorities and
by new initiatives and targets encouraged by the United Nations and
other agencies. Again, vitamin A is something of an example: driven
by a prominent university and supported by United States Agency
for International Development, it allowed a real flowering of work in
the 1980s and 1990s in epidemiology through the technical delivery
of vitamin A in capsules and then through programmatic science, all
supported technically by a special consultative group (International
VitaminAConsultativeGroup). Thismodelwas used for other vitamins
and trace elements (such as zinc and, less successfully, iron deficiency in
anemia). The role of folic acid in the fortification of cereals was helped
by pressure from the Spina Bifida lobby group, as well as committed
academics, especially at the CDC. As questions arose regarding vitamin
A supplementation’s sustainability, more interest developed in the
fortification of oils in LMICs. Going right back to earlier examples
that led to the virtual elimination of pellagra and beriberi, army and
navy recruits were fed polished rice from which the thiamin had been
removed, which was driven to some degree by the economics of the
health of workers in the deep South of the United States and by the
defence needs of the Japanese (and others). There are many other
examples (36, 55).

There are also commercial forces in desires for “optimal health,”
however ill-defined, and again, some micronutrients move in and out
of fashion. To give a not very scientific example, the University of
Sydney Library was asked to look at changing publication rates over
an arbitrary 20-year span. As can be seen in Table 2, the interest
in vitamin A has somewhat tailed off, partly perhaps because of less
funding being available, but also possibly because fortification is more
a commercial enterprise than an academic one; the increase in interest
in vitamin B12 might be hypothesized as being due to an increasingly
large proportion of the population becoming elderly; vitamin C has
shown little change, while interest in vitamin D has quadrupled, which
is not surprising given the interest of the lay press; folate has seen a
shift, perhaps because of the success of and questions about folic acid
fortification and its longer-term impacts; and vitamin E, although not
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TABLE 2 Change in number of articles over 20
years in a limited search1

Vitamin 1997 2017

A 723 583
B12 329 455
C 994 1109
D 673 2537
Folate 842 1381
E 1073 1381
Total articles 3906 6161
1Data are from Medline searches by Rod Dyson, 29 May 2018.

showing much change, could well reflect 2 peaks of interest, as 20 years
ago there was considerable interest by some regarding its impact on
some noncommunicable diseases (NCDs), and now there appears to be
interest again, including in LMICs (38). These are broad observations,
but a common factor is the presence of 1 or 2 charismatic figures
advocating for and being involved in each wave. In commercially-
fortified foods, public interest appears to have moved on somewhat
from vitamins to the microbiome and probiotics.

In the BOND series, the expert panels were asked to look at
outstanding research and development needs (6). The conclusions
reached by the expert panels all noted the lack of functional biomarkers
and the need to improve assay robustness, cost-effectiveness, and
transportability to low-resource settings (7). One suggestion is for more
information on the use of dried blood spots as an analytical tool. The
folate expert group, while identifying other research gaps, called for
simultaneous measurements of different but complementary biomark-
ers, giving examples such as DNAmethylation, uracil in DNA, DNA or
chromosomal breaks, and chromosomal breaks associated with folate
deficiency or excess (7). Simultaneously, there is a need for confirmation
of the possible negative outcomes of repeated consumption of high
doses of commercial vitamins from various sources and, for folic acid,
the consequences of long-term consumption through the fortification
of cereals (9).

The research gaps and needs identified were purposefully directed at
public health approaches. All 3 of the BOND expert groups identified
the need to assist countries in knowing when to modify their programs
and to determine which combinations of biomarkers can be used
to characterize and then improve programs. For Vitamin A, there is
still a need to better characterize the appropriate concentrations for
serum retinol concentrations for infants, quite apart from the fact that
serum retinol is known to be an imperfect measure of vitamin A in
the body (8). Knowing that inflammation and infection affect serum
retinol concentrations, how is this information best used to adjust, or
not, when acute-phase proteins are measured (8)? Vitamin B12 has
some somewhat similar problems in identifying the best biomarkers
and identifying appropriate cutoff points (9). There is a need for an
assessment of the functional significance of low B12 statuses in general,
but especially in pregnancy, during lactation, during infancy, in young
children, and especially in the elderly, where there are a myriad of
questions about its function, how best to measure B12 concentrations
and functions, and how to best treat apparent deficiencies (9). It
is already known from research in Colombia that vitamin B12 is
associated with grade repetition and school absenteeism (84): how big
a problem is this, and how should it be addressed? A recent literature
review of the current evidence called for more work on the role of

vitamin B12 in neglected tropical diseases risks and severity, so as to
inform interventions in at-risk populations beyond the accepted role
with helminths (35).

Research questions around folate include its overlap with vitamin
B12, such as in the elderly; the need for better biomarkers, especially
those for individual pathways within the folate-mediated 1-carbon
metabolic network; and validated biomarkers for the age-associated
pathologies, such as neurodegeneration, cancers, and NCD (7). At-
tention to thiamin deficiencies in LMICs has recently increased, as
there is increasing recognition that not only does it play a role in
infant mortality, but that even a subclinical thiamin deficiency in
childhood may have lifelong neurodevelopmental consequences (52).
The harmonization of a robust study design to determine the genomic
effects of depletion and repletion of folate has been called for, as was a
gene expression network analysis to verify the mechanisms underlying
observed genomic effects (7). All of these questions are but a few of the
many proposed by the 3 expert groups (7–9).

Questions have also been asked regarding the public health impor-
tance of vitamin E in developing countries (38). VitaminD research and
knowledge, at present, epitomizes the need for better biomarkers, cutoff
points, and understanding of the impacts of deficiencies. Complicated
as they are by climatic and geographic and cultural factors, current
estimates of the prevalence of vitamin D deficiency globally range from
labeling it as infrequent to claiming it impacts virtually everybody,
and the ranges of conditions thought to be related to vitamin D
deficiency are equally wide (12). Prospective studies have found
a positive association between low vitamin D concentrations and
cardiovascular deaths, as well as all-causemortality (85). A recentmeta-
analysis suggested that vitamin D supplementation at normal doses was
associated with decreased all-cause mortality rates, but the conclusion
was that, while vitamin D may play a part in multiple causes of death,
“causality has not been determined” (86); as noted above, the recent
VITAL study did not find that supplementation with vitamin D lowered
the incidences of invasive cancer or cardiovascular events (32).

Given that the first vitamin was first discovered over a century
ago, a surprising amount is still not known, and as new areas of
research open up, much will continue to be explored. Applying this
new knowledge, and existing knowledge, in public health programs,
especially in LMICs, will be a major challenge, as will doing so in an
equitable way. Already, the majority source of intake of some vitamins
in children inAustralia, some European countries, andNorthAmerican
countries is through commercially-fortified foods, such as breakfast
cereals. A recent overview in Europe showed there is a surprisingly
high prevalence of inadequate intakes of vitamins, but that voluntary
fortification practices have been shown to improve the intake and status
of key micronutrients in European Union population groups; however,
these practices did not appear to contribute appreciably to risks of
adverse effects from excess intakes (87).

The elderly
Between 2015 and 2050, the proportion of the world’s population over
60 years of age will nearly double, from 12% to 22%, and the pace
of aging is increasing (76). The nutrition and health requirements of
the elderly are as pressing in LMICs as in more affluent populations,
as by 2050, 80% of older people will be living in LMICs (76, 88). A
large proportion of older adults do not consume sufficient amounts
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of many nutrients, including micronutrients, from foods alone (88).
There may also be issues with appetite, absorption, utilization, and
excretion. Supplements in affluent populations compensate to some
extent, with an estimated half of the elderly populations using them
daily in many countries (89). Vitamin B12 and folate deficiencies are
both of concern in elderly populations (9), as are other B vitamins, such
as niacin and riboflavin, all of whichmay have increased needs. Vitamin
D is frequently noted as an issue, for example, in frailty andmortality in
populations (90). Vitamin K and vitamin E bothmay also be at risk. Not
unrelated from these concerns of insufficiency, between 1990 and 2013,
the number of deaths fromNCDs has increased by 42%, with the largest
increases in the proportion of global deaths occurring in the population
aged 80 years and over (75, 88).

There is already a growing body of literature looking at the
associations between NCDs and micronutrient deficiencies. Both
have literature that suggest associations exist between micronutrient
deficiencies and obesity in different populations, which may impair the
immune system and increase the risk of comorbidities (25, 31, 91).
There are also multiple pathways by which a micronutrient deficiency
could impair appetite regulation and energy metabolism and could
cause altered metabolism and excretion (31). These associations and
possible mechanisms of the deficiencies’ metabolic effects, such as their
influence on leptin and insulinmetabolism, need further studies to help
clarify the roles of the different micronutrient deficiencies with respect
to obesity and its comorbid conditions (91).

Micronutrient goals
In the past, key international meetings with resultant targets (which
have not always been realistic, but which could be considered
aspirational) have been important contributing factors to the increased
number of programs targeting vitamin and mineral deficiencies. The
UNWorld Summit for Children in 1990 in New York established goals
for vitamin A, iron, and iodine. This followed the “Hidden Hunger”
Conference (organized by the Micronutrient Initiative in Ottawa),
which effectively confirmed the place of the 3 micronutrients on the
global agenda. Building on these was the 1992 FAO/WHO International
Conference on Nutrition at FAO in Rome, which also had targets for all
3. The Millennium Development Goals in 2000 had no specific targets,
but acted as a 10-year follow-up to the 1990 Summit. The 6WHOtargets
endorsed by the World Health Assembly in 2013 include a target for a
micronutrient-related condition (anemia), which is the only target in a
direct sense. The second sustainable development goal that was agreed
to, along with 17 others in New York in September 2015, was the only
goal to address hunger and nutrition directly, but the targets are not
specific for vitamins or, indeed, for micronutrients.

Future Progress and Constraints

Future progress
On the whole, there is likely to be continued progress, with an
increased emphasis on women’s health and nutrition, the elderly, and
children and adolescents; indeed, an emphasis throughout life. An
impressive study published in 2017 estimated themicronutrient density
of the food supply, then the prevalence of inadequate intake of 14
micronutrients and the average prevalence of inadequate intakes, for all

countries for the period between 1961 and 2011 (63). They concluded
that, over this 50-year period, the estimated prevalence of inadequate
intakes of micronutrients declined in all regions due to increased total
production of food and/or micronutrient densities (63). Vitamin A,
folate, riboflavin, and thiamin, along with 3 trace elements (calcium,
iron, and zinc), were the vitamins with the lowest concentrations of
adequacy, but strong differences were seen across countries and regions
(63). Fortification will continue to scale up, including in commercially
bought foods. There has been amove away from single-nutrient, vertical
programs a,s the utility of integrated programs has become a higher
priority and the multisectoral approach of combining nutrition-specific
and nutrition-sensitive programs has gained attention and evidence
(59).

Future constraints
As noted, approximately 821 million people continue to suffer from
chronic undernourishment. There are likely to be decreasing food
supplies due to climate change and population pressures. Food prices
and the demand for animal-source foods that are good sources of
micronutrients will likely increase, with consequences for the envi-
ronment. Focus and sustainability will be issues, especially as donors
appear to be losing some attention to nutrition. And finally, resources
in general, including for research, will have much competition. With
the spread of fortification and commercial use of vitamins (and trace
elements) in snack foods, cereals, and condiments, there is a reminder
that, although programmatically challenging, targeting should be
considered in LMIC populations (92) and the closer monitoring and
evaluation of appropriate fortifications and overlapping interventions
will be needed. However, limited resources, both human and physical,
will be a continuing restraint in many countries (55, 69).

Conclusions

There are some good nutrition and health successes, particularly in
young child undernutrition, including with vitamins. As noted, the
prevalences of inadequate intakes of 14 micronutrients have declined
in all regions due to increased total production of food and/or
micronutrient density (63), and food fortification is expanding globally,
including in LMICs (69, 83, 93). Young child mortality and maternal
mortality rates have substantially declined. Vitamin A capsule coverage
vastly increased from the levels in 2000. Child education levels for
girls are much improved, and will have both direct and delayed
improvements for women’s and children’s health and nutritional status
throughout life.

The encouraging trends in micronutrient adequacy have been
especially strong in East and Southeast Asia, while weaker in South
Asia and sub-Saharan Africa: the latter is the only region where
micronutrient density has decreased (63). The food supply (as estimated
by energy requirements) was predicted to be a continuing challenge in
many countries; even where the energy concentrations are adequate,
the micronutrient adequacy showed large variations. Fortification has
reduced the estimated prevalence of inadequate micronutrient intakes
in all low-income areas, except South Asia (63). Even in South
and Southeast Asia, the growing importance of staple foods and
condiments as ingredients in the food industry has been identified,
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with growing implications for fortification; the promotion of fortified
foods (75, 93) is already leading to improved micronutrient status and
health outcomes in some LMICs following large-scale fortification.
Nevertheless, while increasing micronutrient density seems possible,
overall dietary adequacy will continue to be a challenge for many
countries and populations, especially given the likely further impact
of climate change. Supplementation in public health programs will
increasingly be limited to specific populations, such as micronutrients
in antenatal care, as opposed to commercial, voluntary fortification
through store-bought foods, where the ability to access such fortified
foods may be a constraint. At the same time, while it is known that
dietary quality can be improved through fortification, biofortification,
and agricultural efforts, as well as complemented by supplementation,
it is necessary to increase the nutrition knowledge of the target
populations, SBCC, and supportive policy, as well as reduce poverty and
increase education, especially in women.
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