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Abstract

In Nepal, antenatal iron-folic acid supplementation improved aspects of intellectual, executive, and fine motor function among
school-age children. We examined the impact of added zinc to the maternal antenatal supplement (M-IFAZn) and preschool
supplementation from 12 to 36 mo with iron-folic acid (C-IFA) = zinc (C-IFAZn) on cognitive outcomes compared to maternal
iron-folic acid (M-IFA) alone. Children 7-9y old (n = 780) who participated in early childhood micronutrient supplementation trial
during 2001-2004 and whose mothers participated in an antenatal micronutrient supplementation between 1999 and 2001
were followed for cognitive assessments in 2007-2009. Using multivariate analysis of variance and adjusting for confounders,
M-IFA with child supplementation (either C-IFA or C-IFAZn) did not impact scores on the tests of general intelligence (Universal
Nonverbal Intelligence Test), and executive function (Stroop and go/no go tests) relative to the M-IFA alone. However, children
in the C-IFAZn group had slightly lower scores on the backward digit span (—0.29, 95% Cl: —0.55, —0.04) and Movement
Assessment Battery for Children (1.33, 95% Cl: 0.26, 2.40) relative to the referent group, whereas both C-IFA (=1.92, 95% Cl:
—3.12, —0.71) and C-IFAZn (—=1.78, 95% Cl: —2.63, —0.92) produced somewhat lower finger tapping test scores (fine motor
skills). The combination of M-IFAZn and C-IFA or C-IFAZn did not lead to any outcome differences relative to M-IFA alone.
Preschool iron-folic acid = zinc to children exposed to iron-folic acid in utero or addition of zinc to maternal iron-folic acid
conferred no additional benefit to cognitive outcomes assessed in early school age. The late timing of supplementation during

preschool may explain the lack of impact of iron and/or zinc.

J. Nutr. 141: 2042-2048, 2011.

Introduction

More than 200 million young children globally fail to achieve their
developmental potential, attributed in part to inadequate nutrition
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(1). Iron deficiency has been shown to affect cognitive and motor
development in the critical prenatal and early childhood periods
(2) by altering interactive morphological, neurochemical, and
bioenergetic processes such as oligodendrocyte wrapping for
myelination, monoamine synthesis in the striatum influencing
dopamine metabolism, and neuronal and glial energy metabolism
in the hippocampus (3). Similarly, zinc deficiency may deter
development by affecting activity in >200 enzymes related to
RNA and DNA synthesis, NMDA® receptor regulation in the
hippocampus, and other structural and functional mechanisms in
the brain (4,5).

Although variations in timing, duration, severity of iron
deficiency, and mediating factors hinder confirmed causation
(6), evidence from animal, case-control, and longitudinal studies
almost uniformly identify associations between iron deficiency

9 Abbreviations used: C-IFA, child iron-folic acid; C-IFAZn, child iron-folic acid-zinc
supplement; HOME, the Middle Childhood Home Observation for the
Measurement of the Environment; MABC, Movement Assessment Battery for
Children; M-IFA, maternal iron-folic acid; M-IFAZn, maternal iron-folic acid-zinc
supplement; NMDA, N-methyl D-aspartate PL, placebo; UNIT, Universal
Nonverbal Intelligence Test.
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and lower mental and motor development scores as well as more
behavioral problems than in nondeficient children < 2 y and
suggest that detriments persist throughout childhood (7-10) and
even adulthood (11). Randomized controlled trials have found
inconclusive evidence of iron on child cognitive function. Of 7
published, randomized, supplementation trials of iron among <
3y olds, 3 found no effects on cognitive performance (12-14).
The 4 that found cognitive outcomes associated with supple-
mentation show effects on varying aspects of children’s behavior
and function (15-18). For example, in a recent trial in Zanzibar,
children who received iron for 1 y had better language ac-
quisition scores as assessed by parental report (18), whereas
Lozoff et al. (15) found beneficial effects of iron on visual
perceptual skills. A 2009 meta-analysis concluded that preven-
tive zinc did not affect children’s mental and psychomotor
development (19), yet the results are inconsistent derived from a
small number of trials of short supplementation duration.
Results from Chile (20), Indonesia (21), Bangladesh (22), and
India (23) indicate no global motor benefits, but several high-
risk groups such as low-birth weight infants and stunted toddlers
showed signs of increased motor activity with zinc supplemen-
tation and some motor quality indicators improved (19,24). In
one study in Bangladesh, infants who received zinc had poorer
mental development scores (25). Our group also showed that
supplementation with iron-folic acid, zinc, or their combination
was not associated with younger age at walking unassisted in a
deficient, rural, Nepali population (26). Black et al. (21) found
that combined supplementation with iron-folic acid and zinc
protected infants from psychomotor development declines
experienced within a placebo group, whereas Lind et al. (22)
found no effects from iron-folic acid and zinc.

Few studies have examined, in a prospective or retrospective
fashion, the impact of iron intervention in utero alone or in com-
bination with postnatal interventions. Recently, we conducted a
prospective study in 2007-2009 to assess developmental out-
comes of children whose mothers received IFA or IFAZn and
multiple micronutrients and who were themselves supplemented
with IFA or IFAZn from 12-36 mo of age as part of 2 controlled,
cluster-randomized, double-masked trials in rural Nepal. We
already showed that antenatal maternal iron-folic acid (but not
other combinations of micronutrients) improved working mem-
ory, inhibitory control, and motor functioning of offspring at 7-9
y of age (27). In the present analysis, we examined whether
the addition of zinc to antenatal iron-folic acid or subsequent
supplementation during preschool with iron-folic acid with or
without zinc confers an added benefit for cognitive outcomes
beyond that already seen with antenatal iron-folic acid.

Participants and Methods

Study design. In Sarlahi, Nepal, 7- to 9-y-old children from 30 Village
Development Committees who had participated in 2 micronutrient
supplementation trials indirectly in utero via antenatal supplementation
and as 12- to 36-mo-old preschoolers were prospectively followed from
June 2007 to April 2009 for assessment of developmental outcomes.
Exposure to in utero supplementation was part of a maternal double-
masked, cluster-randomized, controlled, antenatal supplementation trial
conducted from 1999 to 2001 in which pregnant women received daily
folic acid (400 ug), folic acid-iron (60 mg), folic acid-iron-zinc (30 mg),
or folic acid-iron-zinc and cholecalciferol (10 ug), tocopherol (10 mg),
thiamine (1.6 mg), riboflavin (1.8 mg), niacin (20 mg), pyridoxine (2.2
mg), vitamin B-12 (2.6 ug), ascorbic acid (100 mg), phylloquinone (65
ug), copper (2.0 mg), and magnesium (100 mg), all with 1000 ug retinol
equivalents of vitamin A as retinyl palmitate compared to vitamin A
alone as the control throughout pregnancy through 3 mo postpartum

(28). Offspring of participating mothers from age 12 to 36 mo were then
part of a larger 2 X 2 factorial, placebo-controlled, double-masked,
cluster-randomized trial conducted from 2001 to 2005 in which they
received daily iron-folic acid (12.5 mg), zinc (10 mg), iron-folic acid-
zine, or placebo (29). All children received semiannual doses of vitamin
A as prescribed by national policy. In both studies, a cluster was a study-
defined area called the sector and was used as a unit of randomization;
there were 426 sectors in the study area.

Data collection. Briefly, we visited households with eligible children,
invited them to participate in the prospective follow-up study, described
the purpose of the study, and obtained parental verbal consent and child
assent. Two home-based visits provided demographic data and home
environment data while psychological testing was performed during a
clinic-based visit. Although a previously published study detailed the
testing and measurement procedures (27), they are summarized below.
Information about demographics, socioeconomic status, child’s school
enrolment history, child’s and mother’s morbidity over the previous 7 and
30 d, dietary intake, and household salt iodine content was collected
during the home-based enrolment interview. At the central testing site, we
measured intellectual, executive, and motor functioning as well as
measured anthropometry and hemoglobin levels. Because our hypotheses
related to iron and zinc supplementation are primarily driven by their
effects on central nervous system development and function derived from
both the animal and human literature, each test was selected based on its
previously found sensitivity to changes in brain function attributed to
nutritional influences, keeping in mind the neural basis for the tasks. Thus,
we were be able to assess whether children in any of the supplementation
groups showed faster processing of information and greater inhibitory
control, cognitive functions that rely on dopaminergic pathways, which
are sensitive to iron deficiency. However, it is also possible that the
cumulative effect of supplementation could have a more general effect on
intellectual functioning, which we assessed independently. Studies have
consistently shown a decrease in motor activity accompanied by iron and
zinc deficiency, which was also examined. Thus, general intelligence was
assessed with the UNIT (30). The UNIT provides an assessment of general
intelligence using entirely nonverbal administration and response formats.
The UNIT was developed to test children irrespective of race, ethnicity,
sex, language, country of origin, or hearing status and the materials and
stimuli were designed to be universal and cross-cultural. A (numbers)
Stroop test (31), backward digit span (Wechsler and Psychological),
and go/no-go tasks (32) were utilized to assess inhibitory control and
processing speed, components of executive functioning. The MABC and a
finger tapping test were administered to evaluate gross and fine motor
abilities (33). The MABC scores on failures and thus higher scores reflect
worse performance. Height and weight were measured and used to
calculate standardized Z-scores using the 2006 WHO reference standard
(34). We estimated stimulation at home with the HOME and the mother’s
reasoning capacity with the Raven’s Colored Matrices (35,36).

Statistical analysis. The present analyses included children from a
combination of 5 maternal-child supplementation arms of the 2 trials
and included 107 sectors. These were children in the maternal iron-folic
acid and child placebo group as the referent category, which previously
showed a beneficial impact, compared to those who were in the maternal
iron-folic acid plus either in the child iron-folic acid or child iron-folic
acid plus zinc groups, or in the maternal iron-folic acid with zinc plus
either in the child iron-folic acid or iron-folic acid plus zinc groups
(Supplemental Fig. 1). The 5 groups were as follows: 1) M-IFA C-PL
(referent group); 2) M-IFA C-IFA; 3) M-IFA C-IFAZn; 4) M-IFAZn
C-TFA; and 5) M-IFAZn C-IFAZn.

Analytical steps of our 2-sided testing, intent-to-treat approach included
basic data exploration, socioeconomic status index creation, baseline data
comparison among the 5 groups, potential confounder identification and
adjustment, conversion of raw test scores to scales or ¢ scores (for the
UNIT), estimation of outcome differences, and examination of effect mod-
ification. The Stroop test was expressed as proportion of failures (i.e. those
who failed the practice test) and the go/no-go task, which assesses
inhibitory control, was examined using the percentage of no-go stimuli on
which the children’s response was correct. A MANOVA model was used to
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assess differences between the referent group and each other intervention
arm to account for correlated multiple outcomes using the overall Wilks’ A
and Lawley-Hotelling trace test. SE and P values were generated through
the bootstrap method to adjust for the cluster-randomized study design
and account for correlations among children in the same sector (37,38).
Child age, sex, asset score, whether child had ever started school, child
compliance with treatment, previous 7-d intake of dark green leafy
vegetables and yellow fruit and vegetables, and history of diarrhea/
dysentery, maternal literacy, maternal compliance to treatment, and
household salt iodine =15 ug/g were adjusted for in the analysis due to
significant differences among intervention groups, an association with
UNIT or MABC outcomes, or previously documented disparities among
categories. Effect modifications by age at supplementation initiation and
assessment along with sex and treatment compliance were investigated
using interaction terms and stratification with MANOVA and boot-
strapped SE. Stata version 11.0 was used to analyze data (StataCorp).

Ethical approval for the follow-up study was obtained from Institu-
tional Review Boards at the Johns Hopkins Bloomberg School of Public
Health, The Pennsylvania State University, and the Institute of Medicine,
Tribhuvan University.

Results

Of the 3675 children born between 2000 and 2001 who par-
ticipated in the child supplementation study and whose mothers
participated in a maternal supplementation trial, 2863 were
not in the 5 arms in this analysis (Supplemental Fig. 1). Of
the remaining 812 eligible children, 32 children had died or
migrated out of the study area or their status was unknown after
the completion of the original trial. Thus, 780 were visited, of
which 745 (96%) were enrolled after 4 had refused to partici-
pate and 31 were not met after repeated visits or had perma-
nently moved.

The age of children at follow-up was 8.4 = 0.65 y and differed
(P < 0.05) by treatment group (Table 1). Slightly more boys than
girls participated in the study and most children (83%) had
started school. Treatment groups differed with respect to
children’s percent compliance to treatment, intake of dark green
leafy vegetables and yellow fruits and vegetables, symptoms of
diarrhea/dysentery during the past 7 d, maternal literacy, maternal
percent compliance to treatment, proportion of households with
salt iodine levels =15 ug/g, household wall building materials,
and household asset scores. Percentages of children ever in school,
with symptoms of lower respiratory infection, stunting, wasting,
or anemia, did not differ by treatment group. The groups did not
differ on maternal characteristics of schooling, Raven’s score, or
HOME inventory score.

Test scores by treatment group are presented in Table 2.
Relative to the referent group (M-IFA), each arm, except the
M-IFAZn/C-IFA group, produced an overall Wilks’ A and
Lawley-Hotelling trace test that was significant (P < 0.001)
(Supplemental Table 1). However, few of the treatment group
differences for individual tests were significant. After controlling
for confounders, the overall MANOVA test was significant only
for the M-IFA/C-IFA group, with finger tapping test score being
worse in this group relative to the control (Table 3). Relative to
the control group, individual scores on backward digit test,
MABC, and finger tapping test were also significantly worse in
the M-IFA/C-IFAZn group. There was no consistent effect
modification (data not shown).

Discussion

Within a high micronutrient-deficient population (39), successive
supplementation with iron-folic acid or iron-folic acid plus zinc at
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12-36 mo of age after maternal iron-folic acid supplementation or
the addition of zinc to maternal supplementation with iron-folic
acid did not confer any added benefits for cognitive outcomes in
early school-aged children. The group that received successive
supplementation in preschool with iron-folic acid alone or with
zinc may have even had diminished positive effects of only
maternal iron-folic acid supplementation on functions of working
memory and inhibitory control as well as motor development.
The differences relative to the referent group, although significant,
were small and likely not very clinically meaningful.

We previously found that maternal iron-folic acid supplemen-
tation during pregnancy through 12 wk postpartum improved
intellectual and aspects of executive and motor function in off-
spring compared to the control group (27), suggesting that the
intrauterine period was critical for neurocognitive developmental
effects of iron and folic acid. In contrast, in a separate analysis,
child supplementation alone between 12 and 36 mo of age
(without any maternal supplementation) with iron-folic acid, zinc,
or their combination had a limited impact on intellectual, ex-
ecutive, or motor function (40). We also found that supplemen-
tation with iron-folic acid or zinc and their combination from 1 to
36 mo of age did not result in younger age at first walking and in
the iron-folic acid group may even have delayed it by 28.0 d (95%
Cl = 11.3, 44.7) (26).

Data from the original trials reveal that preschool children
had high levels of both iron and zinc deficiency (39,41). In the
placebo group, 16% of children had serum zinc concentrations
< 9.7 uwmol/L and an additional 32% had concentrations
between 9.7 and <10.7 umol/L (41). Similarly, > 50% were
anemic (Hb < 110g/L) and 28% had serum ferritin < 12 ug/L
(39). In the present analysis, our cohort of children, comprising
those who had also been exposed to maternal supplementation
in utero and subsequently child supplementation, the mean age
of starting supplementation was 22.5 mo. Thus, it is possible
that the timing of our preschool supplementation was too late to
counter the effects of iron deficiency on cognitive and motor
function. Given that our supplementation began at 12 mo, age at
entry stratification should exhibit the trend of less effect as the
age of supplementation initiation increases. However, we found
no effect modification or differences among strata. Alternative
explanations for the lack of added benefit of childhood iron-folic
acid supplementation include inadequate levels of other limiting
nutrients. Children were also stunted and wasted and possibly
the addition of micronutrients without energy during the
preschool years was therefore ineffective. It is also important
to recognize that nutrition is one of many factors that influence
children’s cognitive performance and that other environmental
deficits (e.g. lack of language and cognitive stimulation, abject
poverty) may be severe enough in this setting that they are hard
to overcome.

Unlike the predominantly null effect seen among children
who received iron-folic acid in utero and added supplementation
with iron-folic acid in early childhood, the combination of iron-
folic acid plus zinc in children had significantly lower scores in
aspects of working memory, inhibitory control, and motor skills
relative to maternal antenatal iron-folic acid supplementation
alone. Several trials among infants and preschoolers have
shown increased activity and motor development among those
who received zinc supplements relative to placebo controls
(20,42-44), but did not demonstrate a change in cognitive
function (20,42,45). One study in Bangladesh found that zinc-
supplemented infants achieved lower scores on the mental de-
velopment index of the Bayley’s scales at 12 mo than the control
infants (25). In our study, even if childhood zinc supplementa-
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TABLE 2 Scores on psychometric tests by maternal and child supplementation group assessed
among children 7-9 y of age in Sarlahi, Nepal (2007-2009)’

M-IFA C-PL M-IFA C-IFA M-IFA C-IFAZn M-IFAZn C- IFA M-IFAZn C-IFAZn

Maximum number n=101 n=163 n=212 n=137 n=122

UNIT 51.7 £ 85 515 + 10.6 498 + 105 50.4 + 10.3 502 + 9.8
Proportion failed, Stroop test 0.20 = 0.40 0.32 = 047 0.33 = 047 021 =041 0.38 = 0.49
Backward digit span 221 =123 191 =118 1.86 = 1.02 206 = 1.19 1.70 = 1.07
No-go correct, % 471 =210 472 £ 215 416 + 202 47.2 £ 198 423 + 227
MABC? 6.78 = 4.93 8.28 = 6.60 844 + 6.21 7.79 = 561 8.70 = 6.14
Finger tapping test 385+ 45 36.0 =49 36.8 = 5.0 380 =54 36.1 =58

" Values are mean + SD, n = 705. C-IFA, child iron-folic acid; C-IFAZn, child iron-folic acid-zinc supplement; MABC, Movement Assessment
Battery for Children; M-IFA, maternal iron-folic acid; M-IFAZn, maternal iron-folic acid-zinc supplement; PL, placebo; UNIT, Universal

Nonverbal Intelligence Test.
2 Higher MABC score is worse.

tion did attenuate the protective potential of maternal iron-folic
acid, the mechanisms that led to poorer developmental out-
comes remain unclear.

The impact of maternal zinc supplementation was previously
examined. For example, in Bangladesh, infants of zinc-supplemented
mothers had lower mental and psychomotor development index
scores using the Bayley’s scale compared to those whose mothers
received a placebo during pregnancy (46). The authors postu-
lated a possible inhibitory role of zinc on iron status, resulting
in the negative effects on infant outcomes. Zinc supplementation
of African American women in the latter half of pregnancy did
not affect the mental and psychomotor development of their
children at 5 y of age (47). In the present study, adding zinc to the
maternal supplement with iron-folic acid in combination with
child iron-folic acid produced neither negative nor positive
effects.

In addition to investigating the unique question of successive
maternal and child supplementation effects, this study offers
several strengths. We examined components of development
that are supposedly responsive to both iron and zinc deficiency,
thereby reducing the loss of differential treatment outcomes
compared to global assessments. The timing of assessment, 7-9 y
of age, also allowed us to utilize more sensitive developmental
measurements than is possible during infancy and early child-

hood (48). Lastly, we controlled for various factors known to
influence cognitive development, such as maternal education
and home and family environment. However, the current study
would have been more comprehensive if we had had a maternal
iron-folic acid and child zinc supplementation-only group to
examine the results of combining the 2 potentially most
beneficial treatments of the 2 randomized trials. Further, as
mentioned before, earlier child supplementation would have
been helpful in determining critical windows of iron and zinc
deficiencies.

In conclusion, adding other nutrients or child supplementa-
tion to maternal iron-folic acid supplementation appeared to
add little benefit for combating the deleterious effects of
micronutrient deficiency on intelligence, executive function,
and motor development. Fortunately, fewer risks and logistical
barriers are involved in maternal iron-folic acid supplementation
than combined maternal and child supplementation (49). More
research is needed to explore the mechanisms underlying iron
and zinc use during crucial periods of development, the timing,
and interactive issues related to successive iron and zinc
supplementation in deficient mothers and children. Until more
information is available, antenatal iron-folic acid supplementa-
tion policies remain appropriate for areas in which iron defi-
ciency exists.

TABLE 3 Differences in test scores by maternal and child supplementation group relative to reference
adjusted for confounders among children 7-9 y of age in Sarlahi, Nepal (2007-2009)"

M-IFA C-IFA M-IFA C-IFAZn M-IFAZn C-IFA M-IFAZn C-IFAZn
UNIT —052(—3.17,2.13) —1.52 (—351, 0.47) —1.98 (—4.74,0.78) —0.32 (—2.80, 2.16)
Proportion failed, Stroop test 0.10 (—0.01, 0.21) 0.10 (—0.01, 0.20) 0.04 (—0.05, 0.14) 0.11 (—0.003, 0.22)
Backward digit test —0.29 (—0.58, —0.01) —0.29 (—0.55, —0.04) —0.19(—053, 0.15) —0.24 (—0.55, 0.06)
% correct no_go 1.78 (—4.43,7.99) —4.45(-9.70, 0.79) 057 (—5.64, 6.78) —0.78 (—7.40, 5.84)
MABC® 0.80 (—0.93, 2.52) 1.33 (0.26, 2.40) 1.29 (—0.01, 2.59) 0.21(—1.32, 1.74)
Finger Tapping Test -1.92 (=312, —0.71) —1.78 (—263, —0.92) —0.86 (—2.27, 0.55) —1.44 (=312, 0.24)
P? 0.04 0.20 0.77 0.18

" Values are differences (95% Cl) from the reference population of M-IFA/C-PL using boot strapping to estimate standard error adjusted for
design effect and for child age, sex, ever started school, child compliance to treatment, intake of dark green leafy vegetables and yellow
fruit and vegetables in past 7 d, diarrhea/dysentery in past 7 d, maternal literacy, maternal compliance to treatment, household salt iodine,
and asset index, n = 698. C-IFA, child iron-folic acid; C-IFAZn, child iron-folic acid-zinc supplement; MABC, Movement Assessment Battery
for Children; M-IFA, maternal iron-folic acid; M-IFAZn, maternal iron-folic acid-zinc supplement; PL, placebo; UNIT, Universal Nonverbal

Intelligence Test.

2 P for the overall treatment effect using Wilks’ A and Lawley-Hotelling trace test derived from the MANOVA.

% Higher MABC score is worse.
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