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Micronutrient deficiencies compromise the health and development of many
school-age children worldwide. Previous research suggests that micronutrient
interventions might benefit the health and development of school-age children and
that multiple micronutrients might be more effective than single micronutrients.
Fortification of food is a practical way to provide extra micronutrients to children.
Earlier reviews of (multiple) micronutrient interventions in school-age children did
not distinguish between supplementation or fortification studies. The present review
includes studies that tested the impact of multiple micronutrients provided via
fortification on the micronutrient status, growth, health, and cognitive development
of schoolchildren. Twelve eligible studies were identified. Eleven of them tested the
effects of multiple micronutrients provided via fortified food compared to unfortified
food. One study compared fortification with multiple micronutrients to fortification
with iodine alone. Multi-micronutrient food fortification consistently improved
micronutrient status and reduced anemia prevalence. Some studies reported
positive effects on morbidity, growth, and cognitive outcomes, but the overall effects
on these outcomes were equivocal.
© 2011 International Life Sciences Institute

INTRODUCTION

Many school-age children around the world suffer from
nutritional deficiencies, which can negatively affect their
physical and mental development and increase suscepti-
bility to infections.1–5 It has been estimated that iron defi-
ciency anemia (IDA) affects 53% of school-age children
worldwide.6 Recent national studies from Thailand,7

the Philippines,8 Nicaragua,9 and Colombia10 observed
average rates of national anemia prevalence ranging from
23% to 38%. Iodine deficiency has been observed with
prevalence rates as high as 60–90% in schoolchildren
from multiple African, Asian, and Eastern Mediterranean
countries.11–16 Micronutrient deficiencies are also

observed frequently in developed countries. According to
the World Health Organization’s (WHO) database on
iodine deficiency, the prevalence of iodine deficiency
among all the world’s regions is actually highest in
Europe.17 Iron deficiency is common among schoolchil-
dren in Europe18,19 and the United States,20–24 especially in
adolescent girls. Insufficient intakes of vitamin D and
folate have also been observed among European children
and adolescents.19

Multiple micronutrient (MMN) deficiencies often
occur simultaneously as a result of a poor-quality diet. In
developing countries, low dietary intakes of animal-
source foods,25 which are important sources of iron,
zinc, vitamin A, B12, and protein, can lead to MMN
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deficiencies.26 Parasitic infections or diarrhea can also
lead to MMN deficiencies due to limited absorption or
utilization of nutrients.27,28 In wealthier countries, the
overall quality of the diet of school-age children and ado-
lescents is inadequate in large parts of the population.
Families with a low socioeconomic status often cannot
afford healthy diets29; they have less access to
micronutrient-rich foods like fruits, vegetables, meat, fish,
and dairy.19 In addition, school-age children may develop
a more independent eating pattern30; this can include
more out-of-home food consumption without supervi-
sion, which is likely to result in increased intake of foods
of low nutritional value, such as soft drinks and salty
snacks in place of micronutrient-rich foods.31,32

At the same time, school-age children and adoles-
cents are in a life stage of considerable physical and
mental development. They experience growth spurts and
sexual maturation, and girls begin menstruating30; the
brain continues to mature until young adulthood, and
cognitive functions, in particular the higher-order cogni-
tive functions (reasoning, planning, abstract thinking,
etc.), develop and become more structured during this
period.33–35 Meeting the nutritional demands required for
this stage of development is crucial for optimal health,
including physical and mental performance, and can
influence health and productivity later in life. Excessively
thin schoolchildren and adolescents can experience a
delay in pubertal maturation and reduced muscular
strength and work capacity, even reduced bone density
later in life.1 Undernutrition is also related to an increased
risk of morbidity1,36: vitamin A and zinc deficiency are
associated with impaired immune function and higher
susceptibility to infection and diarrhea.37,38 Mental devel-
opment of children can be affected by malnutrition
directly through insufficient supply of essential micronu-
trients, like iodine,17 leading to structural and functional
impairment of the central nervous system.39,40 Micronu-
trient deficiencies can also have an indirect effect on
mental and motor development. Undernourished or
anemic children are less active and less likely to explore
and interact with their environment, which can lead to
suboptimal development.41

Interventions with (multiple) micronutrients have
led to beneficial effects on linear growth,42,43 health,44–49

and cognitive development50–54 in schoolchildren. Most
evidence is reported for iron, iodine, vitamin A, and zinc
supplementation. There are data suggesting that com-
bined supplementation of MMNs may have a greater
effect on certain outcomes than supplementation with a
single micronutrient. A meta-analysis on the effects of
micronutrients on growth in children up to 18 years of
age found that interventions with iron or vitamin A alone
did not have an effect on either height or weight gain,
whereas MMN interventions, 80% of which included

vitamin A, iron, and zinc, significantly improved linear
growth and also had a small (not statistically significant)
positive effect on weight gain.42

Eilander et al.55 reviewed the effects of MMNs deliv-
ered through either supplements or fortified foods on
cognition in schoolchildren and found that MMNs had a
small positive effect on fluid intelligence (reasoning
ability) and academic performance. However, a subgroup
analysis including only the studies that provided MMNs
through fortified foods and excluding supplementation
trials showed no beneficial effects.55 The effect of the extra
energy and nutrients provided through food that also
benefited children in the control group may have made it
difficult to detect an effect of the additional MMNs on the
treatment group receiving fortified food.

It is evident that energy and protein have an impact
on the growth, health, and development of children. Low
energy and protein intakes are the primary cause for poor
growth,56 and undernutrition resulting from protein-
energy deficiency is associated with increased susceptibil-
ity to infectious diseases.57,58 Fortification of food is a
practical way to combine the benefits of energy repletion,
adequate supply of fat and protein, and MMNs to opti-
mize the growth and development of children. Previous
reviews on the effect of MMN interventions and feeding
programs in children exist,42,43,59–61 but they did not dis-
tinguish between MMNs provided in the form of a
supplement or through fortified foods. A Cochrane sys-
tematic review by Kristjansson et al.60 investigating the
effectiveness of school feeding programs in low-income
schoolchildren found that school meals and snacks can
have a positive yet small impact on growth and cognitive
outcomes. The review, based on 18 studies, deliberately
excluded studies that modified the nutrient content of the
school meals, including through fortification. A review
performed by Rivera et al.61 distinguished particular
interventions providing animal-source foods, but only
one of the four studies described in the review included
school-age children. A review conducted by Eilander
et al.55 investigated cognitive outcomes and included pri-
marily MMN supplementation trials and a limited
number of fortified food interventions. To our knowl-
edge, the present review is the first that investigates the
impact of MMN food fortification on the micronutrient
status, growth, health, and cognitive development of
school-age children.

LITERATURE SEARCH METHODS

A literature search for articles reporting the effects of
MMN food fortification on the micronutrient status,
growth, health, and cognitive development of schoolchil-
dren was conducted using the PubMed, ISI Web of
Knowledge, the Cochrane Database of Systematic Review
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(CDSR), and the Central Register of Controlled Trials
CENTRAL database. The search strategy was based on
the Cochrane highly sensitive search strategy to identify
reports of randomized controlled trials, which was
expanded to incorporate other controlled experimental
study designs, and subject-specific terms to identify eli-
gible participant groups, interventions, and outcomes.
Whenever possible, use was made of medical subject
heading (MeSH) terms in PubMed, CDSR, and
CENTRAL that related to children, micronutrients, forti-
fied foods, and several of major health outcomes, such as
growth, nutritional status, or cognition; the MeSH term
“dietary supplements” was excluded in the search string.
In ISI Web of Knowledge, the search string was adapted
and consisted of relevant text words instead of MeSH
terms. The search was restricted to articles published in
the English language. Titles and abstracts from the initial
search results were examined to identify potentially rel-
evant studies; references of identified relevant studies and
reviews were screened for further pertinent studies.

Eligibility criteria

Eligible study designs were restricted to experimental
controlled efficacy or effectiveness studies including ran-
domized controlled trials (RCT), quasi-experimental
controlled clinical trials (CCT), and controlled before and
after studies (CBA), as defined by the Cochrane Collabo-
ration. Studies describing the mathematical method
of randomization of individual subjects or clusters
were classified as an RCT. Studies that used a non-
mathematical method of randomization or that only
mentioned a use of randomization but provided no
description of the methodology were conservatively clas-
sified as a CCT. Studies that compared the intervention
group to a comparable control before and after the inter-
vention but did not use random allocation were classified
as a CBA.

Eligible studies must have been conducted in school-
age children. To qualify for inclusion, the vast majority of
the study population had to be between 6 and 18 years of
age; arbitrarily, the inclusion criteria was set at a
minimum of 75% of the study sample being in this age
range. Studies were excluded when the study population
was specifically selected based upon health conditions
that are rare in the general population, e.g., genetic disor-
ders such as thalassemia or phenylketonuria. Children
from developing countries who were selected because
they suffered from undernutrition, anemia, parasitic
infections, or HIV were not excluded as these conditions
are not rare in most developing countries.

Eligible studies must have provided an MMN-
fortified food intervention in at least one of the experi-
mental conditions. MMN-fortified food was defined as

food to which a minimum of three micronutrients were
added. Micronutrients from the B-vitamin complex were
considered as one micronutrient, since these vitamins are
frequently part of the same biological processes. Food
interventions were defined as interventions providing
fortified foods or beverages as well as fortificants that
were added to foods or drinks on-site or at home. Studies
were eligible if they properly tested the independent effect
of MMN fortification by comparing an MMN-fortified
food to either an unfortified food or a food fortified with
only one or two micronutrients. Eligible studies assessed
at least one of the following outcomes: biochemical mea-
surements of micronutrient status or prevalence of
micronutrient deficiencies; indicators of growth or body
composition, prevalence of stunting, wasting, or under-
weight; indicators of morbidity (prevalence, incidence,
duration, and/or severity), including absence from
school; cognitive outcomes, including academic
performance.

Evaluation of study results

Among the reported study outcomes, the following dis-
tinctions were made: 1) difference between groups in
change from baseline to follow-up; 2) difference between
groups at follow-up; or 3) difference within groups from
baseline to follow-up. Differences between groups that
took into account baseline values, either as covariates or
by comparing change from baseline, were considered the
most meaningful results. Differences were considered sig-
nificant if the P value was less than 0.05.

The relevant information and results of the reviewed
studies were assessed independently by two nutrition
researchers (CB and NN). A research psychologist (CT)
was consulted to gauge the validity and reliability of the
methods used to assess cognitive outcomes.

SUMMARY OF FINDINGS

The literature search retrieved 1,053 citations. The vast
majority of the citations were discarded because they
were overview articles or reported on studies investigat-
ing the effects of a single micronutrient. Other major
reasons for exclusion were that micronutrients were pro-
vided as supplements rather than through fortification of
food, the intervention was provided to an inappropriate
target population, or the study utilized a non-
experimental design. The initial screening of titles and
abstracts revealed 85 publications of potential relevance.
After in-depth review and manual searching of reference
lists, 12 eligible intervention studies were identified and
included in the review. For an overview of the screening
procedure see Figure 1.

Nutrition Reviews® Vol. 69(4):186–204188



Of the 12 eligible studies, 11 investigated the effect of
MMN fortification by comparing the fortified food to an
isocaloric unfortified food62–75; one of these studies also
included a third intervention arm in which no food inter-
vention was provided,62 and one study compared the
effect of MMN fortification to single fortification with
iodine.76 Eleven of the 12 studies were conducted in
developing or transitional countries according to their
Human Development Index 2009,77 and 11 studies pro-
vided the intervention at school.62–76 The carriers used for
fortification were beverages (6 studies),63,64,68,69,72 milk
products (2 studies),62,65 biscuits (2 studies),67,71 or season-
ing powder/salt (2 studies).74,76 In most studies the addi-
tional MMNs provided between 50 and 100% of the
recommended dietary allowance78 of the individual
micronutrients daily. All foods were fortified with a com-
bination of at least iron and vitamin A or b-carotene.
Iodine, zinc, B-vitamins and vitamin C were usually
included. Three studies also provided eicosapentaenoic
acid, docosahexaenoic acid, taurine, or inulin together
with the MMN intervention while these ingredients were
not provided to the control group.62,63 For an overview of
the individual study characteristics, see Table 1. Since 11
of the 12 studies compared an MMN-fortified food to an
unfortified food, the results from these studies are focused
upon. The results of the remaining study comparing
MMN-fortified salt to iodized salt, which only investi-
gated effects on micronutrient status, will be summarized
briefly. Table 2 gives a concise overview of all outcomes

evaluated by the studies reviewed, while Table 3
provides a summary of each study’s findings and
limitations.

Effects on micronutrient status

Ten studies assessed the effect of MMN fortification of
foods compared to unfortified foods on the micronutri-
ent status or prevalence of deficiencies in children
(Table 3). All 10 studies measured a statistically signifi-
cantly greater improvement in micronutrient status in
the intervention group compared to the control group,
taking baseline values into account. The most frequently
observed (and investigated) effects were increases in
hemoglobin (Hb), iron, vitamin A, iodine, and folate
status. All 10 studies assessed Hb status; seven studies
reported a significant beneficial effect of MMN fortifica-
tion on Hb status or anemia prevalence, taking baseline
values into account. In addition, one study reported a
significantly lower prevalence of anemia at follow-up in
the MMN group (14.9%) compared to the control group
(28.8%) (P = 0.03), while anemia prevalence at baseline
was comparable.64 Two studies reported a significant
effect in a sub-sample of children who were initially
anemic65 or a significant inverse relationship between
initial Hb levels and response to the MMN intervention.64

Only one study, which was conducted in well-nourished
Australian children who had adequate Hb levels at base-
line, did not find any effect on Hb or anemia prevalence.63

1,053 citations from literature search 

85 potentially relevant papers 

Screening of titles and abstracts

Hand-searching reference lists of 
potentially relevant papers 

100 potentially relevant papers  

15 relevant papers identified 

Reading full text of potentially 
relevant papers 

968 articles excluded due to: 
• ineligible publication type or study design  
• single/double micronutrient fortification 
• supplementation instead of fortification 
• inappropriate study population 

15 additional potentially relevant 
papers 

85 articles excluded due to: 
• ineligible publication type (review) or 

study design (observational) (n = 27) 
• supplementation study (n = 22) 
• inappropriate study population (n = 14) 
• single/double fortification (n = 8) 
• duplicate data (n = 9) 
• ineligible control (n = 5) 

12 individual studies included in review 

Figure 1 Flow chart of screening process for eligible articles.
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Eight of nine studies assessing indicators of iron status
detected a beneficial effect of MMN fortification on iron
status, including the study with well-nourished Australian
children. The only study that did not find an effect pro-
vided 5 g of elemental iron via an MMN powder added to
the school lunch.66

Among six studies that investigated the effect of
MMNs (including zinc) compared to unfortified food
interventions on zinc status, only two studies found a
significant beneficial effect.66,67 After 16 and 31 weeks of
intervention, respectively, zinc levels adjusted for baseline
zinc values were significantly higher and odds of zinc
deficiency significantly lower in the MMN group com-
pared to the control group. Nga et al.67 estimated an inter-
vention effect of 0.61 (95% CI: 0.25–0.95) mmol/L plasma
zinc and reduced odds of zinc deficiency at follow-up in
the intervention group (odds ratio [OR]: 0.52; 95% CI:
0.36–0.76). Winichagoon et al.66 reported higher levels of
serum zinc in the intervention group, with a mean differ-
ence at follow-up of 0.34 mmol/L (95% CI: 0.08–0.60) and
reduced odds of deficiency at follow-up (OR: 0.63; 95%
CI: 0.42–0.94). Abrams et al.68 also found that the preva-
lence of zinc deficiency at follow-up was significantly
lower in the MMN group (4.6%) compared to the control
group (14.5%) (P < 0.05). However, baseline data on zinc
status was not reported. Therefore, no judgment can be
made on whether the change was due to the MMN inter-
vention. Other studies comparing interventions with
MMNs to those with unfortified food did not find any
effect on biochemical zinc status or deficiency,63,69 not
even in a population with a high prevalence of zinc defi-
ciency.63 Across all studies, zinc was included at relevant
dosages of 2.3–7.5 mg per day.

All five studies evaluating iodine status found a ben-
eficial effect of MMN fortification on urinary iodine
excretion levels or concentrations of thyroid-stimulating
and parathyroid hormones. However, two studies that
also assessed prevalence of goiter did not find any effect
of MMN fortification after either a 12- or a 14-month
intervention period, despite a high prevalence at base-
line.70,71 One study also looked at the effects of MMN
fortification on prevalence of other clinical symptoms of
micronutrient deficiencies (i.e., Bitot’s spots, bleeding
gums, glossitis, cheilosis, and angular stomatitis).70 In the
experimental and control groups, the prevalence of these
symptoms was less than or equal to 6% at baseline and
nearly absent after 14 months, but there was no differ-
ence in prevalence between the groups at either time
point.

The study that compared MMN-fortified salt to
iodized salt measured a greater positive impact in the
intervention group for all of the biochemical markers of
nutritional status that were assessed, i.e., Hb, vitamin A,
iron, and iodine status.76

Effects on anthropometric status

Seven studies investigated the effects of MMN-fortified
foods compared to unfortified foods on anthropometric
outcomes, mainly height, weight, and prevalence of
undernutrition (Table 3). Four of the seven studies found
significant beneficial effects on weight and BMI; on
average, children in the MMN-fortified group gained
between 0.47 and 0.56 kg more weight than controls and
their gains in BMI compared with controls were 0.23–
0.35 kg/m2 greater.68–70,72 Two of seven studies found a
significant beneficial effect on height gain, with mean dif-
ferences of about 0.6 to 1.0 cm in height increments
between the groups after 6 or 14 months, respectively.70,72

One of the studies also reported a significantly greater
increase in absolute fat-free mass (mean difference [MD],
0.9 kg), percentage of body fat (MD, 0.81%), and whole-
body bone mineral content (MD, 22 g) compared to con-
trols.73 This14-month intervention supplied a fortified
milk porridge that provided extra vitamin D and calcium
together with other micronutrients. The other three
studies did not find any effects on height or weight.64,71,74

Effects on morbidity outcomes

Seven studies investigated the effect of MMN-fortified
foods compared to unfortified foods on morbidity out-
comes (Table 3). Two studies that assessed the effects of
MMN fortification on respiratory- and diarrhea-related
illness reported a beneficial effect.73,74 Van Stuijvenberg
et al.71 reported fewer school absences attributed to
respiratory- and diarrhea-related illness over a 1-year
period in the MMN-fortified group compared to the
control group, 33 versus 47 missed days per 100 children
for respiratory- (P = 0.097) and 52 versus 79 missed days
for diarrhea-related diseases (P = 0.013). Manger et al.74

found that children receiving MMN powder for 31 weeks
had a significantly lower incidence of respiratory-related
symptoms and diarrhea compared to children in the
control group, with rate ratios of 0.83 (95% CI: 0.73–0.94)
and 0.38 (95% CI: 0.16, 0.90), respectively. No difference
between the groups was seen for incidence of fever, other
diarrhea-related illnesses (vomiting, nausea, and stomach
pain), or the duration of morbidity episodes for
respiratory-related diseases, such as runny nose and
cough. A third study did not find any beneficial effect of
fortification on the incidence of diarrhea, fever, cough
and cold, or ear infection, but the reported episodes of
any illness were, on average, 2.4 days significantly shorter
in the MMN-fortified group compared to the control
group.70

One study evaluated the impact of MMN fortifica-
tion on physical fitness and heart rate,64 and one study
each looked at the following secondary outcomes:
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parasitic infections,67 stool bacteria load,62 inflamma-
tion,69 and white blood cells.71 Nga et al.67 reported that
MMN fortification did not have an independent effect on
parasitic infection but it interacted positively with
de-worming treatment: The prevalence of parasitic infec-
tions was found to be reduced to a greater extent in chil-
dren who received MMN-fortified biscuits in addition
to de-worming treatment compared to children who
received de-worming treatment and unfortified biscuits.
Significantly higher amounts of total bacteria, bifidobac-
teria, and bacteroides were reported in the stools of chil-
dren who had received MMN-fortified milk for 3 months
compared to children who had received regular unforti-
fied milk.62 In this study, the intervention product was
fortified with inulin and taurine as well as MMNs. The
remaining studies did not provide conclusive data on
markers of immune capacity or response.

Effects on cognitive outcomes

Seven studies investigated the effects of MMN-fortified
foods compared to unfortified foods on cognitive abili-
ties; among them were four studies that also investigated
changes in academic performance (Table 3). Three
studies found significant beneficial effects of MMN-
fortified beverages compared to unfortified beverages on
memory tests: one study found that visual recall of famil-
iar objects – as measured on a scale from 0 to 15 –
improved on average by 0.5 points more74; one study
reported that a cluster of outcomes from auditory verbal
memory test improved significantly more with an esti-
mated effect size of 0.23 standard deviation (95% CI:
0.01–0.46)63; and one study reported one statistically sig-
nificant positive finding (in a set of nine cognitive out-
comes) on working memory.71

Four studies found mixed results or no beneficial
effects on cognition or academic performance. Osendarp
et al.63 (Indonesia sample) did not find effects in the
overall study population, but in subgroup analyses, a
positive effect on verbal learning and memory was
observed in girls but not in boys. Solon et al.64 did not find
an overall effect in the population but found some
beneficial effects of the MMN intervention on verbal,
non-verbal, and total cognitive scores in a rather small
sub-sample of children with anemia (Hb < 11 g/dL) at
baseline. Vazir et al.75 reported only two significant find-
ings on tests assessing attention and concentration from a
set of about 20 standard cognitive tests and three aca-
demic tests: 1) a positive effect of MMN fortification
on performance in a Knox-test; 2) a negative effect
(unfortified > MMN-fortified) on letter cancellation. Lien
do et al.62 did not report any significant effect of the
MMN-fortified food versus unfortified foods on any of

the outcomes in a small set of three standard tests on
working speed, efficacy, and working memory.

RELEVANCE AND LIMITATIONS OF LITERATURE REVIEW

Overall, the studies in this review found that MMN for-
tification resulted in positive effects on biochemical indi-
cators of micronutrient status and reduced anemia
prevalence compared to unfortified foods or food forti-
fied with a single micronutrient. Eight of ten studies con-
sistently reported that MMN fortification improved iron
and Hb status. Only one study, conducted among well-
nourished Australian children who had adequate Hb
levels at baseline, found no effect of MMN fortification on
Hb status.63 Another study that did not find an effect on
iron status provided iron at a relatively low dose (5 mg
per day) in a form with low bioavailability (elemental
iron) via a seasoning powder added to school lunch.66 The
fortified food interventions that did improve iron status
provided between 5 mg and 14 mg of iron daily in a
variety of chemical forms for at least 8 weeks.

Beneficial effects of MMN fortification on iodine,
vitamin A, and B vitamin status were reported repeat-
edly, yet, only two of six studies observed a positive effect
on zinc status. This could be due to poor absorption of
zinc, possibly related to the combined fortification of
zinc with iron at a ratio ranging from 1:1 to 1:3. Previous
research suggested that combined supplementation with
iron and zinc can lead to a smaller effect on biochemical
and functional outcomes than supplementation with
either nutrient alone. It has been postulated that zinc and
iron may interact in such a way that they compete for
transporters necessary for absorption, but the evidence is
conflicting and there is not enough evidence to discour-
age joint administration.79 In both studies that measured
a significant beneficial effect on serum zinc levels, less
than 5% of the study participants had low iron stores at
baseline, whereas more than 50% had low levels of zinc
in serum or plasma.66,67 Absorption of zinc could also
have been reduced due to a high phytate content of the
carrier food or the general diet. Otherwise, the equivocal
effects on zinc could be attributed to the low reliability of
serum or plasma zinc as an indicator of individual zinc
status.

Though iodine status, as well as concentrations
of thyroid-stimulating hormone and parathyroid
hormone, was consistently shown to improve upon inter-
vention with MMN fortification, no effects were seen
on the prevalence of goiter after 12 or 14 months of
intervention.70,71 While low urinary iodine excretion
(<100 mg/L) is a sign of mild iodine deficiency, goiter is a
clinical symptom of iodine deficiency disorder resulting
from prolonged iodine deficiency.4 The results suggest
that the dosage (75–120 mg iodine) and/or the duration of
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the intervention was sufficient to reduce mild iodine defi-
ciency but not enough to reverse advanced iodine defi-
ciency and/or to reduce the enlargement of the thyroid
gland.

While the positive impact on short-term nutritional
outcomes was rather consistent (with the exception of
zinc), these improvements did not always translate into a
measurable impact on functional health outcomes of
growth, morbidity, and cognitive development. While
four of seven studies reported a significant beneficial
effect of the MMN fortification on weight gain, increased
BMI,68–70,73 or MUAC,68,69 only two studies showed an
effect on height.72,73 A possible explanation for a lack of a
clear effect may be that the extra energy and macronutri-
ents, which were also provided to the control group, con-
tributed to the height and weight gains observed in both
groups and might have masked any additional effect of
the MMNs. This may be all the more relevant if children
were initially undernourished, as was the case in many of
the reviewed studies. Interventions that positively
impacted child growth provided an MMN combination
of at least iron, vitamin A, zinc, iodine, B-vitamins, and
vitamin C via fortified beverages (3 studies) or milk por-
ridge (1 study). While effects on linear growth were
observed after intervention periods of 6 and 14
months,72,73 effects on weight gain were already reported
after 8 weeks of intervention.68

The effects of MMN fortification on morbidity out-
comes were equivocal, with four of seven studies showing
some beneficial effects on children’s health. The most
common effects observed were reduced incidence or
duration of diarrhea and respiratory-related diseases after
MMN fortification. Since respiratory and diarrheal dis-
eases are probably the most common illnesses in chil-
dren, it might have been easier to detect an effect on these
illnesses compared to other less-common diseases. The
effects of MMN fortification on other diseases or health
outcomes were assessed only by single studies, and more
evidence is needed to draw conclusions.

Overall, the results of MMN-fortified food interven-
tions on children’s cognitive performance were inconsis-
tent and differed by cognitive domain. The cognitive
abilities most affected relate to working memory, with
four of six studies reporting some beneficial effect. The
two studies that clearly found a beneficial effect of MMN-
fortified foods compared to unfortified food on working
memory performance in the entire sample of participants
had in common a long duration (6 and 12 months) and
delivery of iron and vitamin A in combination with
iodine and/or zinc.63,74 Other effects on memory and
attention/concentration, as reported by two more studies,
might be chance findings given the many outcomes
assessed at follow-up and few significant differences
between groups.71,75 The consistent positive results on

working memory across studies suggests there may be a
valid effect of MMN fortification.

The present review offers a comprehensive and
concise overview of the experimental research on the
impact of MMN food fortification on the nutrition and
health of school-age children. All of the studies reviewed
were efficacy studies carried out in well-controlled set-
tings. The interventions, however, varied with regard to
the combination of micronutrients, the dosage, duration
of intervention, and potential confounders and effect
modifiers (e.g., the age and nutritional status of the study
population or the macronutrient content of the fortified
food). Also, the methods applied to assess health out-
comes varied across studies. The cognitive tests and their
psychometric properties were not always well described.
Due to this heterogeneity it is challenging to compare
results across studies.

To our knowledge, this review is the first to show that
provision of MMNs via fortification consistently
improves biochemical indicators of micronutrient status
in schoolchildren. Whereas a previous Cochrane system-
atic review that investigated the effectiveness of school
feeding without MMN fortification reported mixed
results on Hb or hematocrit,60 this review provides clear
evidence of the benefits of MMN fortification for reduc-
ing anemia prevalence in school-age children.

The same Cochrane review on the effects of (unfor-
tified) school meal interventions reported small improve-
ments in height and/or weight gain of schoolchildren.
The present review suggests that MMN-fortified food
might have a beneficial effect on growth, especially weight
gain, compared to unfortified food, though the results are
equivocal. This review’s findings of a possible positive
effect of MMN fortification on weight are in line with an
earlier meta-analysis that investigated the effects of MMN
fortification on child growth.42 The meta-analysis
included five studies in infants and children above the age
of 5 years and showed an overall weighted effect size of
MMN of 0.28 (95% CI: 0.16–0.41) for height and of 0.28
(95% CI: -0.07–0.63) for weight. The present review
reports on two additional studies that further strengthen
the hypothesis that MMN fortification may cause healthy
weight gain in school-age children.

The earlier Cochrane review on (unfortified) school
feeding interventions as well as a meta-analysis on the
effects of MMNs on cognitive performance reported ben-
eficial effects on fluid intelligence (i.e., reasoning ability)
and academic or math performance.55,60 No effect of
MMN fortification was found on these particular cogni-
tive domains in the present review. The inconsistency of
the findings reported here is mostly due to methodologi-
cal issues: few of the studies in the present review used
batteries designed to assess fluid intelligence63,75 and aca-
demic performance as a separate outcome74,75 (none of
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them showing any significant effect of the intervention),
whereas the Cochrane review60 and the meta-analyses55

involved many more trials (up to 12) measuring these
abilities instead. In contrast, most of the studies reviewed
here measured some aspects of working memory and
learning, making it more likely that some effects would be
detected. It is supposed that the absence of findings on
fluid intelligence and academic performance are at
present explained by the lack of available data. Future
research should continue to investigate the cognitive
functions of fluid intelligence, memory, and academic
performance (mostly mathematics and reading).

MMN interventions might improve children’s
growth more than interventions with single nutrients, as
shown by a meta-analysis of Ramakrishnan et al.42

Furthermore, a study investigating the effects of a
micronutrient intervention in 6–9-year-old Chinese
schoolchildren reported that cognitive performance and
growth improved significantly more after treatment
with zinc plus a combination of MMNs compared to
treatment with zinc alone.80,81 These findings suggest
that multiple growth-limiting nutrient deficiencies may
exist simultaneously and can be relieved by MMN inter-
ventions rather than by single-micronutrient supple-
mentation. Another possible explanation for why the
provision of MMNs can be more effective than single
micronutrients may be related to the interaction of
micronutrients. Micronutrients such as vitamin A, zinc,
and iron interact with each other in such a way that
inadequate intake of one micronutrient can negatively
influence the absorption, metabolism, or depletion of
other micronutrients.82,83

School feeding programs are widely popular in most
of the world and, by virtue of the fact that they provide
food for direct consumption to the child, offer a ready
vehicle for delivering missing micronutrients to school-
children through fortification. With MMN fortification,
school meals can provide a safe and effective nutritional
intervention and make a valuable contribution to the
nutritional needs of schoolchildren.84–87 MMN fortifica-
tion may offer logistical advantages to supplementation
with single micronutrients in the context of school feeding
programs. Fortified foods and on-site fortificants such as
powder and salt may be more acceptable to children com-
pared to liquids or tablets, and the provision of multiple
micronutrients at physiologic doses reduces the risk of
overdose, thereby eliminating the need for precise target-
ing and routine monitoring of costly biochemical indica-
tors.There are trade-offs,however,and MMN fortification
at lower doses may not result in as great an impact on
children’s health as supplementation with higher doses of
a single nutrient. At present, micronutrient supplementa-
tion is not commonly recommended for school-age chil-
dren. The only guidance from the WHO that pertains to

school-age children calls for supplementation with iron
when anemia prevalence is >40% in this age group and
there is no food-based strategy, such as dietary modifica-
tion or fortification, in place to improve iron status.88 The
findings reported here that MMN fortification of foods
may be useful for school feeding should not be considered
to override any WHO-recommended micronutrient
supplementation interventions for preschool or school-
age children. The decision to implement targeted micro-
nutrient supplementation,MMN-fortified food,or on-site
fortificants will always need to be context specific.

CONCLUSION

The findings of this review show that MMN food fortifi-
cation can improve micronutrient status and reduce
anemia in schoolchildren. MMN fortification also seems
to be effective for reducing morbidity from diarrhea and
respiratory infections and might have positive effects on
child growth and cognitive domains, particularly those
related to memory. Future research on the impact of for-
tification on health and developmental outcomes should
test the efficacy of MMN-fortified-food-based interven-
tions in a two-by-two design (testing MMN fortification
of food against an unfortified food, a MMN tablet, and no
intervention at all) in order to be able to assess the sepa-
rate effects of energy and macronutrients versus MMNs
as well as their interactions. Field studies should strive to
ensure rigorous assessment of outcomes based on stan-
dardized methods that are appropriate for the target
population and apply valid statistical procedures.
Researchers should consider comparing the cost-
effectiveness of providing MMN-fortified foods to that of
micronutrient supplements through schools in future
studies. The results of this review show that MMN forti-
fication of food can have an impact on various aspects of
the health and development of schoolchildren. Consider-
ing the vast number of school-age children suffering from
MMN deficiencies and the consequences, the overall
impact of MMN interventions in school-age children can
be an investment in future generations by helping these
children to achieve optimal health and increase their
potential to learn.
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