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ABSTRACT
Background: Anemia is a global public health problem that undermines childhood development. India provides

government-sponsored integrated nutrition/child development preschools.

Objectives: This double-masked, cluster-randomized controlled trial examines whether point-of-use multiple

micronutrient powder (MNP) compared with placebo fortification of preschool meals impacts child development and

whether effects vary by preschool quality (primary outcome) and biomarkers of anemia and micronutrients (secondary

outcomes). We also measured growth and morbidity.

Methods: We randomly assigned 22 preschools in rural India to receive MNP/placebo fortification. We administered

baseline and endline blood sampling and measures of childhood development (Mullen Scales of Early Learning,

inhibitory control, social–emotional), anthropometry, and morbidity to preschoolers (aged 29–49 mo). Preschools added

MNP/placebo to meals 6 d/wk for 8 mo. We conducted linear mixed-effects regression models accounting for preschool

clustering and repeated measures. We evaluated child development, examining effects in high- compared with low-

quality preschools using the Early Childhood Environment Rating Scale–Revised and the Home Observation for the

Measurement of the Environment Inventory, modified for preschools.

Results: At baseline, mean age ± SD was 36.6 ± 5.7 mo, with 47.8% anemic, 41.9% stunted, and 20.0% wasted.

Baseline expressive/receptive language scores were higher in high-quality compared with low-quality preschools

(P = 0.02 and P = 0.03, respectively). At endline (91% retention, n = 293/321), we found MNP compared with placebo

effects in expressive language (Cohen’s standardized effect d = 0.4), inhibitory control (d = 0.2), and social–emotional

(d = 0.3) in low-quality, not high-quality, preschools. MNP had significantly greater reduction of anemia and iron deficiency

compared with placebo (37% compared with 13.5% and 41% compared with 1.2%, respectively). There were no effects

on growth or morbidity.

Conclusions: Providing multiple micronutrient-fortified meals in government-sponsored preschools is feasible;

reduced anemia and iron deficiency; and, in low-quality preschools, increased preschoolers’ expressive language and

inhibitory control and reduced developmental disparities. Improving overall preschool quality by incorporating multiple

components of nurturing care (responsive care, learning, and nutrition) may be necessary to enhance preschoolers’

development. This trial was registered at clinicaltrials.gov as NCT01660958. J Nutr 2021;151:2029–2042.
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Introduction

Iron deficiency and anemia are major public health problems
that undermine childhood development and are disproportion-
ally concentrated in low- and middle-income countries (LMICs)
(1). Ensuring nutritional adequacy during the first 1000 d
(conception to 24 mo) is a primary strategy to prevent iron
deficiency and anemia and also to promote early childhood
development (2). Although the burdens of iron deficiency,
anemia, and developmental risk remain high during the second
1000 d (preschool: ages 2–5 y), limited attention has addressed
this period (3, 4).

Deficiencies of iron and other micronutrients may impact
early brain development through disruptions to dopaminergic
functions, including myelination and monamine neurotransmis-
sion and the structure and function of the hippocampus and
the prefrontal cortex (5). These early disruptions to brain struc-
ture and function may adversely impact children’s cognitive
development, as has been shown in both animal and human
studies (5). Observational studies have demonstrated negative
associations between iron deficiency and children’s cognitive
development, with inconsistent results from intervention trials
(6). Recommendations are for high-quality, placebo-controlled
trials to examine children’s development (6).

Anemia in the preschool period can disrupt social in-
teractions through children’s hesitancy to play and interact
(7, 8), and severe anemia has been associated with delays
in cognitive development (9). An estimated 42% of anemia
among young children (aged <5 y) is iron deficiency anemia
(IDA), although anemia can also be caused by deficiencies
of other nutrients, including vitamin B-12, vitamin A, folate,
and zinc (10–12), suggesting that multiple micronutrient
(MMN) interventions may be effective in reducing anemia and
micronutrient deficiencies.

An increasingly common approach to providing MMN is
through point-of-use fortification with multiple micronutrient
powders (MNPs). This approach is recommended by WHO
for children (aged 2–12 y) where anemia prevalence exceeds
20% (13). Among children aged <6 y in LMICs, iron-
containing MMN interventions have reduced anemia and in-
creased hemoglobin (Hb), with inconsistent impact on growth,
morbidity, and cognition (14–16). Evidence on introducing
MNP in preschools and the impact on anemia and cognition
are limited (17, 18).

Both nutrition and early learning/responsive caregiving
interventions have been effective in promoting early childhood
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development (19), with meta-analyses showing larger effects
for caregiving than for nutrition (20–22). Recommendations
are to provide integrated interventions (both nutrition and
early learning/responsive caregiving) and to use a bioecological
framework that incorporates children’s nutritional status as
well as their caregiving environment, including the family and
preschool (23).

India’s prevalence of childhood anemia is among the highest
in the world, associated with poverty, food insecurity, and a
diet low in bioavailable iron and zinc (24). India has a long
history of providing integrated nutrition and child development
services through the government-sponsored Integrated Child
Development Services (ICDS) with preschools (Anganwadi
centers) throughout the country. Children attend from 09:00
to 14:00–16:00, participate in a structured teacher-delivered
curriculum, and receive a midday meal prepared by an aide.
Evaluations of ICDS preschools have shown beneficial effects
of improved quality (e.g., indoor/outdoor space and teacher–
student interactions) on academic performance (25, 26). This
double-masked trial delivers MNP compared with placebo meal
fortification in preschools and tests 2 hypotheses: 1) The impact
of MNP meal fortification on childhood development (primary
outcome) varies by preschool quality and 2) MNP meal fortifi-
cation positively impacts biomarkers of anemia/micronutrients
(secondary outcomes). We also measured children’s growth and
morbidity, but we did not hypothesize changes.

Methods
Study design
Project Grow Smart includes a home-based intervention for infants
and a preschool intervention for children aged 3–5 y (the focus
of this study). The preschool phase, conducted prior to the infant
phase, examined whether the impact of MNP meal fortification on
childhood development varied by preschool quality. The infant phase
examined whether the impact of parent-delivered MNP varied by home
visiting-delivered early childhood intervention. Both phases evaluated
biomarkers of anemia/micronutrients and measured children’s growth
and morbidity (24).

Preschools were randomly assigned to MNP or placebo powders
in a cluster-randomized, double-masked, controlled trial. Information
about protocol development, MNP/placebo formulation, formative
and pilot studies, and ethical approvals has been reported elsewhere
(27) (clinicaltrials.gov NCT01660958). We obtained ethical approval
from the Institutional Ethical Committee of the National Institute of
Nutrition (NIN) and the Institutional Review Board of the University
of Maryland School of Medicine.

The original study design was altered to adhere to the academic
term (September–May). After the 1-mo May break, many of the oldest
children transfer to private or primary schools. To avoid participant
loss, the preschool intervention, originally intended for 12 mo with
3 evaluation points, was shortened to 8 mo. We eliminated the
midline evaluation and conducted the endline assessments prior to May.
Enrollment was conducted from January through July 2012.

Sample size
We determined the sample size for the evaluation of the primary
outcome, childhood development, to examine whether the intervention
(MNP compared with placebo) varied by preschool quality (high
compared with Low quality) within a cluster-randomized controlled
trial (28). Assuming an average preschool size of 15 children, a
moderate effect size on childhood development (0.5 SD) using 2-
sided tests (α = 0.05, 80% power), with retention of 85%, intraclass
correlation (ICC) of 0.03, and repeated measures correlation of 0.4,
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requires a sample size of 76/group clustered in 22 preschools, or 304
children.

For the secondary outcomes (biomarkers of anemia and micronu-
trients), and growth and morbidity, we used a 2-cell design, pooling
data across high- and low-quality preschools. We conducted a posterior
power analysis (the effect size and power given the sample size) using
Stata SAMPSI for repeated measures. For Hb, correlation of repeated
measures is 0.7, yielding a sample size of 92/group. For growth,
correlation of repeated measures is 0.97, yielding a sample size of
107/group. For morbidity, based on the average incidence of acute
respiratory infections (ARIs) of 8.0 episodes/child-year (3.2 SD), a 20%
reduction in ARI incidence (α = 0.05, power 80%) requires a sample
size of 64/group. With a design effect of 1.5 and 15% attrition, the final
sample required for secondary outcomes is 107/group.

Site, preschool quality, and randomization
We selected a rural district in the state of Telangana because children’s
prevalence of anemia exceeded 70%; >50% of children consumed
<50% of recommended intake of many essential micronutrients (29,
30), and preschools were not receiving micronutrient supplements or
fortified foods. Eligibility criteria included enrollment of ≥15 chil-
dren/preschool and agreement to add fortification to the midday meal.

We evaluated 46 preschools located in 26 villages; 10 did not
meet eligibility criteria. Using a computer-generated randomization
procedure, the biostatistician selected 22 preschools; all agreed to
participate (Figure 1). The biostatistician used a second computer-
generated procedure to separate the 22 preschools into MNP and
placebo. Classifications were unknown by investigators, outcome
assessors, preschool staff, and parents.

For the analysis of childhood development, we considered preschool
quality. As previously reported (27), we combined 2 validated scales—
the Early Childhood Environment Rating Scale–Revised (31) and the
Home Observation for the Measurement of the Environment (HOME)
Inventory (32)—to construct an observational scale. The HOME
Inventory was modified to refer to teachers in preschools rather than
parents at home. The 109 items assessed structural aspects (e.g., indoor
and outdoor play space), learning opportunities (e.g., provision of
appropriate play and learning material), organization (e.g., organization
of environment), teacher–child interactions (e.g., teacher’s emotional
and verbal responsiveness and involvement with children’s activities),
and practices (e.g., opportunities for variety in daily stimulation). After
training and establishing ICCs >0.80, 2 psychologists spent 4 h in each
preschool and independently completed the observation. Scores were
summed and averaged.

The biostatistician used a median split to categorize preschools
into high compared with low quality. Preschool quality was nested
within MNP/placebo preschools. Classifications of quality were
unknown by investigators, outcome assessors, preschool staff, and
parents.

Recruitment
Research staff recruited parents of children aged 29–49 mo from
preschools. Exclusion criterion was intention to move from the area.
All families chose mothers as the primary respondent. Exclusion criteria
for children were chronic morbidity, severe anemia (Hb <7 g/dL),
and physical disabilities or developmental delays that interfered with
performance on standardized developmental assessments. We evaluated
336 mothers and children for eligibility: 1 refused, 9 left the preschool,
and 5 children with severe anemia were referred to a local hospital
for evaluation and treatment, leaving an enrollment sample of 321.
Mothers provided written informed consent for themselves and their
preschooler; provisions were made for mothers who could not read or
write.

MNPs and placebo masking
The MNP formulation was informed by WHO and Indian recommen-
dations regarding MNP and age-specific nutrient requirements (27). It
included 13 mg iron (encapsulated ferrous fumarate), 5 mg zinc, 20 μg
folic acid, 150 μg vitamin A, 20 mg vitamin C, 0.5 μg vitamin B-12, and

0.5 mg riboflavin. The placebo contained 0.5 mg riboflavin, which has
no known effects on the outcome measures. The manufacturer provided
initial stability testing, and NIN conducted ongoing stability testing.
Overages (5–30%) were added for each nutrient. The MNP/placebo was
supplied in identical packets of 200 g, including 2 measuring spoons of
1 and 5 g and a manufacturer-assigned alphabetic code to differentiate
MNP from placebo.

Intervention
Preschools operate 6 d/wk (excluding Sundays and holidays). ICDS
provides 300 g of cooked food/child for the midday meal—either
upma (broken wheat) or kichidi (rice and green gram dhal). Both
are cooked soft with oil and spices. To ensure complete consumption
of the MNP/placebo, we trained teachers and aides to measure and
mix the MNP/placebo in a small portion of food (100–125 g/child)
using spoons provided. Detailed instructions were printed on the
packet in the local language (Telugu). Training was complete when
workers correctly measured amounts of food and MNP/placebo for
5 groups of children. The fortified portion was served first (“first
bite”); on completion, children received the remaining unfortified
portion. Preschool workers recorded each child’s daily consumption
as 1 for ≥50% of the fortified portion consumed and as 0 for <50%
consumed. Adherence was calculated by attendance and average daily
consumption. Quality assurance was conducted by weekly monitoring
visits to review procedures, collect attendance and meal consumption
records, and supply fortification packets, ensuring that preschools had
a spare sealed packet.

Assessments
We conducted assessments at the preschool or at a local community cen-
ter; HOME Inventory was conducted at the family home. We conducted
baseline assessments following enrollment, prior to randomization and
initiation of the intervention. We conducted endline assessments 8 mo
after baseline. Standardized protocols and procedures are reported
elsewhere (27).

Childhood development
Childhood development refers to performance on an ordinal sequence
of age-related skills, including gross and fine motor development, com-
munication, problem-solving, memory, social–emotional development,
and impulse inhibition. Children are asked to perform a series of age-
standardized tasks. We included measures of inhibitory control (33) and
social–emotional behavior (34) based on findings linking iron status
to these outcomes (35, 36). Instructions were translated into Telugu.
Materials were altered to include local items, following adaptation
guidelines, and pretested during a pilot phase (27). For each test, high
scores are optimal.

Training
We trained 5 master’s-level psychologists to administer the assessments
during an 8-wk, 3-phase training period—consensus building, estab-
lishing ICCs >0.80, and quality control—as reported previously (27).
Pilot tests were conducted prior to baseline, with weekly supervision
and boosters throughout the trial.

Mullen scales
The Mullen Scales of Early Learning (MSEL) (37) measures skills in
5 areas: fine motor (drawing), gross motor (jumping), visual reception
(pegboard), receptive language (pointing to named pictures), and
expressive language (naming pictures) (37). MSEL is a well-validated,
individually administered test that covers birth to 68 mo, has excellent
psychometric properties, and has been used successfully in LMICs in
Asia, Africa, and Latin America (38–40). Raw scores were converted to
age-standardized T scores (mean ± SD = 50 ± 10).

Inhibitory control tests the ability to follow instructions by
inhibiting responses along two domains (size and color) as instructions
switch (33) (pick up small black pieces; pick up large white pieces).
The ability to inhibit a previous response is sensitive to iron deficiency
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FIGURE 1 CONSORT diagram—preschool phase. CONSORT, Consolidated Standards of Reporting Trials.

(35). Success/failure raw scores were recorded, summed, and adjusted
for mean-centered score.

Social–emotional behavior is measured by the Behavior Observation
Inventory of the Bayley Scales of Infant and Toddler Development,
Version III. Parents rate the typicality of their child’s everyday social–
emotional behaviors, such as following directions and getting along
with others. Raw scores were adjusted for mean-centered scores.

Biomarkers and inflammation
A trained phlebotomist collected 2 mL of nonfasting blood from the
ante cubital vein between 10:00 and 12:00 into heparinized vacutainers.
Blood was transported in thermally insulated boxes with ice to NIN;
plasma was separated and stored in aliquots at –20◦C. Procedures for
collection and analyses of blood samples have been reported previously
and are reviewed briefly below (41).
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Hemoglobin analysis was done in whole blood, on the same day of
blood collection, using a commercial kit (HemoCor-D; Coral Clinical
Systems). We used an in-house sandwich ELISA to measure serum
ferritin concentrations; details are provided elsewhere (41). Soluble
transferrin receptor (sTfR) was analyzed using a sandwich ELISA kit
with a minimum detectable dose of 0·5 nmol/L (R&D Systems) and C-
reactive protein (CRP) using a human CRP assay kit (Alpha Diagnostic)
with a minimum detectable limit of 10 ng/mL and assay range of
100–10,000 ng/mL. Folate and vitamin B-12 were analyzed using a
competitive protein-binding dual RIA kit (Siemens). Plasma zinc was
analyzed using atomic absorption spectrophotometry (AA7000 series;
Shimadzu) by using flame atomic absorption with fetal bovine serum
as external quality control. Definitions of anemia, iron deficiency, and
micronutrient deficiencies and explanations of cutoffs are reported
elsewhere (41). For correction of inflammation-related changes in serum
ferritin concentrations, a factor of 0.67 was used with a corresponding
CRP >5 mg/L (42).

Anthropometry
Weight and height of mothers and preschoolers and midupper arm
circumference (MUAC) for preschoolers were measured by 2 trained
anthropometrists, following a standardized protocol (27). Weight was
measured using a calibrated digital scale to 0.1 kg (Seca). Height was
measured using a portable stadiometer to 0.1 cm (Galaxy Scientific).
Height was measured twice and repeated until 2 measurements agreed
within 0.2 cm. MUAC was measured using nonstretchable measuring
tape precise to 0.2 cm. Weight-for-age, BMI-for-age, height-for-age,
and MUAC were converted to z scores (WAZ, BAZ, HAZ, and
MUACZ, respectively) using WHO standards. Underweight, wasting,
and stunting were defined as <–2 WAZ, BAZ, and HAZ, respectively.

Morbidity
The morbidity questionnaire, based on the Demographic and Health
Survey, was administered at baseline and monthly for 8 mo through
household surveillance. Mothers recalled symptoms of fever, vomiting,
diarrhea, and cough with short, rapid breaths or difficulty breathing
during the past 15 d. A study physician was consulted when necessary.
Diarrhea episodes and ARI episodes were calculated. There were no
adverse events.

Control variables

Demographic characteristics.
Mothers provided information on family characteristics, including
household composition, maternal and paternal age, years of schooling,
occupation(s), and marital status. Questions were adapted from
UNICEF’s Multiple Indicator Cluster Surveys and prior questionnaires
administered in this population (30). Mothers reported the number of
years of schooling completed; classified as no schooling, primary (grades
1–5), or secondary (beyond grade 5).

Home Inventory.
The HOME Inventory is an observation of the home environment
quality (32). We used the Early Childhood version of the HOME scale,
modified for India (43), revised by removing or modifying items that
were not culturally appropriate, and translating instructions to Telugu.
Scores were summed; high scores indicate higher quality.

Household assets.
Economic resources were defined by a systematic, India-developed
questionnaire on family ownership of household assets (44). Scores,
weighted by the relative significance of ownership, ranged from –0.2
to 8.3; high scores indicate more assets.

Household food insecurity.
The Household Food Insecurity Access Scale (45) is a 9-item universal
measure of household food insecurity, defined by endorsement of
>1 item. The scale has been used globally and in India, and it is
associated with poverty and low parental education (45).

Statistical analysis
For the primary outcome, childhood development, we conducted an
intent-to-treat analysis using linear mixed-effects regression models
with random preschool and subject intercepts accounting for the
clustered design and baseline scores. We used 3-way (endline ×
intervention × quality) and 2-way (endline × intervention and endline
× quality) interaction terms to test for endline differences; results were
stratified by quality (high compared with low). Because residuals did not
depart from normality, no continuous outcomes were transformed. We
calculated effect sizes using Cohen’s d, difference in change scores from
baseline to endline comparing intervention groups, with 0.20, 0.50, and
0.80 interpreted as small, medium, and large, respectively (46).

For the analyses on biomarkers and growth, we conducted an intent-
to-treat analysis using linear mixed-effects regression models with
random preschool and subject intercepts accounting for the clustered
design, adjusting for baseline. We used chi-square tests (or Fisher’s
exact test, where appropriate) to compare the prevalence of anemia
and micronutrient deficiencies between MNP and placebo or between
baseline and endline. To analyze morbidity, we fitted generalized linear
mixed-effects models. Analyses were conducted using SPSS version 19.0
and SAS version 9.3 (SAS Institute), with significance at P < 0.05.

Results
The sample included 321 children from 22 preschools. There
were no significant baseline differences in family socioeconomic
status, number of household members, household food security,
HOME Inventory scores, maternal age, education, or marital
status, nor were there significant differences in child age, gender,
micronutrient status, or anthropometric measures based on
preschool quality or intervention group (Table 1).

The mean ± SD age of mothers was 25.0 ± 3.3 y,
and 99% were married. Most mothers (73%) had attended
formal schooling. Mean ± SD maternal BMI (in kg/m2) was
22.2 ± 4.4; 43% had BMI <18.5. Mean ± SD preschooler
age was 36.6 ± 5.7 mo; 47.6% were boys. Anemia prevalence
was 47.8%; 41.1% were stunted, 46.1% underweight, and
20.0% wasted. At endline, 293/321 children (91%) were
retained (Figure 1), with no retention differences by baseline
characteristics, preschool quality, or intervention group (data
not shown).

Adherence

Fortified meals were offered for 8 mo (184 d). Preschool
attendance ranged from 20 to 178 d and did not vary
significantly by preschool quality or intervention group. High-
quality and low-quality centers had mean ± SD attendance of
140.7 ± 6.9 and 134.6 ± 6.9 d, respectively. MNP/placebo
groups had mean ± SD attendance of 139.2 ± 6.9 and
136.2 ± 7.0 d, respectively.

Consumption did not vary by preschool quality or
intervention group. High-quality and low-quality centers
had mean ± SD daily consumption of 140.2 ± 7.0 and
131.9 ± 7.0 d, respectively. Consumption of the fortified meal
on attendance days did not vary between MNP (mean ± SD:
137.1 ± 7.0 d) and placebo (mean ± SD: 135.0 ± 7.0 d).

Child development

At baseline, children in high-quality preschools had higher mean
scores compared with children in low-quality preschools in
expressive language (mean ± SE: 40.6 ± 1.1 compared with
37.4 ± 1.1, respectively; P = 0.02) and receptive language
(mean ± SE: 43.3 ± 0.8 compared with 41.2 ± 0.8, respectively;
P = 0.03), with no difference in other MSEL scales, inhibitory
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TABLE 1 Baseline household, mother, and child characteristics by intervention group and preschool quality among children attending
22 preschools (n = 321)1

MNP preschools Placebo preschools

High quality
(n = 93)

Low quality
(n = 77)

High quality
(n = 65)

Low quality
(n = 86)

MNP group
difference2

Quality group
difference3

Household
Food insecurity, n (%) 13 (14.0) 14 (18.2) 13 (20.0) 7 (8.1) 0.40 0.21
Household assets, n 3.0 ± 0.2 3.1 ± 0.2 3.2 ± 0.2 2.9 ± 0.2 0.83 0.71
HOME Inventory score 25.5 ± 1.2 23.4 ± 1.3 26.3 ± 1.4 26.1 ± 1.3 0.20 0.39

Mother
Age, y 24.6 ± 0.3 25.2 ± 0.4 25.6 ± 0.4 24.7 ± 0.4 0.51 0.71
Married, n (%) 91 (97.8) 76 (98.7) 65 (100) 86 (100) 0.10 0.55
BMI, kg/m2 20.0 ± 4.1 20.4 ± 4.6 20.6 ± 4.9 19.5 ± 3.1 0.66 0.51
No schooling, n (%) 29 (31.2) 20 (26.0) 15 (23.1) 24 (28.2) 0.54 0.98

Child
Age, mo 37.4 ± 5.1 37.5 ± 5.6 36.9 ± 4.0 36.3 ± 4.6 0.38 0.67
Male sex, n (%) 40 (43.0) 39 (50.6) 34 (52.3) 42 (48.8) 0.44 0.76
WAZ –1.9 ± 0.1 –1.9 ± 0.1 –1.9 ± 0.1 –2.1 ± 0.1 0.37 0.20
HAZ –1.6 ± 0.1 –1.8 ± 0.1 − 1.9 ± 0.1 –1.9 ± 0.1 0.25 0.52
BAZ –1.2 ± 0.1 –1.1 ± 0.1 –1.0 ± 0.1 –1.3 ± 0.1 0.91 0.23
MUACZ –1.2 ± 0.1 –1.3 ± 0.1 –1.2 ± 0.1 –1.4 ± 0.1 0.93 0.31
Stunted, n (%) 36 (38.7) 31 (40.8) 28 (43.1) 35 (40.7) 0.73 0.98
Underweight, n (%) 39 (41.9) 32 (42.1) 31 (47.7) 46 (53.5) 0.11 0.58
Wasted, n (%) 19 (20.4) 15 (19.7) 11 (16.9) 19 (22.1) 0.95 0.65

1Characteristic values are means ± SDs unless otherwise indicated. BAZ, BMI-for-age z score; HAZ, height-for-age z score; HOME, Home Observation for the Measurement of
the Environment Inventory; MNP, multiple micronutrient powder; MUACZ, midupper arm circumference z score; WAZ, weight-for-age z score.
2Statistical difference (P value) in characteristic between MNP and placebo group.
3Statistical difference (P value) in characteristic between high and low preschool quality.

control or social–emotional behavior, or by intervention group.
The pattern of changes from baseline to endline differed by
fortification group (MNP compared with placebo), as illustrated
by significant 2- and 3-way interactions between fortification
group and preschool quality (Table 2).

In low-quality preschools, there were significant differences
in expressive language, inhibitory control, and social–emotional
scores. In expressive language, the MNP group had significantly
higher endline scores than the placebo group (P = 0.003).
In inhibitory control, both the MNP and placebo groups had
significantly higher scores from baseline to endline (P = 0.0001
and P = 0.05, respectively); at endline, the MNP group
scores were significantly higher than the placebo group scores
(P = 0.02). In social–emotional behavior, scores declined slightly
in the MNP and placebo groups, with significantly higher
endline scores in the MNP group compared with the placebo
group (P = 0.03). Figure 2 illustrates that by endline, MNP
scores in expressive language in low-quality schools (Figure 2B)
improved significantly and approximated scores in high-quality
preschools (Figure 2A).

In the high-quality preschools, there were no significant
endline differences in any area. Scores in inhibitory control
improved from baseline to endline in both the MNP and
placebo groups, with no differences at endline. Across both
high- and low-quality preschools, there were significant declines
in receptive language across both the MNP and placebo groups
from baseline to endline, with no endline differences.

Anemia, iron deficiency, and micronutrients

At baseline, there were no significant differences in Hb,
micronutrient biomarkers, and CRP concentrations across
intervention groups (Table 3). There were no significant
differences based on biomarkers of iron (Figure 3), folic acid

(4.8% MNP and 3.4% placebo), vitamin B-12 (4.7% MNP and
5.1% placebo), zinc (7.2% MNP and 14.5% placebo), or in
CRP >5 mg/L (9.6% MNP and 11.4% placebo).

Both the MNP and placebo groups had significantly higher
Hb values at endline than at baseline, with MNP group values
significantly higher than placebo (P < 0.0001; effect size:
d = 0.6) (Table 3). The MNP group had significantly higher
values than the placebo group in ferritin (P = 0.0004; d = 0.3)
and significantly lower values in sTfR (P < 0.0001; d = 0.6)
and the sTfR/log ferritin index (P < 0.0001; d = 0). Both groups
had significantly higher folate values compared to baseline, with
a trend toward higher value in MNP compared to placebo and
no significant differences in vitamin B-12, zinc status, or CRP
(Table 3). The significant reductions in the prevalence of low
ferritin and elevated sTfR and sTfR/log ferritin index in the
MNP group resulted in a significant reduction in iron deficiency
(73.0% to 32.4%) in the MNP group compared to the placebo
group (77.8% to 76.6%) (Figure 3).

There were significant changes in the prevalence and
distribution of anemia severity. At endline, among MNP group
children with anemia (10.1%), the majority (8.1%) had mild
anemia. Among placebo group children with anemia (35.5%),
the majority (19.2%) had moderate anemia (Figure 4). The
baseline prevalence of IDA across the total sample (42.1%)
declined to 4.8% in the MNP group and 34.3% in the placebo
group.

Growth and morbidity

There were no differences in growth indicators (WAZ, BAZ,
HAZ, or MUACZ) by intervention group at baseline (Table 1)
or endline (Table 4). Morbidity indicators did not differ at
baseline. At endline, prevalence of ARI did not differ by
intervention group Table 5; the placebo group had a significant
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FIGURE 2 Change in expressive language score in preschoolers from high-quality (A) and low-quality (B) preschools administered MNP or
placebo from baseline to endline (8 mo). In A, MNP = 93 and 84 and placebo = 65 and 59 at baseline and endline, respectively. In B, MNP = 77
and 67 and placebo = 86 and 83 at baseline and endline, respectively. Lines are adjusted means of expressive language score from linear
mixed-effect regression models. MNP, multiple micronutrient powder.

increase in ARI over time. The prevalence of diarrhea decreased
in both intervention groups, with a significant reduction in
the placebo group and no difference between intervention
groups.

Discussion

There were 2 major findings from this cluster-randomized
controlled trial among preschoolers in rural Indian villages.

2036 Black et al.



TABLE 3 MNP compared with placebo mean differences on measures of hemoglobin, biomarkers of micronutrient status, and CRP
in preschoolers from baseline to endline1

MNP vs. placebo2
Time effect
(P values)

Endline × MNPn MNP Placebo P4

Effect size
(95% CI)5

Hemoglobin, g/dL BL 316 10.9 ± 0.1 10.9 ± 0.1 0.85
EL 289 12.1 ± 0.1 11.2 ± 0.1 <0.0001 <0.0001
�3 1.2 ± 0.1∗∗∗∗ 0.3 ± 0.1∗∗ <0.0001 0.6 (0.4, 0.8)

Ferritin, μg/L BL 314 19.5 ± 1.3 15.8 ± 1.4 0.06
EL 288 24.6 ± 1.4 14.3 ± 1.5 <0.0001 0.0004
� 5.1 ± 1.3∗∗∗ –1.5 ± 1.3 0.0004 0.3 (0.1, 0.6)

sTfR, mg/L BL 299 3.3 ± 0.1 3.4 ± 0.1 0.38
EL 287 2.3 ± 0.1 3.3 ± 0.1 <0.0001 <0.0001
� –1.0 ± 0.1∗∗∗∗ –0.1 ± 0.1∗ <0.0001 0.6 (0.4, 0.7)

sTfR/log ferritin index, mg/μg BL 299 3.4 ± 0.2 3.5 ± 0.2 0.66
EL 287 1.8 ± 0.2 3.3 ± 0.2 <0.0001 <0.0001
� –1.6 ± 0.1∗∗∗∗ –0.2 ± 0.1 <0.0001 0.7 (0.5, 0.9)

Folate, nmol/L BL 314 5.4 ± 0.2 5.1 ± 0.2 0.19
EL 287 7.0 ± 0.2 6.1 ± 0.2 0.002 0.09
� 1.6 ± 0.2∗∗∗∗ 1.0 ± 0.2∗∗∗∗ 0.09 0.3 (0.0, 0.5)

Vitamin B-12, pmol/L BL 314 448.6 ± 18.8 411.1 ± 19.8 0.17
EL 287 492.6 ± 19.8 443.1 ± 20.3 0.08 0.72
� 44.0 ± 22.9 32.0 ± 23.6 0.72 0.0 (–0.4, 0.2)

Zinc, μmol/L BL 307 14.3 ± 0.6 13.4 ± 0.7 0.35
EL 289 14.3 ± 0.6 13.9 ± 0.7 0.68 0.35
� 0.0 ± 0.3 0.5 ± 0.4 0.35 –0.1 (–0.4, 0.2)

CRP, mg/L BL 303 1.9 ± 0.2 1.8 ± 0.2 0.83
EL 287 1.2 ± 0.2 1.1 ± 0.2 0.88 0.96
� –0.7 ± 0.3∗ –0.7 ± 0.3∗ 0.96 0.0 (–0.3, 0.3)

1Values are means ± SEs unless otherwise indicated. Linear mixed-effects regression models with random preschool and subject intercepts fitted for each outcome.
∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001. BL, baseline; CRP, C-reactive protein; EL, endline; MNP, multiple micronutrient powder; sTfR, soluble transferrin receptor.
2No evidence of differing MNP compared with placebo effects on biochemical values by preschool quality; pooled analysis results presented.
3Within-intervention group change from baseline.
4P value for MNP compared with placebo difference in baseline mean, endline mean, and change from baseline.
5Cohen’s d for the difference in change scores from baseline to endline comparing MNP with placebo. Conventions: small = 0.2, medium = 0.5, large = 0.8 (38).

First, as hypothesized, the impact of MNP meal fortification
on childhood development varied by preschool quality. MNP
fortification had a positive effect on expressive language and, to
a lesser extent, inhibitory control and social–emotional devel-
opment in low-quality preschools. In high-quality preschools,
the MNP intervention did not impact childhood development.
Second, MNP meal fortification reduced the prevalence of
anemia and iron deficiency, but it did not alter concentrations
of other micronutrients, growth, or morbidity.

Child development and preschool quality

At baseline, children’s language scores varied by preschool
quality, with higher scores in better quality preschools.
These findings illustrate the variability in ICDS preschools
demonstrated previously (25, 26). In addition, the findings
are consistent with the beneficial effects of high-quality
preschool attendance demonstrated in other LMICs (47) and
in high-income countries, particularly in language development
(48, 49).

The beneficial effects of MNP fortification among children in
low-quality preschools illustrate the distinctions that are often
seen in childhood development interventions (50). Children
at greatest risk often experience greatest benefit. The MNP
may have enabled children in low-quality schools to maximize
existing opportunities, resulting in scores in expressive language

and inhibitory control that approximated scores in high-quality
preschools.

The disparity reduction is striking. After the 8-mo in-
tervention, disparities in expressive language associated with
preschool quality were eliminated or reduced, largely due to
improvements among the MNP group children in low-quality
schools. Language learning is a complex process that occurs
during sensitive periods in a social context (51). Children’s
language skills can be compromised by exposure to low socioe-
conomic contexts, but they can also be responsive to enriched
environmental opportunities (51). Preschool language skills
map onto school-age academic performance (52). Although
the mechanisms underlying the association remain unclear,
advancing language skills may promote learning through
ongoing exploration and interactions.

Preschool executive functioning skills, such as inhibitory
control, are sensitive to iron deficiency (35), consistent with
our finding of advances in inhibitory control among the MNP
groups in both low- and high-quality preschools. Executive
functioning is also enhanced by play and has been incorporated
into preschool activities (53, 54). Further investigation is
warranted to determine if the increase in inhibitory control
scores observed among the placebo group in the high-quality
preschools is related to the opportunities for play and the
preschool curriculum.
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FIGURE 3 Prevalence of anemia, ferritin deficiency (<12 μg/L), sTfR deficiency (>2.5 mg/L), STfR/log ferritin deficiency (≥1.9 mg/μg), and
iron deficiency (low ferritin and/or high sTfR regardless of anemia status) at baseline and endline in preschoolers who received MNP or placebo.
Prevalence of anemia (means ± SEs): MNP = 46.7 ± 7.6% (n = 167) and 10.1 ± 4.9% (n = 148), placebo = 49.0 ± 8.0% (n = 149) and
35.5 ± 7.9% (n = 141) at baseline and endline, respectively. Prevalence of ferritin deficiency (means ± SEs): MNP = 43.1 ± 7.5% (n = 166)
and 9.5 ± 4.8% (n = 147), placebo = 47.6 ± 8.1% (n = 148) and 50.3 ± 8.3% (n = 141) at baseline and endline, respectively. Prevalence of
sTfR deficiency (means ± SEs): MNP = 67.3 ± 7.4% (n = 153) and 24.0 ± 6.9% (n = 147), placebo = 66.4 ± 7.7% (n = 146) and 65.3 ± 7.9%
(n = 141) at baseline and endline, respectively. Prevalence of sTfR/log ferritin deficiency (means ± SEs): MNP = 62.9 ± 7.1% (n = 153) and
25.7 ± 7.4% (n = 147), placebo = 71.8 ± 7.2% (n = 146) and 73.8 ± 7.3% (n = 141) at baseline and endline, respectively. Prevalence of iron
deficiency (means ± SEs): MNP = 73.0 ± 6.8% (n = 166) and 32.4 ± 7.5% (n = 148), placebo = 77.8 ± 6.7% (n = 148) and 76.6 ± 7.0% (n = 141)
at baseline and endline, respectively. Chi-square test was used to compare prevalence at baseline and endline; statistically significant P values
are shown. MNP, multiple micronutrient powder; sTfR, soluble transferrin receptor.

Social-emotional development is also sensitive to iron
deficiency (7, 8), consistent with the finding that in low-
quality preschools, the MNP group had higher scores than
the placebo group. The decline in social–emotional devel-
opment and other domains (e.g., receptive language) during
the 8-mo period in both high- and low-quality preschools
is not uncommon among young children in low-income
settings (55) and has been associated with a history of iron
deficiency (36). Poverty negatively impacts children’s brain
development and functioning, particularly in the preschool
years when children are expected to acquire increasingly
complex language and problem-solving skills (56). In addition,
preschools in low-income communities may lack resources
and personnel to provide stimulating and engaging activities
that enhance children’s development. Additional research is
warranted to identify strategies to prevent the declines in
developmental scores that occurred among preschool-age
children.

The impact of the MNP intervention on preschoolers’
expressive language, inhibitory control, and social–emotional
development was positive but modest. Evidence from the
bioecological framework has shown that advances in child
development require nurturing care, including responsive care,
learning opportunities, and security and safety, in addition
to adequate health and nutrition (23). Thus, intervention
trials that incorporate nutrition, along with responsive care
and learning, may have a higher likelihood of impact-
ing childhood development compared with single-component
trials.

Reduction in anemia and iron deficiency

The reduction of anemia from 46.7% to 10.1% and the corre-
sponding reduction in iron deficiency from an 8-mo preschool-
based delivery of MNP represent major improvements in
preschool children’s health. Studies conducted in India and
elsewhere with high rates of anemia have shown improvements
in Hb and ferritin (3, 57) when MNP containing iron and
other micronutrients are provided. The effects of the MNP
were direct (measured through biomarkers), illustrating that
the children received the MNP through the preschool delivery
mechanism.

The remarkable reduction in anemia in children with IDA (at
endline, 51% of the children with IDA had Hb within normal
levels) may be attributed to the strong absorption and utilization
of iron that occurs in deficient conditions and to cofactors
needed for Hb formation and absorption in the MNP formu-
lation. Reductions in anemia and iron deficiency reduce risks
throughout life, including not completing secondary school and
negative feelings of dissociation/detachment described among
young adults from Chile with an early history of chronic iron
deficiency (58). Thus, reduction of rates of anemia and iron
deficiency could lead to substantial enhancements in adult social
and economic capital.

Micronutrients, growth, and morbidity

The absence of significant differences in the prevalence of
inadequacies in folate, zinc, and vitamin B-12 possibly stems
from low prevalence of deficiencies at baseline, consistent with
recent findings from the Comprehensive National Nutrition
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FIGURE 4 Proportion of preschoolers without anemia (Hb >110 g/L), with mild anemia (Hb = 100–110 g/L), with moderate anemia (Hb = 70–
100 g/L), and with severe anemia (Hb <70 g/L) in MNP and placebo groups at baseline and endline separately. At baseline (means ± SEs),
53.3 ± 3.9% (n = 167) and 51.0 ± 4.1% (n = 148) did not have anemia, 21.6 ± 3.2% (n = 167) and 26.2 ± 3.6% (n = 148) had mild anemia,
and 25.1 ± 3.3% (n = 167) and 22.8 ± 3.4% (n = 148) had moderate anemia in MNP and placebo, respectively; there were no preschoolers
with severe anemia. At endline, 89.9 ± 4.8% (n = 148) and 64.5 ± 7.9% (n = 141) did not have anemia, 8.1 ± 4.4% (n = 148) and 15.6 ± 6.0%
(n = 141) had mild anemia, 2.0 ± 2.3% (n = 148) and 19.2 ± 6.5% (n = 141) had moderate anemia, and 0 ± 0% (n = 148) and 0.7 ± 1.4%
(n = 141) had severe anemia in MNP and placebo, respectively. Fisher’s exact test was used to compare anemia severity in MNP and placebo
groups at baseline and endline separately. Significant P value at endline is shown. Hb, hemoglobin; MNP, multiple micronutrient powder.

Survey (59). MNP fortification did not impact children’s
growth, consistent with prior reports of variable growth effects
(14–16). The significant z score declines in children’s height,
weight, and upper arm circumference across groups illustrate
the ongoing threats to children’s growth in the community.
The significant changes in inflammation (reduction in CRP)
across groups may suggest improved hygienic practices either
in preschools or among older children. The trial did not

demonstrate differential effects of MNP compared with placebo
on morbidity.

The second 1000 d and scaling

The optimal timing for micronutrient supplementation or forti-
fication has been a critical public health concern with a primary
focus on the first 1000 d (2). Findings from this investigation
highlight the importance of including preschoolers (the second

TABLE 4 MNP compared with placebo mean differences on measures of standardized anthropometric growth in preschoolers from
baseline to endline1

MNP vs. placebo2

n MNP Placebo P4 Effect size (95% CI)5 Endline × MNP6

HAZ BL 321 –1.7 ± 0.1 –1.9 ± 0.1 0.27
EL 293 –1.5 ± 0.1 –1.7 ± 0.1 0.15 0.22
�3 0.2 ± 0.02∗∗∗∗ 0.1 ± 0.02∗∗∗∗ 0.22 0.14 (–0.02, 0.3)

WAZ BL 321 –1.9 ± 0.1 –2.0 ± 0.1 0.34
EL 293 –1.7 ± 0.1 –1.9 ± 0.1 0.13 0.13
� 0.2 ± 0.03∗∗∗∗ 0.1 ± 0.03∗∗∗ 0.13 0.12 (–0.04, 0.3)

BAZ BL 321 –1.2 ± 0.1 –1.1 ± 0.1 0.96
EL 293 –1.1 ± 0.1 –1.1 ± 0.1 0.72 0.42
� 0.1 ± 0.04 0.02 ± 0.04 0.42 0.02 (–0.1, 0.2)

MUACZ BL 321 –1.2 ± 0.1 –1.3 ± 0.1 0.84
EL 293 –1.0 ± 0.1 –1.1 ± 0.1 0.65 0.62
� 0.2 ± 0.0∗∗∗∗ 0.2 ± 0.0∗∗∗∗ 0.62 0.03 (–0.1, 0.2)

1Values are means ± SEs unless otherwise indicated. Linear mixed-effects regression models with random preschool and subject intercepts fitted for each outcome.
∗∗∗P < 0.001, ∗∗∗∗P < 0.0001. BAZ, BMI-for-age z score; BL, baseline; EL, endline; HAZ, height-for-age z score; MNP, multiple micronutrient powder; MUACZ, midupper arm
circumference z score; WAZ, weight-for-age z score.
2No evidence of differing MNP compared with placebo effects on biochemical values by preschool quality; pooled analysis results presented.
3Within-intervention group change from baseline.
4P value for MNP compared with placebo difference in baseline mean, endline mean, and change from baseline.
5Cohen’s d for the difference in change scores from baseline to endline comparing MNP with placebo. Conventions: small = 0.2, medium = 0.5, large = 0.8 (38).
6Time/MNP interaction effect on standardized measures of anthropometric growth.
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TABLE 5 Effects of MNP compared with placebo fortification on morbidity measures in
preschoolers over time1,2

Time (T1 vs. T0) OR (95% CI) P3

Acute respiratory infection, episodes MNP 1.58 (0.7, 3.6) 0.27
Placebo 1.15 (1.01, 1.3) 0.03
MNP vs. placebo 1.38 (0.7, 2.9) 0.39
Time × MNP — 0.944

Diarrhea, incidents MNP 0.82 (0.4, 1.7) 0.61
Placebo 0.78 (0.7, 0.9) 0.003
MNP vs. placebo 1.05 (0.5, 2.1) 0.89
Time × MNP — 0.074

1Generalized linear mixed-effects regression models with random preschool and subject intercepts fitted for each outcome; Time in
months is treated as continuous. MNP, multiple micronutrient powder.
2Recall by month over 15 d.
3P value for OR �= 1.00.
4P value for time–MNP interaction effect.

1000 d). Preschoolers have transitioned to the family diet,
feed themselves, and frequently play and explore independently,
potentially increasing their exposure to infections. The brain
continues to develop rapidly and plasticity is high, providing
an extended period of both vulnerability and opportunity
(60). Childhood disadvantages, such as anemia, micronutrient
deficiencies, and lack of access to early learning and responsive
caregiving, increase the risk for lifelong disparities in growth,
health, academic performance, and earning capacity (61).
Interventions that overcome disadvantages prior to age 5 y are
“powerful equalizers” (19, 62) because they promote the neural
connections that form the basis for subsequent health and
development, thereby reducing risks of long-term disparities
(63).

Delivery platforms are a major concern in nutritional
interventions. This trial demonstrates the programmatic and
health advantages of providing MNP within preschools, where
delivery protocols can be managed and monitored. The midday
meal provided in the Indian ICDS system facilitated the addition
of MNP fortification. Consumption of the initial fortified
portion (first bite) was nearly universal, ensuring that children
received the food with the added MNP.

This trial emphasizes the potential for scaling an integrated
intervention into preschools. Findings are consistent with a
recent Cochrane review of food supplementation trials that
found that children receive 85% of the energy provided when
food is given in child care settings and only 35% when it is given
at home (64).

Methodological considerations

There are 3 methodological considerations. First, the trial was
conducted within a government-sponsored program, the ICDS.
The intervention was shortened to 8 mo to correspond with the
academic year. Second, the sample size, although calculated to
detect a moderate effect, is relatively small, limiting our power
to detect small differences in childhood development. Third,
the distinction of high-quality compared with low-quality
preschools is relative and sample defined, but it illustrates the
importance of preschool quality relative to young children’s
development and the importance of considering context when
evaluating interventions. Improvements in child development
are most likely to occur when interventions include attention to
the caregiving environment, including early learning/responsive
caregiving as recommended by the nurturing care framework
(23) and incorporated into the All Children Surviving and
Thriving Framework (65). Additional research is needed to

link micronutrients and preschool quality, including activities
to promote executive functioning.

Conclusions

In this sample, the prevalence of underweight, stunting, and
anemia exceeded 40%, consistent with other reports from
India (22, 59) and indicating the enormity of nutritional
and micronutrient deficiencies among preschoolers in LMICs.
The preschool-based meal fortification and examination of
preschool quality illustrate the power of utilizing a bioeco-
logical framework to evaluate the impact of a nutritional
intervention on childhood development (23). Implications from
the trial inform the timing, platform, and context of point-
of-use micronutrient fortification among young children: 1)
Micronutrient intervention during the second 1000 d reduces
disparities by improving expressive language and reducing
anemia and iron deficiency; 2) adding preschool-delivered
micronutrients to “first bites” of the midday meal is feasible
with high adherence and benefits to young children; and 3)
the impact of micronutrient interventions varies by context,
with greater impact among children in low-quality preschools.
Enhancing preschool quality and ensuring nutritional adequacy,
along with incorporating other aspects of nurturing care (e.g.,
responsive care and learning), may reduce disparities, advance
child development, and promote equity among preschoolers.
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