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Abstract

Background

It is estimated that over 250 million children under 5 years of age in low- and middle-income

countries (LMICs) do not reach their full developmental potential. Poor maternal diet, ane-

mia, and micronutrient deficiencies during pregnancy are associated with suboptimal neuro-

developmental outcomes in children. However, the effect of prenatal macronutrient and

micronutrient supplementation on child development in LMIC settings remains unclear due

to limited evidence from randomized trials.

Methods and findings

We conducted a 3-arm cluster-randomized trial (n = 53 clusters) that evaluated the efficacy

of (1) prenatal multiple micronutrient supplementation (MMS; n = 18 clusters) and (2) lipid-

basedAU : Pleasenotethat}lipid � basedmicronutrientsupplementation}hasbeenchangedto}lipid � basednutrientsupplementation}toenforceconsistencyinthefulldefinitionoftheabbreviation}LNS}inthetext:Pleaseconfirmthatthischangeisvalid:nutrient supplementation (LNS; n = 18 clusters) as compared to (3) routine iron–folic

acid (IFA) supplementation (n = 17 clusters) among pregnant women in the rural district of

Madarounfa, Niger, from March 2015 to August 2019 (ClinicalTrials.gov identifier

NCT02145000). Children were followed until 2 years of age, and the Bayley Scales of Infant

and Toddler Development III (BSID-III) were administered to children every 3 months from 6

to 24 months of age. Maternal report of WHO gross motor milestone achievement was

assessed monthly from 3 to 24 months of age. An intention-to-treat analysis was followed.

Child BSID-III data were available for 559, 492, and 581 singleton children in the MMS,

LNS, and IFA groups, respectively. Child WHO motor milestone data were available for 691,
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781, and 753 singleton children in the MMS, LNS, and IFA groups, respectively. Prenatal

MMS had no effect on child BSID-III cognitive (standardized mean difference [SMD]: 0.21;

95% CI: −0.20, 0.62; p = 0.32), language (SMD: 0.16; 95% CI: −0.30, 0.61; p = 0.50) or

motor scores (SMD: 0.18; 95% CI: −0.39, 0.74; p = 0.54) or on time to achievement of the

WHO gross motor milestones as compared to IFA. Prenatal LNS had no effect on child

BSID-III cognitive (SMD: 0.17; 95% CI: −0.15, 0.49; p = 0.29), language (SMD: 0.11; 95%

CI: −0.22, 0.44; p = 0.53) or motor scores (SMD: −0.04; 95% CI: −0.46, 0.37; p = 0.85) at the

24-month endline visit as compared to IFA. However, the trajectory of BSID-III cognitive

scores during the first 2 years of life differed between the groups with children in the LNS

group having higher cognitive scores at 18 and 21 months (approximately 0.35 SD) as com-

pared to the IFA group (p-value for difference in trajectory <0.001). Children whose mothers

received LNS also had earlier achievement of sitting alone (hazard ratio [HR]: 1.57; 95% CI:

1.10 to 2.24; p = 0.01) and walking alone (1.52; 95% CI: 1.14 to 2.03; p = 0.004) as com-

pared to IFA, but there was no effect on time to achievement of other motor milestones. A

limitation of our study is that we assessed child development up to 2 years of age, and,

therefore, we may have not captured effects that are easier to detect or emerge at older

ages.

Conclusions

There was no benefit of prenatal MMS on child development outcomes up to 2 years of age

as compared to IFA. There was evidence of an apparent positive effect of prenatal LNS on

cognitive development trajectory and time to achievement of selected gross motor

milestones.

Trial registration

ClinicalTrials.gov NCT02145000.

Author summary

Why was this study done?

• It is estimated that over 250 million children under 5 years of age do not reach their

developmental potential in low- and middle-income country (LMIC) settings.

• Observational studies suggest that poor diet, anemia, and micronutrient deficiencies in

pregnancy are associated with poor child development outcomes; however, the effect of

macronutrient and micronutrient supplementation in pregnancy on child development

outcomes remains inconclusive due to a limited number of randomized trials that have

assessed developmental outcomes.

What did the researchers do and find?

• We conducted a cluster-randomized controlled trial of prenatal multiple micronutrient

supplementation (MMS) and lipid-based nutrient supplementation (LNS) as compared

PLOS MEDICINE Prenatal nutrition supplementation strategies and child development outcomes in rural Niger

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003984 May 2, 2022 2 / 17

Funding: Funding was provided to Epicentre by
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to routine iron–folic acid (IFA) supplementation among pregnant women in rural

Niger and evaluated the effect on child development outcomes during the first 2 years of

life.

• There was no benefit of prenatal MMS on child Bayley Scales of Infant and Toddler

Development III (BSID-III) scores or on time to achievement of motor milestones as

compared to IFA.

• There was no effect of prenatal LNS on BSID-III scores at 24 months of age as compared

to IFA; however, the trajectory of child development differed between groups, with chil-

dren in the prenatal LNS group having higher cognitive scores at 18 and 21 months of

age as compared to IFA. Children whose mothers received prenatal LNS also had earlier

achievement of sitting alone and walking alone as compared to children whose mothers

received prenatal IFA.

What do these findings mean?

• Prenatal supplementation with LNS appeared to support the achievement of selected

motor milestones and improve cognitive development trajectory; however, there was no

evidence of benefit of MMS over routine IFA on developmental outcomes in the context

of rural Niger.

• Nevertheless, the apparent beneficial effects of prenatal LNS were limited, and, there-

fore, integrated interventions that consider maternal and child nutritional support

along with parenting interventions and other components to support an enabling envi-

ronment may provide larger effects on child development outcomes.

Introduction

The first 1,000 days of life, the period from conception through 2 years of age, represents a crit-

ical window for child growth and brain development [1,2]. During this period, biological, envi-

ronmental, and psychosocial exposures can lead to suboptimal cognitive, language, motor, and

socioemotional development outcomes [3]. Suboptimal development during childhood may

persist into adolescence and adulthood and lead to poor schooling achievement and decreased

income and human capital [4,5]. Observational studies have reported that poor maternal diet,

anemia, and low micronutrient status during pregnancy are associated with prematurity and

fetal growth restriction [6,7], which, in turn, have been linked to poorer neurodevelopmental

outcomes [8,9]. Undernutrition, poor weight gain in pregnancy, and micronutrient deficien-

cies are common among pregnant women in low- and middle-income countries (LMICs),

and, therefore, supplementation to improve nutritional status in pregnancy may improve child

development outcomes [10,11].

Randomized trials have evaluated the effect of multiple micronutrient supplementation

(MMS) as compared to routine iron–folic acid (IFA) supplementation in pregnancy on a

range of maternal and child outcomes in LMIC [12]. Prenatal MMS reduces the risk of low

birthweight (LBW) and small-for-gestational age (SGA) births and may also reduce the risk of

preterm birth as compared to IFA supplementation [12,13]. The effect of prenatal MMS on
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child development remains unclear with some trials finding marginal benefits of MMS on

selected developmental domains while other trials have found no effect [14–19]. Prenatal

lipid-based nutrient supplementation (LNS), which provides energy, protein, and essential

fatty acids in addition to micronutrients, has been shown to have similar positive effects on

birthweight and birth length [20]; however, evidence of the effect on child development out-

comes from randomized trials is also mixed [16,17,20,21]. Therefore, while there is clear evi-

dence that prenatal MMS and LNS can improve birth outcomes in LMICs, the evidence

remains inconclusive for child development outcomes.

The objective of this study was to assess the effect of prenatal MMS and LNS on child devel-

opment outcomes as compared to routine prenatal IFA supplementation. We analyzed data

from a 3-arm cluster-randomized controlled trial of prenatal nutritional supplements in rural

Niger that assessed child development with the Bayley Scales of Infant and Toddler Develop-

ment III (BSID-III) and WHO gross motor milestones during the first 2 years of life as second-

ary outcomes.

Methods

Study design

A randomized, double-blind, placebo-controlled trial to assess the safety and efficacy of Rota-

siil (SerumAU : PleasenotethatasperPLOSstyle; donotuseInc:; Ltd:; etc:exceptasappropriateintheaffiliations:Hence; }Pvt:Limited}hasbeenremovedfromSerumInstituteofIndiainthesentenceArandomized; double � blind; placebo � controlledtrialtoassessthe:::Institute of India), a live, oral rotavirus vaccine for infants, was conducted in

Madarounda, Niger (clinicaltrials.gov identifier: NCT02145000) [22,23]. The rotavirus vaccine

trial protocol and the primary results and adverse events have been published elsewhere [22].

Given the low immunogenicity of oral vaccines in high mortality settings, a nested cluster-ran-

domized controlled trial of nutritional interventions in pregnancy (referred hereafter as the

nutrition-immunogenicity trial) was conducted to evaluate whether prenatal MMS and LNS

can increase the immunogenicity of rotavirus vaccine as compared to prenatal IFA, which is

standard of care in Niger and most LMIC settings [24]. The nutrition-immunogenicity trial

protocol and the primary results and adverse events have been published elsewhere [23]. The

nutrition-immunogenicity trial was conducted concurrently with the rotavirus vaccine trial;

pregnant women were first enrolled in the nutrition-immunogenicity trial and then infants of

mothers who were enrolled in the nutrition-immunogenicity trial were screened at 6 to 8

weeks of age for enrollment in the rotavirus vaccine trial. We have previously reported that

there was no difference in the primary outcome of infant immune response to rotavirus vac-

cine between prenatal LNS, MMS, and IFA supplementation [24]. In this study, we present an

analysis of the nutrition-immunogenicity trial to assess the effect of prenatal MMS and LNS as

compared to prenatal IFA on the secondary outcome of child development up to 2 years of

age. Pregnant women were enrolled in the nutrition-immunogenicity trial from March 2015

and March 2016, and the last child 2-year follow-up visit was conducted in August 2019. There

were no important changes to the nutrition-immunogenicity trial after enrollment com-

menced. This study is reported as per the “CONSORT extension for Cluster Trials” guideline

(see S1 CONSORT Checklist).

Briefly, the nutrition-immunogenicity trial randomized 53 village clusters in a 1:1:1 alloca-

tion scheme to 1 of 3 prenatal supplementation groups: IFA (routine care), MMS, or LNS [24].

Randomization was performed by having the head of each village cluster select a piece of paper

indicating the randomization group from an opaque jar. Villages were stratified by population

size: <100; 100 to 249;�250 nonpregnant women of reproductive age. A total of 17 villages

were randomized to IFA, 18 villages to MMS, and 18 villages to LNS.

Women of reproductive age in participating villages provided written informed consent for

community-based monthly pregnancy surveillance, which included an at-home urine

PLOS MEDICINE Prenatal nutrition supplementation strategies and child development outcomes in rural Niger

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003984 May 2, 2022 4 / 17

http://clinicaltrials.gov/
https://doi.org/10.1371/journal.pmed.1003984


pregnancy test. Women with a confirmed pregnancy were then screened for trial enrollment

at the health facility. The trial inclusion criteria were (i) <30 weeks gestation at the time of

enrollment based on maternal report of the last menstrual period; (ii) intended to remain in

the study area until 2 years postpartum; and (iii) did not have a chronic health condition,

severe illness at screening, pregnancy complications (moderate to severe edema, hemoglobin

(Hb)<7 g/dL, or diastolic blood pressure >90 mm Hg); and (iv) no self-reported peanut

allergy [24]. Pregnant women who meet all inclusion criteria and provided written informed

consent were enrolled in the nutrition-immunogenicity trial. A total of 3,332 pregnant women

were enrolled in the nutrition-immunogenicity trial, of which 1,105 were in the IFA group,

1,083 in the MMS group, and 1,144 in the LNS group.

At 6 to 8 weeks after birth, infants born to women enrolled in the nutrition-immunogenic-

ity trial were screened for enrollment in the randomized, double-blind, placebo-controlled

vaccine trial of a live, oral rotavirus vaccine [22]. The inclusion criteria for infants in the rotavi-

rus vaccine trial were (i) 6 to 8 weeks of age; (ii) able to swallow and have no history of vomit-

ing within the past 24 hours; (iii) intended to remain in the study area for 2 years; and (iv)

parent/guardian provided written informed consent. The analytic population for the current

study consists of 2,551 children whose mothers completed prenatal supplementation in the

nutrition-immunogenicity trial and were also enrolled in the rotavirus vaccine trial. There

were 860 children in the IFA group, 777 children in the MMS group, and 874 children in the

LNS group.

Prenatal nutritional interventions

Pregnant women received nutritional supplements based on their village cluster from the time

of randomization until delivery. The composition of the IFA, MMS, and LNS is detailed in the

Table A in S1 Appendix. Pregnant women in the IFA standard of care group received tablets

containing 60 mg iron and 400 μg folic acid (RemedicaAU : PleasenotethatasperPLOSstyle; donotuseInc:;Ltd:; etc:exceptasappropriateintheaffiliations:Hence; LimitedhasbeenremovedfromRemedicainthesentencePregnantwomenintheIFAstandardofcaregroupreceived:::; Limassol, Cyprus). Pregnant women

in the MMS group were provided capsules containing 30 mg iron, 400 μg folic acid, and 20

other micronutrients (DSM Nutritional Products; Isando, South Africa). Pregnant women in

the LNS group received a 40-g fortified, ready-to-use food made of peanuts, oil, dried skimmed

milk powder, and sugar (Nutriset S.A.S; Malaunay, France), which contained the same micro-

nutrient content as the MMS. Based on nutritional composition, the LNS would be classified

as a medium-quantity LNS [25]. Due to the inability to manufacture LNS completely indistin-

guishable from IFA tablets and MMS capsules, it was not possible to blind participants or field

staff to their randomized group. The statistical analysis was conducted blinded to the random-

ized group using coded labels.

During pregnancy, home visits were conducted by research assistants every 7 days until

delivery to distribute nutritional supplements. At each visit, the research assistants also

obtained a count of the number of consumed nutritional supplements since the last visit.

Adherence percentage for each participant was calculated as the total number of nutritional

supplements consumed from enrollment to delivery as assessed at home visits divided by the

expected total number of nutritional supplements the woman should have consumed from

enrollment to delivery.

Data collection and child development assessment

At the time of enrollment in the nutrition-immunogenicity trial, study midwives administered

a standardized questionnaire to pregnant women, which assessed maternal and household

sociodemographic characteristics and conducted a physical exam, and assessed maternal

anthropometry (height, weight, and mid-upper arm circumference (MUAC)). Maternal Hb
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concentration was assessed from a finger-prick blood sample (Hemocue Hb 301, Angelholm,

Sweden), and pregnant women received a malaria rapid diagnostic test (Biolin Malaria Ag Pf
(HRP-2), Abbott Diagnostics, Scarborough, USA). Food security was assessed using the house-

hold hunger scale [26]. Improved sanitation was defined as a household having access to a

flush toilet, improved pit latrine, or slab latrine. Improved water source was defined as house-

holds using covered or protected ground well for drinking water. Infants were screened for

enrollment in the vaccine trial at 6 to 8 weeks of age. Community health assistants conducted

monthly home visits from 3 to 24 months of age to assess child morbidity and growth.

A culturally adapted BSID-III with the cognitive, language, and motor scales was adminis-

tered at the health facility at 6 months of age and every 3 months thereafter until 24 months of

age [27]. To ensure cultural appropriateness, BSID-III items were adapted based on the con-

sensus of a panel of local health staff and a child development expert. Adaptations included the

replacement of unfamiliar images or terminology with more culturally relevant stimuli (e.g.,

changing a picture of an apple to a mango or using a simple wooden doll as are commonly

found in villages of the study area). To maintain functional equivalence, replacement stimuli

were selected to be of similar size, style, and complexity to the original stimuli. Eight female

research nurses were selected and trained as dedicated BSID-III data collectors. Recruitment

for the BSID-III assessment cohort was stopped on September 17, 2017, primarily due to

resource constraints; the cohort of infants who turned 6 months of age after this date did not

receive BSID-III assessments. Field-based supervision and weekly staff meetings were used to

prevent assessor drift and ensure the continued quality of implementation. The BSID-III was

administered in quiet and dedicated evaluation rooms at each health facility. The BSID-III

showed high internal consistency for all domains (Cronbach’s alphas�0.85) (Table B in S1

Appendix). In addition, data collectors assessed maternal reports of achievement of the 6

WHO gross motor milestones every 4 weeks from 4 to 24 months of age: sitting without sup-

port, standing with assistance, hands-and-knees crawling, walking with assistance, standing

alone, walking alone [28]. There were no changes to the developmental outcomes after the trial

commenced.

Sample size

The nutrition-immunogenicity trial sample size was based on the primary infant immunoge-

nicity endpoint of seroconversion at 28 days post-oral rotavirus vaccine dose 3 assuming 90%

power and a 20% absolute difference in the proportion of children that seroconvert between

the randomized vaccine and placebo groups [23].

Statistical analysis

The intention-to-treat (ITT) principle was used for all analyses and all analyses accounted for

clustering by the village. Generalized linear regression models with cluster-robust standard

errors were used to assess standardized mean differences (z-score differences) in BSID-III cog-

nitive, language, and motor scores at 24 months of age (endline visit) using study-specific z-

scores that were calculated from internal means and standard deviations among the full child

population. We also assessed differences in BSID-III composite scores (US norms) for the

24-month visit by randomized groups [29,30]. We analyzed differences in the longitudinal tra-

jectory of BSID-III cognitive, language, and motor raw scores from 6 to 24 months of age

between randomized treatment arms with generalized linear mixed models (GLMMs). Multi-

level models were constructed with the GLIMMIX procedure in SAS version 9.3 to take into

account correlation within village clusters and correlation within children who were nested

within the village clusters with random intercepts. GLMMs included randomized treatment
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arm, child age at assessment (6-, 9-, 12-, 15-, 18-, 21-, and 24-month time bins), an interaction

term between treatment arm and infant age, and used a compound symmetry structure for

within-subject correlation. If the overall test for difference in the trajectory of development

domain scores between randomized groups was statistically significant, then differences in

mean scores between groups at each child age were assessed using least-square means with

Tukey–Kramer adjustment for multiple comparisons. In addition, Cox proportional hazard

models with cluster-robust standard errors were used to assess the time to acquisition of each

of the 6 WHO gross motor milestones; hazard ratios (HRs)>1.0 indicated the earlier achieve-

ment of the milestones (beneficial effect). Interaction terms between randomized group and

time were used to assess the proportional hazards assumption.

As a sensitivity analysis to address the potential for baseline imbalance between randomized

groups, we constructed multivariate models for all outcomes that included baseline covariates

that may be associated with development outcomes based on a literature review including

household wealth quintile, household size, food security, maternal age, maternal education,

maternal anemia (Hb <11 g/dL), maternal underweight (body mass index (BMI) <18.5 kg/

m2), malaria infection, the season of enrollment and child age and sex. Missingness for base-

line variables was<5%, and missing indicators were used to retain participants in multivari-

able models. Further, we assessed potential bias due to dependent censoring (missing outcome

data) on BSID-III scores at 24 months using inverse probability of censoring weights (IPCW)

[31]. Stabilized censoring weights were constructed in models that included household wealth

quintile, household size, food security, maternal age, maternal education, maternal anemia,

maternal underweight, maternal malaria, and season of enrollment in the trial. Missing indica-

tors were used to retain all participants in the calculation of censoring weights. In addition, we

conducted exploratory analyses that assessed potential differences in the magnitude of the

effect (effect modification) of MMS and LNS on BSID-III domain scores at 24 months of age

as compared to IFA by baseline maternal education, maternal anemia, maternal underweight,

and child sex. The effect modifiers were selected based on evidence that the effect of MMS on

birth outcomes and child mortality differs by maternal nutritional status and child sex [13].

The Wald test was used to assess the statistical significance of interaction. Analyses were con-

ducted in Stata Version 16 and SAS version 9.3.

Ethics

The trial received ethical approval from the Comité Consultatif National d’Ethique in Niger,

the Comité de Protection des Personnes in France, the Commission d’Ethique de la Recherche

sur l’Etre Humain, Hôpitaux Universitaires de Genève in Switzerland, the Research Ethics

Review Committee of the World Health Organization in Switzerland, and the Western Institu-

tional Review Board in Olympia, WA. The trial was overseen by an independent Data and

Safety Monitoring Board.

Results

Pregnant women were enrolled and randomized in the nutrition-immunogenicity trial

between March 2015 and March 2016, and the last child development follow-up visit was com-

pleted in August 2019. The baseline characteristics of the 3,332 pregnant women enrolled in

the trial were similar across randomized groups (Table 1). The trial flow diagrams for the chil-

dren included in the BSID-III and WHO gross motor milestone analyses are presented in Figs

1 and 2, respectively. There were 1,632 children who had at least 1 BSID-III assessment and

2,225 children with at least 1 WHO motor milestone assessment. Baseline characteristics for

women whose children had an assessment as compared to women whose children did not
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have an assessment are presented for BSID-III and WHO motor milestones in Tables C and D

in S1 Appendix, respectively. Women whose children had at least 1 BSID-III assessment had

on average larger households and had a greater number of household assets as compared to

women that did not have a BSID-III assessment. Women whose children had a WHO motor

milestone assessment also tended to have large households, had a greater number of household

assets, had less hunger, but had a lower proportion of women who completed primary school

as compared to women that did not have a BSID-III assessment. Maternal adherence to the

randomized regimen was high; the median adherence (Q1, Q3) to the supplementation regi-

men was 84% (70%, 93%) in the IFA arm, 86% (73%, 93%) in the MMS arm, and 88% (76%,

94%) in the LNS arm.

There was no effect of prenatal MMS on BSID-III cognitive, language, or motor z-scores at

24 months of age as compared to routine prenatal IFA supplementation (p-values >0.05,

Table 2). Correspondingly, there was no effect of prenatal MMS on BSID-III composite scores

at 24 months of age as compared to IFA (Table E in S1 Appendix). The intracluster correlation

coefficients (ICCs) for BSID-III domain scores at 24 months of age were 0.18 for cognitive

scores, 0.22 for language scores, and 0.38 for motor scores. There was no difference in the

effect of MMS on BSID-III domain scores at 24 months of age in sensitivity analyses that used

multivariable models to account for potential baseline imbalances between randomized groups

(Table F in S1 Appendix). In addition, there was no meaningful difference in the effect of

MMS on BSID-III domain scores in sensitivity analyses using IPCW to account for missing

outcome data (Table G in S1 Appendix). In exploratory analyses of potential effect modifiers

(Table H in S1 Appendix), there was evidence of a potentially more positive effect of MMS

compared to IFA on cognitive scores at 24 months of age among children whose mothers were

not underweight at enrollment in pregnancy than among children whose mothers were

Table 1. Characteristics of pregnant women and children by randomized group.

IFA

Mean ± SD or n (%)

MMS

Mean ± SD or n (%)

LNS

Mean ± SD or n (%)

Household characteristics
N 1,105 1,044 1,083

Household size, people 10.5 ± 6.8 10.0 ± 6.5 10.1 ± 6.6

Number of children <5 years 2.2 ± 1.9 2.4 ± 2.0 2.5 ± 1.9

Access to an improved latrine 694 (63.3) 605 (56.2) 585 (51.3)

Access to an improved water source 258 (23.4) 267 (24.7) 312 (27.3)

Little-to-no hunger in the past month 974 (88.4) 985 (91.2) 1,091 (95.8)

Maternal characteristics
N 1,105 1,044 1,083

Age, years 26.5 ± 6.8 26.8 ± 6.8 26.9 ± 7.2

Married or cohabitating 1,081 (97.9) 1,068 (98.6) 1,128 (98.6)

Completed primary or higher education (�6 years) 61 (5.5) 80 (7.4) 66 (5.8)

Underweight (BMI <18.5 kg/m2) 39 (3.9) 37 (3.7) 62 (5.9)

Anemic (Hb < 11 g/dL) 320 (32.5) 317 (32.7) 397 (38.4)

Child characteristics
N 860 777 874

Randomized to Rotasiil vaccine 427 (49.7) 386 (49.7) 533 (61.0)

Randomized to placebo 433 (50.4) 391 (50.3) 341 (39.0)

BMI, body mass index; Hb, hemoglobin; IFA, iron–folic acid supplements; LNS, lipid-based nutrient supplements; MMS, multiple micronutrient supplements; SD,

standard deviation.

https://doi.org/10.1371/journal.pmed.1003984.t001
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underweight at enrollment (p-value for interaction: 0.03). There was also evidence of a poten-

tially greater beneficial effect of MMS as compared to IFA on cognitive scores at 24 months of

age for children whose mothers were nonanemic at enrollment in pregnancy as compared to

children whose mothers were anemic at enrollment (p-value for interaction 0.01). There was

no difference in cognitive, language, or motor score trajectories from 6 to 24 months between

the MMS and IFA groups (Figs 3, 4, and 5, respectively). There was also no effect of prenatal

MMS on time to achievement of any of the 6 gross motor milestones as compared to IFA

(Table 3, survival plots presented in Figs A-F in S1 Appendix). There was also no effect on

time to achievement of motor milestones in sensitivity analyses using multivariable models

(Table I in S1 Appendix).

There was no effect of prenatal LNS on BSID-III cognitive, language, or motor z-scores at

24 months of age as compared to routine prenatal IFA supplementation (p-values >0.05,

Table 2). There was also no effect of LNS on BSID-III composite scores at 24 months of age as

compacted to IFA (Table E in S1 Appendix). There was no difference in the effect of LNS on

BSID-III domain scores at 24 months in a sensitivity analysis that used multivariable models

to account for potential baseline imbalances between randomized groups (Table F in S1

Appendix). In addition, there was no meaningful difference in the effect of LNS on BSID-III

domain scores in sensitivity analyses using IPCW to account for missing outcome data

(Table G in S1 Appendix). In exploratory analyses of effect modifiers (Table H in S1 Appen-

dix), there was evidence that LNS may provide a greater positive effect on BSID-III motor

scores at 24 months of age compared to IFA for children whose mothers were not anemic at

enrollment in pregnancy as compared to children whose mothers were anemic at enrollment

Fig 1. CONSORT flowchart for BSID-III assessments. BSID-III, Bayley Scales of Infant and Toddler Development III; IFA, iron–folic acid supplements;

LNS, lipid-based nutrient supplements; MMS, multiple micronutrient supplements; WHO, World Health Organization.

https://doi.org/10.1371/journal.pmed.1003984.g001
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(p-value for interaction 0.03). The trajectory of cognitive scores from 6 to 24 months of age dif-

fered for children whose mothers were randomized to the LNS group as compared to the IFA

group (Fig 3: p-value for difference in trajectory <0.001). The LNS group had significantly

higher cognitive scores at 18 and 21 months as compared to IFA (Table J in S1 Appendix), and

the magnitude of the difference was relatively large at approximately 1.4 points, which equated

to approximately 0.35 SD at each time point. There was no difference in BSID-III language

and motor score trajectories from 6 to 24 months of age for the LNS as compared to the IFA

group (Figs 4 and 5, respectively, p-values >0.05). Children whose mothers received LNS had

significantly earlier achievement of sitting alone and walking alone as compared to IFA (p-val-

ues<0.05), but there was no difference between prenatal LNS and IFA groups in time to

achievement of sitting without support, standing with assistance, hands-and-knees crawling or

walking with assistance (Table 3, survival plots presented in Figs A-F in S1 Appendix). The

findings of the effect of LNS on time to achievement of motor milestones were consistent in

sensitivity analyses using multivariable models (Table I in S1 Appendix).

Fig 2. CONSORT flowchart for WHO motor milestone assessments. BSID-III, Bayley Scales of Infant and Toddler Development III; IFA, iron–folic acid

supplements; LNS, lipid-based nutrient supplements; MMS, multiple micronutrient supplements; WHO, World Health Organization.

https://doi.org/10.1371/journal.pmed.1003984.g002

Table 2. Effect of randomized nutritional supplement group on BSID-III domain scores at 24 months of age.

IFA Standardized

Mean ± SD (N = 523)

MMS Standardized

Mean ± SD (N = 494)

LNS Standardized

Mean ± SD (N = 451)

MMS vs. IFA Mean

Difference (95% CI)

p-

value

LNS vs. IFA Mean

Difference (95% CI)

p-

value

BSID-III
domain z-scores
Cognitive −0.11 ± 0.84 0.10 ± 0.99 0.06 ± 0.76 0.21 (−0.20, 0.62) 0.32 0.17 (−0.15, 0.49) 0.29

Language −0.08 ± 0.89 0.08 ± 0.99 0.03 ± 0.92 0.16 (−0.30, 0.61) 0.50 0.11 (−0.22, 0.44) 0.53

Motor 0.00 ± 0.89 0.17 ± 0.95 −0.04 ± 0.75 0.18 (−0.39, 0.74) 0.54 −0.04 (−0.46, 0.38) 0.85

BSID-III, Bayley Scales of Infant and Toddler Development III; IFA, iron–folic acid supplements; LNS, lipid-based nutrient supplements; MMS, multiple micronutrient

supplements; SD, standard deviation.

https://doi.org/10.1371/journal.pmed.1003984.t002
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Fig 3. Mean BSID-III cognitive scores from 6 to 24 months for MMS, LNS, and IFA groups. p-Value for difference

in trajectory: MMS vs. IFA = 0.28; LNS vs. IFA< 0.001. BSID-III, Bayley Scales of Infant and Toddler Development

III; IFA, iron–folic acid supplements; LNS, lipid-based nutrient supplements; MMS, multiple micronutrient

supplements.

https://doi.org/10.1371/journal.pmed.1003984.g003

Fig 4. Mean BSID-III language scores from 6 to 24 months for MMS, LNS, and IFA groups. p-Value for difference

in trajectory: MMS vs. IFA = 0.87; LNS vs. IFA = 0.60. BSID-III, Bayley Scales of Infant and Toddler Development III;

IFA, iron–folic acid supplements; LNS, lipid-based nutrient supplements; MMS, multiple micronutrient supplements.

https://doi.org/10.1371/journal.pmed.1003984.g004
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Discussion

In this cluster-randomized trial conducted in rural Niger, we evaluated the effect of prenatal

MMS and LNS as compared to routine prenatal IFA supplementation on child BSID-III

domain scores and time to achievement of the WHO gross motor milestones. There was no

evidence of an effect of MMS on child cognitive, language, or motor BSID-III scores at 24

Fig 5. Mean BSID-III motor scores from 6 to 24 months for MMS, LNS, and IFA groups. p-Value for difference in

trajectory: MMS vs. IFA = 0.10; LNS vs. IFA = 0.11. BSID-III, Bayley Scales of Infant and Toddler Development III;

IFA, iron–folic acid supplements; LNS, lipid-based nutrient supplements; MMS, multiple micronutrient supplements.

https://doi.org/10.1371/journal.pmed.1003984.g005

Table 3. Effect of MMS and LNS on time to achievement of the WHO gross motor milestones as compared to IFA.

WHO Multicenter Growth

Reference Study Median

(IQR) age in months

IFA (N = 753)

Median (IQR)

MMN (N = 691)

Median (IQR)

LNS (N = 781)

Median (IQR)

MMS vs. IFA HR for

achievement (95% CI)

p-

value

LNS vs. IFA HR for

achievement (95% CI)

p-

value

Sitting without

support

5.9 (5.2, 6.7) 6.4 (5.5, 11.0) 5.5 (4.6, 7.4) 5.5 (4.6, 6.4) 1.18 (0.68, 2.04) 0.56 1.42 (0.87, 2.31) 0.16

Standing with

assistance

7.4 (6.6, 8.4) 8.3 (7.4, 12.9) 8.3 (7.4, 10.1) 8.3 (7.4, 9.2) 1.11 (0.64, 1.93) 0.85 1.42 (0.90, 2.26) 0.15

Hands-and-

knees crawling

8.3 (7.4, 9.3) 9.2 (8.3, 13.8) 9.2 (8.3, 12.0) 9.2 (7.4, 10.1) 1.05 (0.61, 1.80) 0.72 1.42 (0.88, 2.28) 0.14

Walking with

assistance

9.0 (8.2, 10.0) 12.0 (10.1, 14.7) 12.0 (10.1, 14.7) 10.1 (9.2, 12.9) 0.99 (0.61, 1.61) 0.97 1.43 (0.94, 2.19) 0.10

Standing alone 10.8 (9.7, 12.0) 13.8 (12.0, 16.6) 13.8 (11.0, 16.6) 12.0 (10.1, 13.8) 1.08 (0.69, 1.69) 0.75 1.57 (1.10, 2.24) 0.01

Walking alone 12.0 (11.0, 13.0) 15.6 (12.9, 17.5) 14.7 (12.9, 17.5) 13.8 (12.0, 15.6) 1.04 (0.71, 1.54) 0.83 1.52 (1.14, 2.03) 0.004

HRs >1.0 indicate earlier achievement (beneficial effect).

HR, hazard ratio; IFA, iron-folic acid supplements; IQR, interquartile range; LNS, lipid-based nutrient supplements; MMS, multiple micronutrient supplements; WHO,

World Health Organization.

https://doi.org/10.1371/journal.pmed.1003984.t003
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months of age, BSID-III score trajectories from 6 to 24 months of age, or time to achievement

of WHO gross motor milestones as compared to routine prenatal IFA. Prenatal LNS did not

affect child cognitive, language, or motor BSID-III scores at 24 months of age as compared to

IFA. However, children in the prenatal LNS group had a different trajectory of BSID-III cogni-

tive scores from 6 to 24 months of age with higher scores at 18 and 21 months of age as com-

pared to children in the prenatal IFA group. ChildrenAU : PleasecheckandconfirmthattheedittothesentenceChildrenintheprenatalLNSgroupalsohadearlierachievement:::ChildrenintheprenatalLNSgroupalsohadearlierachievement:::iscorrect; andamendifnecessary:in the prenatal LNS group also had

earlier achievement of the WHO milestones of sitting alone and walking alone as compared to

children in the IFA group.

We found no evidence that prenatal MMS provided benefits for any child development out-

come as compared to routine prenatal IFA supplementation. Randomized trials have consis-

tently indicated that MMS reduces the risk of LBW and SGA births, which, in turn, are

associated with suboptimal development outcomes in observational studies [9,12,13]. Despite

the potential for benefit, the evidence on the direct effect of MMS in pregnancy on develop-

ment outcomes in randomized trials is mixed [16,17,20,21]. An MMS trial in Indonesia found

that children of mothers who received MMS had higher procedural memory at 9 to 12 years of

age as compared to IFA and there was also a greater beneficial effect of MMS on general intelli-

gence scores among children whose mothers were anemic at baseline [15]. In contrast to the

subgroup findings in Indonesia, we found that the effect of MMS on cognitive scores may be

greater for non-underweight and nonanemic women in the setting of rural Niger. Further, a

study in rural China also found positive effects of MMS on intelligence quotient (IQ) and ver-

bal comprehension scores at 14 years of age; however, several MMS trials in Nepal, Ghana,

Malawi, and Tanzania have found no overall effect on development outcomes at variable ages

[14,16–19]. Overall, the available evidence, including the results from our trial, does not con-

sistently show beneficial effects of MMS on child development outcomes. Nevertheless, there

is consistent evidence that MMS reduces the risk of adverse birth outcomes, and, therefore,

routine MMS should continue to be considered for implementation as a public health program

in LMIC [12,13,32,33].

We found that prenatal LNS supplementation, which provides macronutrients in addition

to micronutrients, had apparent beneficial effects on child cognitive development trajectory at

18 and 21 months as compared to routine prenatal IFA, although there were no sustained

effects on cognitive scores at 24 months of age. We also found evidence of positive effects of

prenatal LNS as compared to IFA on achievement of sitting and walking alone. To date, only 3

trials have assessed the effect of maternal LNS on child development outcomes [16,17,21]. The

International Lipid-Based Nutrient Supplements (iLiNS) trials conducted in Ghana and

Malawi found that small-quantity lipid nutrient supplements (SQ-LNS) provided to mothers

in pregnancy and up to 6 months postpartum in combination with child SQ-LNS from 6 to 18

months of age had positive effects on time to achievement of children walking alone, but there

was no effect on child motor, language, socioemotional development, or executive function at

18 months of age, as compared to routine IFA supplementation [16,17]. However, due to the

iLiNS study design, it is not clear whether the positive effect on walking was attributable to

maternal or child SQ-LNS supplementation. In addition, a trial in Madagascar found no effect

of combined maternal and child LNS on child motor, problem-solving, communication, or

socioemotional development [21]. As a result, prenatal LNS may support the achievement of

selected motor milestones, but the available evidence on the effect on other development

domains remains inconclusive.

Our study has important strengths and limitations. First, a major strength of our study was

the repeated assessments of BSID-III, which allowed us to examine differences in development

trajectories that enabled us to detect positive effects in cognitive development at 18 to 21

months for LNS. Cognitive trajectories during the first 2 years of life, rather than single time
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point assessments, have been shown to importantly differentiate middle-childhood and adoles-

cence cognitive function [34]. Second, our study was conducted in rural Niger, which provides

much-needed evidence in the context of a population of mothers and children at high risk for

undernutrition and a population that has limited data on child development. In terms of limi-

tations, we assessed child development to 2 years of age and therefore may not have captured

beneficial effects that may be easier to detect or emerge at older child ages. For example, the

positive effects in MMS trials in Indonesia and China were detected in mid-childhood and

early adolescence [14,15]. In addition, the use of the BSID-III in the context of rural Niger,

despite care in adaptation to the setting, may result in some degree of nondifferential misclas-

sification of children’s developmental abilities across randomized groups if some BSID-III

items were not fully capturing children’s cognitive, language, motor development and would

therefore bias results to the null. Further, not all infants enrolled in the trial completed child

development assessments, and, therefore, bias due to loss to follow-up is possible; however,

there was no meaningful difference between the results of the IPCW sensitivity analyses and

the primary analyses, which suggests that there is limited potential for bias due to dependent

censoring. Last, we analyzed multiple secondary trial outcomes, and, therefore, we cannot rule

out that our findings of a beneficial effect of prenatal LNS on cognitive development trajectory

and achievement of sitting alone and walking alone were not due to type I errors (incorrectly

rejecting the null) due to multiple testing.

Overall, we found that prenatal MMS did not improve child development outcomes as

compared to routine prenatal IFA, while prenatal LNS appeared to provide beneficial effects

on cognitive development trajectory and achievement of selected gross motor scores as com-

pared to IFA. The positive findings for LNS on selected outcomes, but not MMS, in our trial

suggest that strategies to improve maternal diets and combined macronutrient and micronu-

trient supplementation may have a greater potential to provide child development benefits as

compared to micronutrient supplementation alone. However, the lack of an effect at 24

months for LNS as compared to IFA also suggests that nutritional support in pregnancy alone

may not support sustained improvements in child development outcomes. Research and pro-

grams should consider integrated interventions that go beyond nutrition alone and more

broadly promote nurturing care through the inclusion of interventions that also support

health, security, safety, responsive caregiving, and opportunities for early learning [35].
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Sheila Isanaka.

References
1. Cusick SE, Georgieff MK. The Role of Nutrition in Brain Development: The Golden Opportunity of the

"First 1000 Days". J Pediatr. 2016; 175:16–21. https://doi.org/10.1016/j.jpeds.2016.05.013 PMID:

27266965; PubMed Central PMCID: PMC4981537.

2. Walker SP, Wachs TD, Gardner JM, Lozoff B, Wasserman GA, Pollitt E, et al. Child development: risk

factors for adverse outcomes in developing countries. Lancet. 2007; 369(9556):145–57. https://doi.org/

10.1016/S0140-6736(07)60076-2 PMID: 17223478.

3. Black MM, Walker SP, Fernald LCH, Andersen CT, DiGirolamo AM, Lu C, et al. Early childhood devel-

opment coming of age: science through the life course. Lancet. 2017; 389(10064):77–90. https://doi.

org/10.1016/S0140-6736(16)31389-7 PMID: 27717614; PubMed Central PMCID: PMC5884058.

4. Richter L, Black M, Britto P, Daelmans B, Desmond C, Devercelli A, et al. Early childhood development:

an imperative for action and measurement at scale. BMJ Glob Health. 2019; 4(Suppl 4):e001302.

https://doi.org/10.1136/bmjgh-2018-001302 PMID: 31297254; PubMed Central PMCID: PMC6590994.

PLOS MEDICINE Prenatal nutrition supplementation strategies and child development outcomes in rural Niger

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003984 May 2, 2022 15 / 17

https://doi.org/10.1016/j.jpeds.2016.05.013
http://www.ncbi.nlm.nih.gov/pubmed/27266965
https://doi.org/10.1016/S0140-6736%2807%2960076-2
https://doi.org/10.1016/S0140-6736%2807%2960076-2
http://www.ncbi.nlm.nih.gov/pubmed/17223478
https://doi.org/10.1016/S0140-6736%2816%2931389-7
https://doi.org/10.1016/S0140-6736%2816%2931389-7
http://www.ncbi.nlm.nih.gov/pubmed/27717614
https://doi.org/10.1136/bmjgh-2018-001302
http://www.ncbi.nlm.nih.gov/pubmed/31297254
https://doi.org/10.1371/journal.pmed.1003984


5. Grantham-McGregor S, Cheung YB, Cueto S, Glewwe P, Richter L, Strupp B, et al. Developmental

potential in the first 5 years for children in developing countries. Lancet. 2007; 369(9555):60–70. https://

doi.org/10.1016/S0140-6736(07)60032-4 PMID: 17208643; PubMed Central PMCID: PMC2270351.

6. Gernand AD, Schulze KJ, Stewart CP, West KP Jr, Christian P. Micronutrient deficiencies in pregnancy

worldwide: health effects and prevention. Nat Rev Endocrinol. 2016; 12(5):274–89. https://doi.org/10.

1038/nrendo.2016.37 PMID: 27032981; PubMed Central PMCID: PMC4927329.

7. Black RE. Micronutrients in pregnancy. Br J Nutr. 2001; 85(Suppl 2):S193–7. https://doi.org/10.1079/

bjn2000314 PMID: 11509110.

8. Gladstone M, Oliver C, Van den Broek N. Survival, morbidity, growth and developmental delay for

babies born preterm in low and middle income countries—a systematic review of outcomes measured.

PLoS ONE. 2015; 10(3):e0120566. https://doi.org/10.1371/journal.pone.0120566 PMID: 25793703;

PubMed Central PMCID: PMC4368095.

9. Perumal N, Manji KP, Darling AM, Kisenge RR, Kvestad I, Hysing M, et al. Gestational Age, Birth

Weight, and Neurocognitive Development in Adolescents in Tanzania. J Pediatr. 2021; 236:194–203.

e6. https://doi.org/10.1016/j.jpeds.2021.04.036 PMID: 33901518; PubMed Central PMCID:

PMC8403162.

10. World Health Organization. Vitamin and mineral requirements in human nutrition. Geneva, Switzerland:

World Health Organization; 2005 [cited 2021 May 20]. Available from: https://apps.who.int/iris/handle/

10665/42716.

11. Black RE, Victora CG, Walker SP, Bhutta ZA, Christian P, De Onis M, et al. Maternal and child undernu-

trition and overweight in low-income and middle-income countries. Lancet. 2013; 382(9890):427–51.

https://doi.org/10.1016/S0140-6736(13)60937-X PMID: 23746772.

12. Keats EC, Haider BA, Tam E, Bhutta ZA. Multiple-micronutrient supplementation for women during

pregnancy. Cochrane Database Syst Rev. 2019; 3:CD004905. https://doi.org/10.1002/14651858.

CD004905.pub6 PMID: 30873598; PubMed Central PMCID: PMC6418471.

13. Smith ER, Shankar AH, Wu LS, Aboud S, Adu-Afarwuah S, Ali H, et al. Modifiers of the effect of mater-

nal multiple micronutrient supplementation on stillbirth, birth outcomes, and infant mortality: a meta-

analysis of individual patient data from 17 randomised trials in low-income and middle-income countries.

Lancet Glob Health. 2017; 5(11):e1090–e100. https://doi.org/10.1016/S2214-109X(17)30371-6 PMID:

29025632.

14. Zhu Z, Cheng Y, Zeng L, Elhoumed M, He G, Li W, et al. Association of Antenatal Micronutrient Supple-

mentation With Adolescent Intellectual Development in Rural Western China: 14-Year Follow-up From

a Randomized Clinical Trial. JAMA Pediatr. 2018; 172(9):832–41. https://doi.org/10.1001/

jamapediatrics.2018.1401 PMID: 29987336.

15. Prado EL, Sebayang SK, Apriatni M, Adawiyah SR, Hidayati N, Islamiyah A, et al. Maternal multiple

micronutrient supplementation and other biomedical and socioenvironmental influences on children’s

cognition at age 9–12 years in Indonesia: follow-up of the SUMMIT randomised trial. Lancet Glob

Health. 2017; 5(2):e217–e28. https://doi.org/10.1016/S2214-109X(16)30354-0 PMID: 28104188.

16. Prado EL, Adu-Afarwuah S, Lartey A, Ocansey M, Ashorn P, Vosti SA, et al. Effects of pre- and post-

natal lipid-based nutrient supplements on infant development in a randomized trial in Ghana. Early Hum

Dev. 2016; 99:43–51. https://doi.org/10.1016/j.earlhumdev.2016.05.011 PMID: 27391572.

17. Prado EL, Maleta K, Ashorn P, Ashorn U, Vosti SA, Sadalaki J, et al. Effects of maternal and child lipid-

based nutrient supplements on infant development: a randomized trial in Malawi. Am J Clin Nutr. 2016;

103(3):784–93. https://doi.org/10.3945/ajcn.115.114579 PMID: 26843155.

18. Dulal S, Liegeois F, Osrin D, Kuczynski A, Manandhar DS, Shrestha BP, et al. Does antenatal micronu-

trient supplementation improve children’s cognitive function? Evidence from the follow-up of a double-

blind randomised controlled trial in Nepal. BMJ Glob Health. 2018; 3(1):e000527. https://doi.org/10.

1136/bmjgh-2017-000527 PMID: 29527341; PubMed Central PMCID: PMC5841533.

19. Christian P, Murray-Kolb LE, Khatry SK, Katz J, Schaefer BA, Cole PM, et al. Prenatal micronutrient

supplementation and intellectual and motor function in early school-aged children in Nepal. JAMA.

2010; 304(24):2716–23. https://doi.org/10.1001/jama.2010.1861 PMID: 21177506.

20. Das JK, Hoodbhoy Z, Salam RA, Bhutta AZ, Valenzuela-Rubio NG, Weise Prinzo Z, et al. Lipid-based

nutrient supplements for maternal, birth, and infant developmental outcomes. Cochrane Database Syst

Rev. 2018; 8:CD012610. https://doi.org/10.1002/14651858.CD012610.pub2 PMID: 30168868;

PubMed Central PMCID: PMC6513224.

21. Galasso E, Weber AM, Stewart CP, Ratsifandrihamanana L, Fernald LCH. Effects of nutritional supple-

mentation and home visiting on growth and development in young children in Madagascar: a cluster-

randomised controlled trial. Lancet Glob Health. 2019; 7(9):e1257–e68. https://doi.org/10.1016/S2214-

109X(19)30317-1 PMID: 31402006.

PLOS MEDICINE Prenatal nutrition supplementation strategies and child development outcomes in rural Niger

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003984 May 2, 2022 16 / 17

https://doi.org/10.1016/S0140-6736%2807%2960032-4
https://doi.org/10.1016/S0140-6736%2807%2960032-4
http://www.ncbi.nlm.nih.gov/pubmed/17208643
https://doi.org/10.1038/nrendo.2016.37
https://doi.org/10.1038/nrendo.2016.37
http://www.ncbi.nlm.nih.gov/pubmed/27032981
https://doi.org/10.1079/bjn2000314
https://doi.org/10.1079/bjn2000314
http://www.ncbi.nlm.nih.gov/pubmed/11509110
https://doi.org/10.1371/journal.pone.0120566
http://www.ncbi.nlm.nih.gov/pubmed/25793703
https://doi.org/10.1016/j.jpeds.2021.04.036
http://www.ncbi.nlm.nih.gov/pubmed/33901518
https://apps.who.int/iris/handle/10665/42716
https://apps.who.int/iris/handle/10665/42716
https://doi.org/10.1016/S0140-6736%2813%2960937-X
http://www.ncbi.nlm.nih.gov/pubmed/23746772
https://doi.org/10.1002/14651858.CD004905.pub6
https://doi.org/10.1002/14651858.CD004905.pub6
http://www.ncbi.nlm.nih.gov/pubmed/30873598
https://doi.org/10.1016/S2214-109X%2817%2930371-6
http://www.ncbi.nlm.nih.gov/pubmed/29025632
https://doi.org/10.1001/jamapediatrics.2018.1401
https://doi.org/10.1001/jamapediatrics.2018.1401
http://www.ncbi.nlm.nih.gov/pubmed/29987336
https://doi.org/10.1016/S2214-109X%2816%2930354-0
http://www.ncbi.nlm.nih.gov/pubmed/28104188
https://doi.org/10.1016/j.earlhumdev.2016.05.011
http://www.ncbi.nlm.nih.gov/pubmed/27391572
https://doi.org/10.3945/ajcn.115.114579
http://www.ncbi.nlm.nih.gov/pubmed/26843155
https://doi.org/10.1136/bmjgh-2017-000527
https://doi.org/10.1136/bmjgh-2017-000527
http://www.ncbi.nlm.nih.gov/pubmed/29527341
https://doi.org/10.1001/jama.2010.1861
http://www.ncbi.nlm.nih.gov/pubmed/21177506
https://doi.org/10.1002/14651858.CD012610.pub2
http://www.ncbi.nlm.nih.gov/pubmed/30168868
https://doi.org/10.1016/S2214-109X%2819%2930317-1
https://doi.org/10.1016/S2214-109X%2819%2930317-1
http://www.ncbi.nlm.nih.gov/pubmed/31402006
https://doi.org/10.1371/journal.pmed.1003984


22. Isanaka S, Guindo O, Langendorf C, Matar Seck A, Plikaytis BD, Sayinzoga-Makombe N, et al. Efficacy

of a Low-Cost, Heat-Stable Oral Rotavirus Vaccine in Niger. N Engl J Med. 2017; 376(12):1121–30.

https://doi.org/10.1056/NEJMoa1609462 PMID: 28328346.

23. Isanaka S, Langendorf C, McNeal MM, Meyer N, Plikaytis B, Garba S, et al. Rotavirus vaccine efficacy

up to 2 years of age and against diverse circulating rotavirus strains in Niger: Extended follow-up of a

randomized controlled trial. PLoS Med. 2021; 18(7):e1003655. https://doi.org/10.1371/journal.pmed.

1003655 PMID: 34214095; PubMed Central PMCID: PMC8253401.

24. Isanaka S, Garba S, Plikaytis B, Malone McNeal M, Guindo O, Langendorf C, et al. Immunogenicity of

an oral rotavirus vaccine administered with prenatal nutritional support in Niger: A cluster randomized

clinical trial. PLoS Med. 2021; 18(8):e1003720. https://doi.org/10.1371/journal.pmed.1003720 PMID:

34375336; PubMed Central PMCID: PMC8354620.

25. Arimond M, Zeilani M, Jungjohann S, Brown KH, Ashorn P, Allen LH, et al. Considerations in developing

lipid-based nutrient supplements for prevention of undernutrition: experience from the International

Lipid-Based Nutrient Supplements (iLiNS) Project. Matern Child Nutr. 2015; 11(Suppl 4):31–61. https://

doi.org/10.1111/mcn.12049 PMID: 23647784; PubMed Central PMCID: PMC6860325.

26. Ballard T, Coates J, Swindale A, Deitchler M. Household Hunger Scale: Indicator Definition and Mea-

surement Guide. Washington, DC: Food and Nutrition Technical Assistance II Project, FHI 360; 2011.

27. Bayley N. Bayley Scales of Infant and Toddler Development. 3rd edn. San Antonio, TX: Harcourt

Assessment Inc; 2006.

28. WHO Multicentre Growth Reference Study Group. WHO Motor Development Study: windows of

achievement for six gross motor development milestones. Acta Paediatr Suppl. 2006; 450:86–95.

https://doi.org/10.1111/j.1651-2227.2006.tb02379.x PMID: 16817682.

29. Cromwell EA, Dube Q, Cole SR, Chirambo C, Dow AE, Heyderman RS, et al. Validity of US norms for

the Bayley Scales of Infant Development-III in Malawian children. Eur J Paediatr Neurol. 2014; 18

(2):223–30. https://doi.org/10.1016/j.ejpn.2013.11.011 PMID: 24423629; PubMed Central PMCID:

PMC4019333.

30. Geisinger KF. Cross-cultural normative assessment: translation and adaptation issues influencing the

normative interpretation of assessment instruments. Psychol Assess. 1994; 6(4):304. https://doi.org/

10.1037/1040-3590.6.4.304

31. Howe CJ, Cole SR, Lau B, Napravnik S, Eron JJ Jr. Selection Bias Due to Loss to Follow Up in Cohort

Studies. Epidemiology. 2016; 27(1):91–7. https://doi.org/10.1097/EDE.0000000000000409 PMID:

26484424; PubMed Central PMCID: PMC5008911.

32. Keats EC, Das JK, Salam RA, Lassi ZS, Imdad A, Black RE, et al. Effective interventions to address

maternal and child malnutrition: an update of the evidence. Lancet Child Adolesc Health. 2021; 5

(5):367–84. https://doi.org/10.1016/S2352-4642(20)30274-1 PMID: 33691083.

33. Sudfeld CR, Smith ER. New Evidence Should Inform WHO Guidelines on Multiple Micronutrient Sup-

plementation in Pregnancy. J Nutr. 2019; 149(3):359–61. https://doi.org/10.1093/jn/nxy279 PMID:

30773589; PubMed Central PMCID: PMC6398379.

34. Zhu Z, Chang S, Cheng Y, Qi Q, Li S, Elhoumed M, et al. Early life cognitive development trajectories

and intelligence quotient in middle childhood and early adolescence in rural western China. Sci Rep.

2019; 9(1):1–9. https://doi.org/10.1038/s41598-018-37186-2 PMID: 30626917; PubMed Central

PMCID: PMC6892923.

35. Britto PR, Lye SJ, Proulx K, Yousafzai AK, Matthews SG, Vaivada T, et al. Nurturing care: promoting

early childhood development. Lancet. 2017; 389(10064):91–102. https://doi.org/10.1016/S0140-6736

(16)31390-3 PMID: 27717615.

PLOS MEDICINE Prenatal nutrition supplementation strategies and child development outcomes in rural Niger

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003984 May 2, 2022 17 / 17

https://doi.org/10.1056/NEJMoa1609462
http://www.ncbi.nlm.nih.gov/pubmed/28328346
https://doi.org/10.1371/journal.pmed.1003655
https://doi.org/10.1371/journal.pmed.1003655
http://www.ncbi.nlm.nih.gov/pubmed/34214095
https://doi.org/10.1371/journal.pmed.1003720
http://www.ncbi.nlm.nih.gov/pubmed/34375336
https://doi.org/10.1111/mcn.12049
https://doi.org/10.1111/mcn.12049
http://www.ncbi.nlm.nih.gov/pubmed/23647784
https://doi.org/10.1111/j.1651-2227.2006.tb02379.x
http://www.ncbi.nlm.nih.gov/pubmed/16817682
https://doi.org/10.1016/j.ejpn.2013.11.011
http://www.ncbi.nlm.nih.gov/pubmed/24423629
https://doi.org/10.1037/1040-3590.6.4.304
https://doi.org/10.1037/1040-3590.6.4.304
https://doi.org/10.1097/EDE.0000000000000409
http://www.ncbi.nlm.nih.gov/pubmed/26484424
https://doi.org/10.1016/S2352-4642%2820%2930274-1
http://www.ncbi.nlm.nih.gov/pubmed/33691083
https://doi.org/10.1093/jn/nxy279
http://www.ncbi.nlm.nih.gov/pubmed/30773589
https://doi.org/10.1038/s41598-018-37186-2
http://www.ncbi.nlm.nih.gov/pubmed/30626917
https://doi.org/10.1016/S0140-6736%2816%2931390-3
https://doi.org/10.1016/S0140-6736%2816%2931390-3
http://www.ncbi.nlm.nih.gov/pubmed/27717615
https://doi.org/10.1371/journal.pmed.1003984

