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Abstract 

 

The consequences of malnutrition, and effects of multiple micronutrient powders, on young child 

development in India 

 

By Leila Margaret Larson 

 

Nutrition plays an important role in the growth and development of a child, particularly in low- 

and middle- income countries where malnutrition is often widespread. Nutrition programs, 

especially in children under two years of age, have the potential to improve the mental 

developmental of at-risk populations. This dissertation uses data from a two-arm randomized 

cluster effectiveness trial of home fortification with multiple micronutrient powders (MNPs) in 

children 6-18 months of age living in rural Bihar, India. Objectives were to examine 1) the 

nutritional, psychosocial, environmental, and household correlates of child development, and 

identify mediators between dietary diversity and mental development, 2) the impact of home 

fortification with MNPs on motor and mental development, memory, and executive function, and 

3) a path analysis of the relations between diet, hemoglobin, nutritional status, motor 

development, stimulation and various cognitive domains. Results identified length-for-age z-

scores (LAZ), dietary diversity, and psychosocial stimulation as significant predictors of motor 

and mental development. Further, stimulation, gross motor development, and fine motor 

development were significant mediators in the relation between dietary diversity and mental 

development.  Results of the impact evaluation indicate that children who received MNPs and 

whose caregivers received nutrition counseling performed better on tests of motor and mental 

development than children whose caregivers received nutrition counseling only. We also found 

greater impacts of MNPs on motor and mental development in children from households with 

higher stimulation scores at baseline compared to those from households with lower stimulation 

scores at baseline. Lastly, the path analysis indicated significant direct and indirect associations 

between LAZ, motor development and personal social skills, language development, memory, 

and executive function. Stimulation was significantly associated with language abilities, and 

hemoglobin concentrations with memory. The findings from this dissertation suggest that 

nutrition indicators, such as dietary diversity and LAZ, are important predictors of early child 

development, and could influence cognitive abilities through motor development and 

psychosocial stimulation. Programs addressing both stimulation and nutrition could have 

important impacts on child development. In this context, despite low coverage and overworked 

frontline health workers, home fortification with MNPs was found to have modest effects on 

early child development.  



 
 

 
 

The consequences of malnutrition, and effects of multiple micronutrient powders, on young 

child development in India 

 

 

 

By 

 

 

 

Leila Larson 

B.A.Sc., University of British Columbia, 2010 

M.P.H., Columbia University, 2013 

 

 

 

Advisor: Dr. Reynaldo Martorell, Ph.D. 

 

 

 

 

 

 

 

 

A dissertation submitted to the Faculty of the  

James T. Laney School of Graduate Studies of Emory University 

in partial fulfillment of the requirements for the degree of  

Doctor of Philosophy 

in Nutrition and Health Sciences 

2017  



 
 

 
 

Acknowledgements 

 

First, I would like to thank my advisor, Dr. Reynaldo Martorell, for his guidance, kind words, 

and use of informative idiomatic expressions over the past four years. Dr. Martorell has been a 

consistent source of support and positivity throughout this influential time, and working with him 

has been a rewarding experience. I am grateful for his contributions to my professional growth. I 

thank Dr. Patricia Bauer for encouraging me to bridge the fields of nutrition and child 

psychology. I thank her for building my research skills, for believing in my ideas and decisions, 

and for reminding me not to take life too seriously. I am grateful to Dr. Lynnette Neufeld for 

being my strong female mentor. I thank her for taking me under her wing and imparting a 

valuable slice of her experience. Our conversations left me confident to take on the next 

challenge. I thank Dr. Usha Ramakrishnan for her support throughout my time at Emory, in 

navigating the NHS program, and encouraging my professional development. I thank Dr. 

Melissa Young for her support and kindness throughout many experiences here and abroad. I 

thank Dr. Amy Webb Girard for mentoring me professionally while keeping me in shape 

physically. She was my sounding board on many pivotal occasions. Lastly, I want to thank my 

family, friends, and better half (Saam Batmanghelidj), who never let me doubt myself. 

 

  



 
 

 
 

Dedication 

 

I dedicate this dissertation to my parents, Dr. Frances Aboud and Dr. Charles Larson. With their 

guidance and support, I have developed a fulfilling professional and personal life. They taught 

me to be curious, challenge myself, problem solve, and pursue all dreams. I aspire to achieve 

their passion for career and life. I thank them for believing in me unwaveringly.  



 
 

 
 

List of abbreviations 

 

ASHA  Accredited Social Health Activist 

ARA  Arachidonic acid 

AWC  Anganwadi Center 

AWW  Anganwadi Worker 

BMI  Body mass index 

BSID  Bayley Scales of Infant and Toddler Development 

CFI  Comparative fit index 

DFS  Double fortified salt 

DHA  Docosahexanoic acid 

DMC  Developmental Milestones Checklist 

ECDI  Early Child Development Index 

EEG  Electroencephalography 

EFF  Encapsulated ferrous fumarate 

EPHPP Effective Public Health Practice Project 

FCI  Family Care Indicators 

FLW  Frontline health worker 

GRADE Grading of Recommendations, Assessment, Development and Evaluations 

HAZ  Height-for-age z-score 

HSC  Health sub-center 

ICDS  Integrated Child Development Services 

IFA  Iron folic acid 

IFHI  Integrated Family Health Initiative 

INCAP Institute of Nutrition of Central America and Panama 

IUGR  Intrauterine growth restriction 

IYCF  Infant and young child feeding 

LAZ   Length-for-age z-score 



 
 

 
 

LMIC  Low- and middle-income country 

MNP  Multiple micronutrient powder 

MUAC Mid-upper am circumference 

NFHS  National Family Health Survey 

NMDA N-methyl-D-aspartate 

PDS  Public Distribution System 

RCT  Randomized controlled trial 

RMSEA Root mean square error of approximation 

SEM  Structural equation model 

SQ-LNS Small-quantity lipid-based micronutrient supplements  

SRS  Simple random sample 

TLI  Tucker Lewis Index 

WHO  World Health Organization 

WLZ  Weight-for-length z-score 

  



 
 

 
 

Table of Contents 
 

Chapter 1: Introduction ................................................................................................................... 1 

1.1 Aims ...................................................................................................................................... 4 

Chapter 2: Literature review ........................................................................................................... 5 

2.1 Micronutrients and how they affect child development ........................................................ 6 

2.2 Effect of nutrition on child development: evidence from randomized trials in humans ..... 12 

2.3 Conceptual framework for how nutrition improves child development ............................. 15 

2.4 Mediating pathways between nutrition and child development .......................................... 16 

2.5 Nutrition in the context of India .......................................................................................... 19 

2.7 Chapters 1 and 2 references ................................................................................................ 21 

Chapter 3: A Meta-analysis of Nutrition Interventions on Mental Development of Children 

Under-Two in Low- and Middle-Income Countries ..................................................................... 30 

3.1 Abstract ............................................................................................................................... 31 

3.2 Introduction ......................................................................................................................... 32 

3.3 Methods ............................................................................................................................... 35 

3.4 Results ................................................................................................................................. 38 

3.5 Discussion ........................................................................................................................... 42 

3.6 Acknowledgements ............................................................................................................. 46 

3.7 Chapter 3 references ............................................................................................................ 47 

3.8 Bridge statement 1 ............................................................................................................... 71 

Chapter 4: A cross-sectional survey in rural Bihar, India indicates that nutritional status, diet and 

stimulation are associated with motor and mental development in young children ..................... 73 

4.1 Abstract ............................................................................................................................... 74 

4.2 Introduction ......................................................................................................................... 75 

4.3 Participants and Methods .................................................................................................... 76 

4.4 Results ................................................................................................................................. 80 

4.5 Discussion ........................................................................................................................... 83 

4.6 Acknowledgements ............................................................................................................. 87 

4.7 Chapter 4 references ............................................................................................................ 88 

4.8 Bridge statement 2 ............................................................................................................. 100 

Chapter 5: Effectiveness of a home fortification program with multiple micronutrients on infant 

and young child development: a cluster randomized trial in rural Bihar, India ......................... 101 



 
 

 
 

5.1 Abstract ............................................................................................................................. 102 

5.2 Introduction ....................................................................................................................... 104 

5.3 Methods ............................................................................................................................. 105 

5.4 Results ............................................................................................................................... 117 

5.5 Discussion ......................................................................................................................... 119 

5.6 Acknowledgements ........................................................................................................... 122 

5.7 Chapter 5 references .......................................................................................................... 124 

5.8 Bridge statement 3 ............................................................................................................. 141 

Chapter 6: A path analysis of nutrition, stimulation, and child development among young 

children in Bihar, India ............................................................................................................... 142 

6.1 Abstract ............................................................................................................................. 143 

6.2 Introduction ....................................................................................................................... 144 

6.3 Methods ............................................................................................................................. 148 

6.4 Results ............................................................................................................................... 153 

6.5 Discussion ......................................................................................................................... 155 

6.6 Acknowledgements ........................................................................................................... 159 

6.7 Chapter 6 references .......................................................................................................... 161 

Chapter 7: Discussion ................................................................................................................. 185 

7.1 Generalizability of findings from the Bihar trial ............................................................... 187 

7.2 Home fortification with multiple micronutrients in the context of other food fortification 

strategies .................................................................................................................................. 189 

7.3 The small effects of nutrition interventions on child development ................................... 193 

7.4 What evidence means for decision making ....................................................................... 195 

7.5 Implications for future research ........................................................................................ 197 

7.6 Limitations ........................................................................................................................ 204 

7.7 Strengths ............................................................................................................................ 207 

Chapter 8: Conclusions ............................................................................................................... 208 

Chapters 7 and 8 references .................................................................................................... 210 

 

 
  



 
 

 
 

Table of Tables 

 

Table 3.1: Prenatal intervention studies ........................................................................................ 53 

Table 3.2: Postnatal intervention studies ...................................................................................... 56 

Table 4.1: Demographic and clinical characteristics of children 6-18 months of age .................. 91 

Table 4.2: Association of child motor development score with child conditions for children 6-11 

(left) and 12-18 (right) months of age........................................................................................... 93 

Table 4.3: Association of child mental development score with child conditions for children 6-11 

(left) and 12-18 (right) months of age........................................................................................... 94 

Supplemental Table 4.1: Association between dietary diversity and mental development score for 

children 6-11 and 12-18 months of age ........................................................................................ 98 

Table 5.1: Demographic and clinical characteristics of children at baseline and endline by 

intervention group ....................................................................................................................... 128 

Table 5.2: Mean DMC-II scores for children 6-18 months of age at baseline and endline by 

intervention group ....................................................................................................................... 130 

Table 5.3: Effect size for change in DMC-II scores from baseline to endline by intervention 

group for children from low compared to high stimulation households ..................................... 132 

Table 5.4: Mean DMC-II scores for children 6-18 months of age in intervention group at endline 

by consumption of Jeevan Jyoti in the past one month .............................................................. 133 

Table 5.5: Odds ratios of executive function outcomes among children 12 to 18 months of age 

from intervention compared to control group (N=1079) ............................................................ 134 

Table 5.6: Mean scores of children 12 to 18 months of age on Elicited Imitation memory tasks by 

intervention group (N=1079) ...................................................................................................... 135 

Table 6.1: Demographic and clinical characteristics of children 12-18 months of age with 

measures of child development (N=1079) .................................................................................. 166 

Table 6.2: Bivariate analyses examining predictors of language, personal-social, memory, and 

executive function ....................................................................................................................... 168 

Table 6.3: Correlation matrix between predictors and mental development .............................. 170 

Supplemental Table 6.1: R2 values for path model ..................................................................... 179 

Supplemental Table 6.2: Standardized direct, indirect, and total effects for path model ........... 180 

Supplemental Table 6.3: Unstandardized direct, indirect, and total effects for path model ....... 182 

 

  



 
 

 
 

Table of Figures 

 

Figure 3.1: Selection of studies for the systematic review of the effect of nutritional interventions 

on child mental development ........................................................................................................ 63 

Figure 3.2: Forest plot for of mental development effect sizes for prenatal interventions ........... 64 

Figure 3.3: Forest plot for of mental development effect sizes for postnatal interventions ......... 65 

Figure 3.4: Forest plot for of mental development effect sizes for postnatal multiple 

micronutrient interventions ........................................................................................................... 66 

Figure 3.5: Forest plot for of mental development effect sizes for postnatal single micronutrient 

interventions .................................................................................................................................. 67 

Figure 3.6: Forest plot for of mental development effect sizes for postnatal energy, protein, and 

fat interventions ............................................................................................................................ 68 

Figure 3.7: Funnel plot for postnatal interventions ....................................................................... 69 

Figure 3.8: Funnel plot for prenatal interventions ........................................................................ 70 

Figure 4.1: Mediation analysis between dietary diversity and mental development in children 6-

11 months of age ........................................................................................................................... 95 

Figure 4.2: Mediation analysis between dietary diversity and mental development in children 12-

18 months of age ........................................................................................................................... 97 

Supplemental Figure 4.1: Flowchart of study design and sampling strategy ............................... 99 

Figure 5.1: CONSORT flow diagram ......................................................................................... 136 

Supplemental Figure 5.1: A-not-B task sequence....................................................................... 138 

Supplemental Figure 5.2: Change in motor development scores from baseline to endline in 

intervention and control groups .................................................................................................. 139 

Supplemental Figure 5.3: Change in mental development scores from baseline to endline in 

intervention and control groups .................................................................................................. 140 

Figure 6.1: Hypothesized biopsychosocial model ...................................................................... 172 

Figure 6.2: Standardized coefficients in path model between diet and language development of 

children 12-18 months of age (N=1079) ..................................................................................... 173 

Figure 6.3: Standardized coefficients in path model between diet and personal-social 

development of children 12-18 months of age (N=1079) ........................................................... 174 

Figure 6.4: Standardized coefficients in path model between diet and memory score (ordered 

recall) of children 12-18 months of age (N=1079) ..................................................................... 175 

Figure 6.5: Standardized coefficients in path model between diet and memory score (target 

actions) of children 12-18 months of age (N=1079) ................................................................... 176 

Figure 6.6: Standardized coefficients in path model between diet and executive function 

(overcome perseverative error) of children 12-18 months of age (N=1079) .............................. 177 



 
 

 
 

Figure 6.7: Standardized coefficients in path model between diet and executive function (any 

tolerated delay) of children 12-18 months of age (N=1079) ...................................................... 178 



1 
 

 
 

Chapter 1: Introduction 
 

Estimates indicate that 250 million, or 43%, of children under five years of age 

worldwide fail to fulfill their developmental potential (1). The consequences of poor early child 

development are considerable and long-lasting, with the potential to influence the cognitive 

performance and earning potential of current and subsequent generations. Evidence to date 

indicates that nutrition and stimulation interventions provided to children exposed to resource-

limited environments can have beneficial effects on short-term cognitive and behavioral 

development (1), but also on their later life earning potential (2), school attainment (3), 

competence (4), and offspring growth (5, 6). Impact varies by type of intervention, the context, 

and the population. Efforts are being made to determine how to most effectively intervene and 

improve development on an individual and population level. 

Due to the devastating consequences and the potential for remediation, promising 

evidence from research on child development and from interventions aimed to improve early 

development have been effective in mobilizing interest and funds (7). The increased interest and 

funding may explain in part why the number of publications related to early child development 

have increased over the past decade (by a factor of two for studies of the impact of 

micronutrients and a factor of three for stimulation studies) (1). Global public health agencies 

(such as the World Health Organization), governments, and non-governmental organizations are 

interested in evidence-based cost-effective decision making and know that investment in 

effective programs can have important implications for the economy and well-being of a country.  

Thus, researchers continue to summarize what is currently known about effective programs and 
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to evaluate new avenues for interventions. In parallel are efforts to understand how our 

interventions are actually influencing the mental development of children. 

There is compelling evidence, both from animal and human studies, for a sensitive period 

during which interventions have the largest impact on child development, in other words, a 

window of sensitivity. The brains of infants and toddlers undergo rapid structural and functional 

changes throughout the first few years of life. Their brains are malleable and so are able to 

overcome or compensate for insults, such as nutritional deficits or stressful events. Supporting 

evidence comes from adoptions studies. For instance, Korean children adopted to middle-class 

American families before the age of two years performed better on intelligence quotient tests 

than children adopted after the age of two years (8). Similarly, studies in Romanian orphanages 

show that the later an orphan was taken out of institutional care, the worse they performed on 

cognitive tests (9-12). Younger children demonstrate an ability to reorient their developmental 

trajectory, after being exposed to physical or psychological stress more easily than older children 

(13, 14).  

Humans have substantially larger brains than other primates do. Our brains are composed 

of 16 billion neurons, compared to 9 billion for our close relatives (other primates, eg., the 

gorilla) (15). From birth to approximately age three years, 700 neural connections develop every 

second. An overproduction of neurons in this age range allows an infant to adapt to many 

environments; once settled into a particular environmental niche, pruning of neurons to reduced 

unused pathways begins. In infancy and childhood, the brain thereby becomes specialized for 

selected environments, something that becomes more difficult in adulthood. It is because of the 

brain’s plasticity during this window that it is most advantageous to intervene in early life. At 

this stage, the brain is sensitive to enrichment, but also to insult. It is also a stage at which 
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humans are wholly dependent on their parents, or caregivers. Therefore, interventions to enhance 

child development should target the young child, whose brain is sensitive, and also the parent, 

whose nurturing is vital to the child’s survival and development. 

As children age, unused brain synapses are gradually deleted. This may be useful as the 

brain specializes for the selected context, but it may be an impediment if context-relevant input is 

absent. Recovery of useful synapses is possible, but at additional costs. For instance, children 

who do not build a good vocabulary in early years have difficulty learning how to read (16). 

Similarly, math concepts are more difficult for children who do not build problem-solving 

abilities in the first few years (16). Lastly, children with poor emotional attachment in early life 

find it difficult to cope with stressful and difficult situations throughout life. It is within this 

window of opportunity that stimulation and nutrition interventions in resource-limited settings 

have had the largest potential to benefit. 

Nutrition has proven to be an important predictor of development, and interventions to 

address malnutrition in many low- and middle-income countries (LMICs) have improved 

children’s short- and long-term development. The consistent effects of nutrition in childhood 

have been well demonstrated in one of the longest nutrition intervention follow-up studies, the 

Institute of Nutrition of Central America and Panama (INCAP) study (17). As part of a cluster 

randomized study, Guatemalan children under seven years of age received a highly nutritious 

supplement and controls received a placebo, with the primary aim of examining effects on 

development (17). In adolescence, those in the intervention group scored higher on tests of 

knowledge, numeracy, reading, vocabulary, and information processing (18). Between 25-42 

years of age, those who had received the supplement as children had higher completed grades of 

school and performed better on reading comprehension and cognitive tests (3). Further, males 



4 
 

 
 

exposed to the supplement before three years of age had higher hourly wages (19). This study 

paints a promising picture of the substantial impact an early nutrition intervention can have 

throughout life.  It spawned a number of nutrition interventions aimed at determining the kinds 

of nutrients children needed to enhance a variety of different mental abilities, and at which ages. 

The present dissertation addresses still important gaps in the literature by examining the effects 

of a micronutrient intervention on child development, and by exploring how nutrition and other 

inputs, such as stimulation, contribute to different mental abilities in young children. 

 

1.1 Aims 

The aims of this thesis are as follows: 

1. Review the evidence for the effect of nutrition supplementation on mental development of 

children under two years of age in LMICs. 

Chapter 3: We performed a review and meta-analysis of the effects of macronutrient and 

micronutrient supplementation trials on mental development in children under two years of age 

living in LMICs. We also examined the proposed pathways by which nutrition may impact 

mental development, namely nutritional status and motor development. 

2. Examine nutritional, psychosocial, environmental, and household correlates of motor and 

mental development, and identify mediators of the relation between diet and mental 

development in infants and young children. 

Chapter 4: We used cross-sectional baseline data from a nutrition intervention in children 6-18 

months of age in Bihar India, to establish associations between nutritional, psychosocial, 
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environmental, and household characteristics and early child development. We also examined 

potential mediators between dietary diversity and mental development.  

3. Examine the impacts of home fortification with multiple micronutrient powders (MNPs) on 

motor and mental development, executive function, and memory of children. 

Chapter 5: We use data from a two-arm cluster effectiveness trial in 70 health sub-centers in 

Bihar, India, randomized to receive either MNPs and nutrition counseling (intervention) or 

nutrition counselling alone (control) for 12 months. Effects on motor and mental development, 

executive function, and memory were examined in children 6-18 months of age. 

4. Construct and test a theoretical model looking at the associations between diet, 

hemoglobin, length-for-age z-scores (LAZ), motor development, stimulation, and an array 

of cognitive domains (language, personal-social development, memory, and executive 

function) in infants and young children. 

Chapter 6: We performed structural equation modeling using cross-sectional endline data from a 

nutrition intervention in rural Bihar, India, to examine a theoretical model looking at the 

associations between diet, hemoglobin, LAZ, motor development, stimulation, and an array of 

cognitive domains in children 12-18 months of age.  

 

Chapter 2: Literature review 

 This literature review begins with an overview of the role of micronutrients on child 

development, drawing mainly from animal studies because the biological mechanisms are more 

difficult to study in humans. Then, I discuss the research from randomized trials in humans 
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looking at the effects of nutrition on child development. The review focuses, but is not limited to, 

micronutrients to review the literature that best informs my dissertation. Finally, I review the 

evidence for mediators in the relation between nutrition and child development. The purpose of 

outlining the mediating pathways is to draw attention to factors that reduce or enhance the effects 

of nutrition on development. 

 

2.1 Micronutrients and how they affect child development  

Micronutrients play an important role in the structural and functional development of the 

brain. Evidence for the role of nutriton at the cellular and molecular level is primarily available 

from animal studies. Though many of these processes translate to humans, it is important to 

acknowledge that the associations seen in animals may not be directly applicable to the 

developing human brain. The first 1000 days of life is a period of rapid brain development and a 

prime time to intervene. As areas of the fetal and infant brain develop, the timing of deficiency 

can interupt time-sensitive processes (20). For instance, the neural plate and neural tube develop 

as early as 22 days after conception. Their proper formation is highly dependent on 

micronutrients such as folic acid, copper, and vitamin A (21). If deficiencies in these 

micronutrients exist at this time, there may be irreparable damage to the neural tube resulting in 

lifelong defects. Although there is clear evidence for the role of micronutrients on brain 

development, the extent to which deficiencies will cause harm or damage is not well understood, 

nor is the extent to which micronutrient interventions lead to recovery or prevent developmental 

deficits. This section outlines the role of key micronutrients and fatty acids on brain 

development. 
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 2.1.1 Iron 

Nearly 20% of preschool-aged children in low- and middle-income countries (LMICs) 

are iron deficient, and 25% of anemia is associated with iron deficiency (22). Even before birth, 

many children are exposed to iron deficiency caused by poor maternal iron status, intrauterine 

growth restriction (IUGR), and gestational diabetes mellitus, health issues that are also present in 

high-income countries. Maternal hypertension, which causes IUGR, restricts the blood flow of 

iron. The remaining iron is prioritized by red blood cells and less reaches the brain. Maternal 

diabetes mellitus leads to chronic fetal hyperglycemia and hyperinsulinemia. The hypoxic 

environment means that more iron is needed for hemoglobin synthesis, resulting in fetal iron 

deficiency. Similar to IUGR cases, iron is prioritized to red blood cells rather than the brain. 

Nelson et al investigated the short and long term effects of an early hypoxic environment by 

studying memory in infants of diabetic mothers. As neonates, these infants showed reduced 

recognition memory compared to infants of non-diabetic mothers (23). These deficits were still 

apparent in 12 and 30 month olds, in tasks of memory and overall motor and mental 

development using the Bayley Scales of Infant and Toddler Development (BSID) (23). Scores on 

tasks of memory in newborns were also correlated with their ferritin concentrations (23). The 

influence of iron on neurodevelopment has been studied extensively because of iron’s role in 

neurochemistry, neurometabolism, and neuroanatomy in infancy and early childhood across 

populations (24). Further, iron plays an important role in oxidative energy production, 

transporting oxygen, and facilitating oxygen’s use in energy transfer (25). Iron is found in 

hemoglobin, myoglobin, enzymes, and respiratory chain proteins (25). 
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Animal studies have demonstrated iron’s role in myelination, neurotransmission, 

dendritogenesis, and synaptogenesis. Most of the research has focused on two important regions 

of the brain, the striatum and the hippocampus. The striatum is related to higher order cognitive 

and emotional functions, memory, behavior, and motor functioning; the hippocampus is vital for 

recognition memory and learning, and other important functions and behaviors such as anxiety 

and depression. Animal models have shown that the fatty acid composition and synthesis of 

myelin is altered in the presence of iron deficiency (26-29). In fact, 70% of brain iron is 

associated with myelin (30). White matter in young rats is significantly reduced with iron 

deficiency at 21 days, becoming worse as the deficiency continues (31). Dopamine, serotonin, 

norepinephrine, monoamines, and iron are consistently correlated in the brain, and effects of iron 

repletion in young rodents persists into adulthood (32-37). Specific alteration of the neurostriatal 

neurons caused by iron deficiency has negatively affected fine motor, gross motor, motor 

sequencing, and sensory abilities in rats (36). Synaptic efficiency and maturity is reduced in 

rodents exposed to gestational and early postnatal iron deficiency (38). Structural alterations due 

to iron deficiency in early life include less linear dendritic growth and more tangled dendritic 

branches, which were also evident in adulthood (38). The extent of disruption on 

neurodevelopment depends on the timing and duration of iron deficiency. For instance, transient 

reductions in iron status have been shown to alter monoaminergic neurotransmission, but did not 

show changes in brain iron levels (39). Structural, dopaminergic, neurometabolic, 

neurochemical, and electrophysiologic functions in the striatum and hippocampus have been 

shown to be affected by iron deficiency in rats including grooming behavior, forelimb activity, 

reduced exploration of novel environments, drowsiness, decreased attention and learning (40), 

and recognition memory (41-44).  
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2.1.2 Iodine 

Iodine is essential for the synthesis of thyroid hormones, which are used in neurogenesis 

and are vital for maturation of the central nervous system (45). In the absence of thyroid 

hormones, the central nervous system undergoes irreversable morphological and biochemical 

changes that lead to mental retardation (17). Deficiency during gestation results in reduced axon 

growth and dendritic branching in the cortex (46). It also negatively affects the migration of 

radial neurons, which settle permanently in heterotopic locations within the cortex and 

hippocampus (46). Long-term effects are seen from gestational iodine deficiency on synaptic 

density, neurotransmitter and neuropeptide levels (norepinephrine, dopamine, etc.), and 

neurotransmitter enzyme activity (34, 45). Similarly, it causes reduced deposition of myelin and 

delays the development of myelin-associated enzymes (45-47). A meta-analysis of iodine and 

mental development in children under five years of age concluded that iodine deficient children 

scored 7 to 10 points lower on developmental quotient tests than iodine sufficient children (48). 

 

2.1.3 Zinc 

Zinc is important for growth because of its role in the activity of insulin-like growth 

factor 1 (49). It also has a role in DNA, RNA (50-52) and protein (53) synthesis. Zinc is essential 

for proper brain development and function. Because of its role in cell division, rodents exposed 

to gestational zinc deficiency show reduced brain DNA and total brain mass in the cerebellum, 

limbic system, and cerebral cortex (54-56), in addition to decreased arborization of dendritic 

branches (57). Zinc deficiency has been shown to affect hippocampal neuronal functioning (58). 
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Zinc can interact with neurotransmitter receptor proteins (52). Studies in rats demonstrate that 

zinc inhibits γ-aminobutyric acid receptor function in spinal cord neurons (59) as well as N-

methyl-D-aspartate (NMDA) receptors in hippocampal neurons (60). Metallothionein is a zinc-

binding protein in neurons, which acts as a free-radical scavenger and cleanses the body of toxic 

metals such as cadmium and mercury (52). Despite the benefits observed in animal studies, few 

randomized controlled trials (RCTs) in humans show significant effects of zinc supplementation 

on cognitive development. A recent review and meta-analysis of zinc supplementation trials in 

children under two years of age showed no trials with significant positive effects (61). However, 

one double-blind randomized trial in Dhaka, Bangladesh, reported a significant negative effect of 

zinc supplementation from 1-5 months of age on mental development as measured using the 

BSID-II (62). 

 

 2.1.4 B-vitamins 

 Early in gestation (weeks 2 to 4), the neural tube forms. The neural tube consists of 

progenitor cells which lead to neurons and glial cells. Folic acid and vitamin B12 are vital at this 

stage of fetal development; deficiency can lead to neural tube defects, most notably anencephaly 

and spina bifida (63). Vitamin B6 is another important B-vitamin for the developing central 

nervous system, and deficiency can have important effects on brain development and cognitive 

functions (64). Rodent studies determined that gestational and early postnatal vitamin B6 

deficiency is associated with reduced dendritic branching in the developing cerebellum and 

neocortex (65, 66). Deficiency also has detrimental effects on synaptic density; it alters the 

efficiency NMDA receptors, and decreases dopamine levels and dopamine D2 receptor binding 
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(64, 66, 67). Finally, rats fed diets with lower amounts of vitamin B6 showed markedly less 

myelination than those fed more B6, with a clear dose response (68). 

 

 2.1.5 Fatty acids 

 Docosahexanoic acid (DHA), a long-chain omega-3 fatty acid, is thought to be essential 

to fetal and infant brain development and growth (69). It is highly concentrated in the brain, and 

its integral role in membrane lipids raises the possibility that inadequate DHA alters brain 

development through its effects on nerve impulse transmission, synaptogenesis, cell signal 

transduction and myelination (69, 70). Myelin is the lipid insulation layer of neuronal axons and 

deficits in myelination cause global brain dysfunction.  Particularly during the third trimester and 

the first year of life, the developing brain is sensitive to variations in the supply of DHA, which 

is dependent on maternal diet for breastfed infants (71). In the recent DHA Intake and 

Measurement of Neural Development trial, infants were supplemented with DHA and 

arachidonic acid (ARA), an omega-6 fatty acid, at difference ratios. Children who received the 

supplement performed better on most developmental tasks between 4-72 months; however, many 

of the outcomes show a reduction of benefit from the highest DHA dose (DHA:ARA ratio of 

1.5:1 compared to 0.5:1 and 1:1). Red blood cell data showed that increased DHA 

supplementation beyond 0.64% reduced ARA in the blood. Their findings suggest that the 

balance of DHA:ARA contributes to the effect of supplementation on child cognition (72).  
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2.2 Effect of nutrition on child development: evidence from randomized trials in humans 

Systematic reviews and meta-analyses including randomized nutrition interventions with 

children under five years of age show mixed evidence for effects on mental development (73-

75). A recent meta-analysis by Larson and Yousafzai focused on nutrition interventions with 

children under two years of age living in LMICs and concluded that there was a significant but 

small impact on mental development (overall effect size d=0.08) (61). However, when stratified 

by type of nutrition intervention, only macronutrient trials revealed a significant effect, whereas 

multiple and single micronutrient trials did not have an impact. In fact, the only multiple 

micronutrient trial which demonstrated a significant impact on mental development was a large 

effectiveness trial with Pakistani children from birth to 23 months of age (76). Compared to the 

standard nutrition education delivered by frontline health workers, enhanced nutrition (which 

included additional nutrition education for mothers with children 0 to 23 months and multiple 

micronutrient powders once children reached 6 months) resulted in improvements in cognitive, 

language and socio-emotional development at 12 months and improved language at 24 months 

(76). Children were again followed up at four years of age and benefits of enhanced nutrition 

were observed on pro-social behaviors and motor development, while effects on cognitive 

development were attenuated (77). Pasricha et al reviewed the effect of iron supplementation in 

children 4-23 months of age and found no differences in mental or motor development scores 

(78). Thompson et al reported a significant effect of iron supplementation on mental 

development in older children 2-5 years of age (79); however only two studies (80, 81) were 

included in this calculation and only one (81) of the two studies found significant impact. In a 

rural population of children with high anemia and infection, Stolzfus et al found that iron 

supplementation compared to placebo improved language development by 0.8 points; motor 
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development was improved only in children with hemoglobin concentration less than 9 g/dL 

(81). In summary, the systematic reviews of studies conducted before 2015 showed one multiple 

micronutrient study (76) with an impact and a handful of iron-only supplement studies (81-86)  

with an effect on mental development in children under two years. 

A number of large-scale nutrition trials using multiple micronutrients have been 

conducted since the publication of Larson and Yousafzai’s meta-analysis (61). Prado et al 

published three small-quantity lipid-based micronutrient supplements (SQ-LNS) trials in Sub-

Saharan Africa. SQ-LNS provide a low dose (less than 120 calories/day) of energy, protein, 

macro-minerals and essential fatty acids, in addition to micronutrients. One cluster randomized 

trial in Burkina Faso found that children from communities who received SQ-LNS and treatment 

of malaria and diarrhea from 9 to 18 months of age showed improvements in motor (0.34 SDs 

higher), language (0.30 SDs higher), and personal-social (0.32 SDs higher) development 

compared to children from non-intervention communities (87). Two other trials in Malawi and 

Ghana used similar designs and provided SQ-LNS to mothers during pregnancy until 6 months 

postpartum and SQ-LNS to children 6 to 18 months of age compared to iron and folic acid (IFA) 

or multiple micronutrient supplementation to mothers only during pregnancy (88, 89). In 

Malawi, children from the SQ-LNS group showed earlier acquisition of gross motor milestones 

(walking alone, waving goodbye, and standing with assistance) (88). However, at 18 months of 

age, there were no differences in motor, language, socio-emotional development, or executive 

function (higher-order cognitive functions) between intervention groups (88). In Ghana, more 

children who had received SQ-LNS were able to walk at 12 months of age compared to the IFA 

group (89). Consistent with the Malawi trial, no improvements were seen at 18 months of age in 

motor, language, socio-emotion development, or executive function (89). This suggests an early 
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effect of maternal and child SQ-LNS supplementation on walking at 12 months, but no sustained 

effects on motor or mental development by 18 months of age at the end of the supplementation. 

Another SQ-LNS trial in Bangladesh supplemented mothers during pregnancy until 6 months 

postpartum with either SQ-LNS or IFA; children received either SQ-LNS, multiple micronutrient 

powders (MNPs), or no supplement from 6 to 24 months of age (90). At 18 months, children 

from all intervention groups showed improved motor skills compared to children who did not 

receive a supplement (and whose mothers received IFA) (90). At 24 months, children from 

intervention groups scored higher on receptive and expressive language scores, but not personal-

social scores or executive function (90). In the latter trial, a parent-report measure was used to 

assess development, whereas in the former trials in Malawi and Ghana, a direct assessment of 

child abilities was used.  

Because findings from recent nutrition trials are mixed, it is important to ask more 

specific questions about the conditions for effective interventions: What type of nutrition 

intervention is most effective in what contexts? At what age and for how long should nutrition 

supplementation be provided? Are effects seen in RCTs maintained in effectiveness trials? What 

is leading to the mixed effects seen to date? In the hopes of illuminating answers to some of 

these questions, in the next section, I examine the mediating pathways between nutrition 

supplementation and child development. The pathways through which nutrition can influence 

child development are varied and inter-related, and could help decipher why some trials see 

effects and others do not in different contexts and populations. 
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2.3 Conceptual framework for how nutrition improves child development  

 Pollitt and colleagues developed a conceptual framework for how nutrition relates to 

child development (91). Since then, he and others have tested its validity using study data in a 

range of settings, starting with Indonesia (92-96). The model describes multiple pathways 

through which malnutrition detrimentally affects cognitive development in children, namely 

through poor physical growth, motor development and activity, emotional regulation, caregiver 

behavior, and reduced exploration (91). Since then, others have built upon this model (21, 92). 

An adapted framework by Prado and Dewey (21) hypothesizes that improved nutrition can affect 

cognitive development directly through 1) brain development, by affecting brain metabolism, 

neurotransmitter function, and myelination, and indirectly through 2) the physical growth of a 

child, by improving muscle mass and linear growth, 3) the frequency and severity of sickness, by 

reducing susceptibility to infection and a reduced immune system, 4) a child’s level of physical 

activity, by increasing muscle and bone strength, body proportions, and energy level, 5) 

interactions with caregivers, and 6) level of exploration of their environment.  

Micronutrients are an important form of nutrition that can directly affect brain functions 

and structures, as described previously, but can also contribute to growth, activity, and reduced 

infection. Effects on growth and motor skills have been studied frequently, whereas effects on 

caregiver interactions less so. Importantly, few RCTs (97) studying the effects of a nutrition 

intervention on child development report mediating effects of variables such as growth, illness, 

and stimulation. The strength of these pathways are important to document and may explain 

some of the mixed effects seen in RCTs in LMICs.  
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2.4 Mediating pathways between nutrition and child development 

Mediation through growth: The effect of nutrition on growth, in particular stunting, has 

been well documented with randomized trials. A meta-analysis of studies in children 6-24 

months of age found that interventions providing nutrition counseling or complementary foods 

resulted in an additional weight gain of 0.25 kg and height gain of 0.54 cm (98). Another meta-

analysis of iron, zinc, calcium, iodine, vitamin A, multiple micronutrients, protein, and food 

interventions on growth of children two years of age and older reported significant positive 

effects of zinc, vitamin A, multiple micronutrients, and protein on linear growth (99). The other 

half of the mediation pathway, from stunting to child development, has predominantly been 

examined using observational data, although several interventions aimed at improving stunting 

have also examined effects on child development (61, 87-89). In the 1990’s Pollitt etal 

documented the association between physical growth and motor development in Indonesian 

children (100). They found that length-for-age, but not weight-for-length or weight-for-age, was 

significantly associated with gross motor development in children 6-18 months of age (100). 

Around the same time, Powell and Grantham-McGregor studied children under four years of age 

from poor neighborhoods in Jamaica and found that stunting and weight-for-age, but not 

wasting, were associated with mental development (101). Since then, much research has 

substantiated these results, so much so that stunting is now used as a proxy for poor development 

(1, 102). Recent work using the Early Childhood Development Index data collected from 2005 to 

2015 in 3-4 year old children living in 35 LMICs showed that country-level socio-emotional and 

cognitive scores were significantly correlated with prevalence of stunting (r=0.72) (103). Thus, 

there is mounting evidence that stunting is associated with poor mental and motor development.    
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Mediation through illness: As for the mediating pathway through sickness, evidence 

suggests that malnutrition can have a significant effect on diarrhea duration (104, 105), severity, 

and mortality (106, 107). We also know that younger children who are frequently ill will spend 

more time close to their mother, foregoing exploring their environment and engaging with 

others. As a child ages and starts attending school, sickness leads to absence from school. 

Diarrheal disease is one of the leading causes of illness and death in LMICs (108). As with 

stunting, most of the evidence for the relation between diarrheal disease and child development 

is observational. For instance, in a longitudinal study in Brazilian urban slums, children’s 

diarrheal disease was assessed in their first two years of life and children were followed up for 

cognitive testing 5-10 years later. Authors reported that diarrheal episodes were negatively 

correlated with children’s IQ scores and verbal fluency (109, 110). A prospective cohort study of 

improved water and sanitation in infancy found that improved water and toilet access at 1 year 

was associated with higher language abilities at 5 and 8 years of age compared to children 

without access (111). However, other research has found that diarrhea and infection (other than 

malaria, trachoma and hookworm) does not have a strong impact on mental development (112, 

113). 

Mediation through motor development: Many have suggested that effects on cognitive 

development are mediated by motor development in young children (21, 91). Studies in 

Indonesia and Tanzania using cross-sectional and longitudinal data in structural equation models 

concluded that the associations between nutrition and mental development were mediated by 

motor activity and motor development (91, 96). Importantly, the benefits of motor development 

on mental development accrue only if they lead to richer experiences such as more objects to 

play with, varied places to explore and stimulating interactions with others (114, 115).This may 
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depend on the type of nutrition provided (116). For instance, Aburto et al found that child 

supplementation for 4 months with macro- and micronutrients enhanced their level of 

exploration (i.e., touching and manipulation of objects, fine motor abilities), whereas 

supplementation with only multiple micronutrients increased the level of activity performed (i.e., 

gross motor movements) (116). 

Mediation through stimulation: Nutrition and dietary intake may also be associated with 

the level of psychosocial stimulation a child receives and relatedly, their cognitive development. 

Malnourished children may deprive themselves of stimulation by staying closer to their mothers 

and sitting on her lap more often than well-nourished children (117). They may also be seen as 

less mature and so elicit less stimulating verbal interaction and less varied meals than well-

nourished children. Further, small and less vocal infants receive less care and stimulation from 

their mothers (118, 119). A study in Kenyan toddlers found that habitual dietary intake was 

positively associated with the provision of verbal and social interactions, and inversely 

associated with frequency of physical care, carrying, and holding (120). The level of stimulation 

provided to children can have significant effects on their physical and mental development. A 

meta-analysis of stimulation interventions on mental development in children under two years of 

age in LMICs indicated and effect size of 0.42 (95% CI 0.36, 0.48) for cognitive development 

and 0.47 (95% CI 0.37, 0.56) for language development (16). Further, in non-human primates, it 

has been shown that the deprivation of normal social interactions can elevate stress levels and 

lead to elevated glucocorticoids (121), with negative effects on hippocampal neurons and brain 

development on a cellular level (122). 

In summary, evidence for pathways through linear growth are fairly strong, though 

pathways from nutrition through illness, motor development, and psychosocial stimulation are 
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less well studied. More evidence is needed to investigate the direct and indirect pathways 

through which nutrition can enhance the mental development of young children. Cross-sectional 

and longitudinal evidence is important, but RCTs of nutrition interventions need to also report 

these relationships when possible, so as to improve the design of interventions, monitor program 

achievements, but also more fully understand how to increase the potential impact nutrition can 

have on early child development. 

  

2.5 Nutrition in the context of India 

 India is the second most populous country, with 1.3 billion people. According to the 

World Bank, it is ranked as a lower-middle income country. Prevalence of poverty and 

malnutrition in Bihar are some of the highest in the country. According to the latest National 

Family Health Survey (NFHS-4), only half of girls of school-going age have ever attended 

school, and fewer than half of females are literate. Just under two-thirds of households have 

electricity, one in four households use improved sanitation facilities, and fewer than 20% of 

households use clean fuel for cooking. Although malnutrition is improving, 48% of children 

under five years of age are stunted, 21% are wasted, and 44% are underweight. Further, one in 

every three children is anemic (hemoglobin < 11g/dL) (123). 

 Interestingly, over 90% of households use iodized salt, in part because of India’s 

investment in food security (123). The Public Distribution System (PDS) is a food security 

scheme set up to help the population gain access to food at a subsidized rate. Salt (iodized), 

kerosene, wheat, rice, and sugar are available to card-carrying households at different rates and 
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quantities based on household size and income, with higher entitlements for those of lower 

income.  

India also has a unique health infrastructure that utilizes two local community front-line 

health workers (FLWs), the Accredited Social Health Activists (ASHA) and the Anganwadi 

Workers (AWWs), to deliver products and messaging to women and children in all parts of the 

country. ASHAs are local women trained as health educators and are each responsible for an 

average of 150-200 households or a population of 1000. AWWs are part of the Integrated Child 

Development Services (ICDS) program in India. In addition to family planning and nutrition 

counseling and supplementation, they run preschool activities for children 3-5 years of age. 

The PDS and the FLWs provide a unique delivery platform for nutrition products and 

fortified foods to the general population, and especially to those with the highest burden of 

malnutrition and those who would typically be difficult to reach. Evidence for the efficacy of 

several nutrition interventions is available; effectiveness trials using the established in-country 

avenues (i.e. PDS and FLWs) are needed. The Indian government is interested in piloting 

nutrition programs that utilize their existing social welfare infrastructure. For instance, the Food 

Safety and Standards Authority of India recently released new standards on fortification of food 

and the government has pledged to ensure that schemes such as the ICDS and PDS will be 

mandated to buy and distribute fortified foods. Many states are already fortifying edible oil and 

milk with vitamin A. Several states are also interested in starting distribution of double fortified 

salt through the PDS: Uttar Pradesh is currently running a pilot program in 10 districts; Madhya 

Pradesh and Tripura are initiating programs of their own. The Indian government’s ongoing 

interest in health and nutrition provided us an opportunity to create the evidence base for scalable 

and effective solutions to reduce malnutrition. 
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3.1 Abstract 

Interventions to improve nutritional status of young children in low- and middle-income 

countries (LMIC) may have the added benefit of improving their mental and motor development. This 

meta-analysis updates and goes beyond previous ones by answering two important questions: 1) do 

prenatal and postnatal nutritional inputs improve mental development, and 2) are effects on mental 

development associated with two theoretically interesting mediators namely physical growth and motor 

development?  The meta-analysis of articles on Medline, PsycINFO, Global Health and Embase was 

limited to randomized trials in LMICs, with mental development of children from birth to age two 

years as an outcome. The initial yield of 2689 studies was reduced to 33; 12 received a global quality 

rating of strong. Of the 10 prenatal and 23 postnatal nutrition interventions, the majority used zinc, 

iron/folic acid, vitamin A or multiple micronutrients, with a few evaluating macronutrients. The 

weighted mean effect size, Cohen’s d (95% CI) for prenatal and postnatal nutrition interventions on 

mental development was 0.04 (-0.01, 0.092) and 0.08 (0.02, 0.13), respectively.  Postnatal supplements 

consisting of macronutrients yielded an effect size d (95% CI) of 0.14 (0.01, 0.27), multiple 

micronutrients 0.08 (-0.01, 0.18) and single micronutrients 0.06 (-0.002, 0.12). Motor development, but 

not growth status, effect sizes were significantly associated with mental development in postnatal 

interventions. In summary, nutrition interventions had small effects on mental development. Future 

studies might have greater effect if they addressed macronutrient deficiencies combined with child 

stimulation and hygiene and sanitation interventions. 
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3.2 Introduction 

Malnourished children consistently perform poorly on tests of mental development in both 

cross-sectional and longitudinal studies (1). The impact of nutrition on cognitive and language 

development is particularly important in low- and middle-income countries (LMIC) where many 

children are affected by both macronutrient and micronutrient deficiencies.  Consequently, a number of 

recent nutrition interventions have examined cognitive benefits along with physical growth.  The first 

objective of this review is to examine accumulating evidence for the effects of both macro and 

micronutrient supplements on mental development in young children less than two years of age.  

The secondary aim is to examine the proposed pathways by which nutrition may impact mental 

development. It is critical to examine mediators in the pathways showing how nutritional 

status/physical growth leads to mental development. Previous meta-analyses have not examined these 

mediators. Postnatally, better nutrition may influence mental development through several pathways. In 

addition to direct effects on brain development, another is through motor development: children with 

better nutrition may walk at an earlier age (2), leading to increased interaction with, and exploration of, 

their environment. Adolph and Tamis-LeMonda argue that infants willingly abandon their status as 

expert crawlers to become unsteady walkers, in part because it leads to richer experiences, more ground 

to cover and objects to play with, and a different type of interaction with others (3). Height and weight 

may also influence the caregiver’s behavior toward the child, such as providing more sophisticated 

stimulation to a child who appears more mature physically and less to a malnourished child (4). Both 

pathways enhance stimulation and may in turn affect children's overall cognitive performance (5). This 

review examines mental development and motor development outcomes of children under-24 months 

receiving a nutrition intervention.  It also investigates whether children’s mental development (mainly 

cognitive) is associated with greater growth and motor development, thus supporting explanations of 

the link between nutrition and mental development. 
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 Two previous systematic reviews examined the effects of multiple micronutrients on cognitive 

outcomes in children, together including only two randomized controlled trials (RCT) of children 

under-two years (6, 7). Several studies assessed motor development only. Eilander et al (2010) 

included one study on mental development with no significant effects (8). Two other trials included 

outcomes of motor development, specifically the age of walking unassisted, where multiple 

micronutrients had significantly positive effects (9, 10). In Ramakrishnan et al’s review (7) only one 

study, different than the one noted by Eilander and colleagues, looked at mental development and 

found no significant effects due to multiple micronutrients (11). These reviews were limited to 

postnatal micronutrient interventions only with few assessing child cognition outcomes; therefore, the 

effect of micronutrient supplementation on children’s cognition as well as the comparison with 

macronutrient supplementation requires further investigation. 

A third systematic review examined the effects of a single micronutrient, namely iron 

supplements, in seven RCTs where there was a non-significant effect on mental and motor 

development of children under-24 months of age (12).  The effect of iron, a single micronutrient, 

compared with multiple micronutrient supplementation can be further analyzed. Finally, a fourth 

systematic review found a small effect of postnatal nutrition interventions on mental development but 

was confined to studies between 2000 and 2012, and so excluded many studies conducted before that 

date when macronutrients were more likely to be studied (13). Further, this review did not examine 

possible explanations for the small overall effect seen.  

 A systematic review looking at prenatal micronutrient supplementation and its effect on 

children’s mental development found no significant results (14). However, psychomotor outcomes 

improved in two studies using multiple micronutrients and one study using fish oil (15-17). Several 

other fatty acid reviews have been conducted and found non-significant overall effects on mental and 
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motor development (18-22), but their findings are largely from RCTs in high-income countries limiting 

the interpretation of these data for LMICs where maternal malnutrition is highly prevalent.  

 In recent years, the number of nutrition intervention studies assessing development as a primary 

or secondary outcome has increased making it timely for current review. The primary objective of this 

meta-analysis is to examine the effect of nutrition supplementation on mental development in LMICs. 

This meta-analysis extends upon previous systematic reviews by addressing effects of pre and postnatal 

interventions, as well as micro and macronutrition supplementation and their effects on mental 

development.  The secondary objective is to examine the potential pathways by which nutritional 

inputs may affect mental development, namely nutritional status and motor development. Motor 

development has been used to explain how nutritional inputs affect mental development (4, 5); for 

example, by enhancing activity and exploration with length and weight underpinning this explanation. 

We examine these associations in order to identify key mediators, but also potential barriers to why 

mental development may not be affected. This review is limited to RCTs in LMICs to study the effect 

of nutrition in resource-poor settings and is also limited to children under the age of two years.  The 

first 1000 days is now of greatest concern to nutritionists and is an age of rapid brain development (23). 

As a result, improved conditions before the age of two years may have greater benefits on mental and 

motor development than at a later age. Therefore, this review looks at the effect of nutrition 

interventions in pregnant and lactating mothers on their children’s mental development before the age 

of two years, and also the effect of nutrition interventions in children on their mental development until 

the age of two years.  
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3.3 Methods  

3.3.1 Study search 

A search of four databases, Global Health, Medline, PsycINFO, and Embase was conducted to 

identify articles on nutrition interventions and mental development. The search strategy included topics 

related to nutrition, mental development, and evaluated interventions, using the following terms: 

nutrient requirements; infant foods; feeding behavior; food supplements; nutrients; micronutrient, diet; 

iodine; iron; stunting; height; malnutrition; Bayley; PPVT; language; cognitive; trial; intervention; 

program; RCT. The search was limited to years January 1970 to September 2014, and to English 

language publications. In Medline, it was possible to limit the age from birth to 24 months. The 

references from the identified articles were also searched for any additional studies. The PRISMA 

guidelines were followed (24). The clinical trials registry (www.clinicaltrials.gov) was searched for 

relevant trials in the same study period that were not captured in the peer reviewed literature search. 

However, no additional trials were found.   

 

3.3.2 Inclusion and exclusion criteria 

 Inclusion criteria were listed as: LMIC; RCT; mental development outcome measured in 

children from birth to 24 months; and an empirical analysis of the data. Fine and gross motor, 

morbidity, mortality, growth and other nutritional outcomes were recorded if they were analyzed in the 

article. Authors were contacted to obtain outcome statistics if they were not included in the published 

article. Both prenatal and postnatal nutritional supplementation trials were included. Samples of 

preterm children were excluded because the degree of prematurity cannot be reliably assessed in many 

LMICs, particularly with home births. Studies with supplementation periods shorter than two months 

were excluded. Other exclusion criteria included: no specific child- or prenatal-based intervention, such 

as screening or cash transfer interventions; hospital-based studies for children with a major disease or 
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disorder, such as cancer or diabetes; autistic children; and reviews or secondary analyses of studies that 

were already included. 

 

3.3.3 Study selection and data extraction 

 A first pass of the articles yielded by the search strategy examined the country of data, age of 

children, and nature of the sample. This yielded still a large number of citations, which were further 

examined in a second pass that considered all inclusion criteria. These two passes were done 

independently by two reviewers. Data extraction was also completed independently by these two 

reviewers. Discrepancies were resolved through discussion. Data extraction tables were created with 

the following information: 1) reference and country; 2) sample size analyzed, ages at baseline and 

endpoint, baseline height-for-age z-score (HAZ) or body mass index (BMI); 3) study design; 4) 

intervention including nutrients, duration; 5) main mental development outcomes, nutritional 

outcomes, motor outcomes, and effect size Cohen's d; and 6) quality assessment.  The effect size was 

the main summary measure. All mental development test scores were retrieved, whether they included 

separate or combined cognitive and language subtest scores. Most studies had groups that were 

comparable at baseline on variables that correlated with the outcome. For this reason, the outcome 

mean and standard deviation at the study endpoint was used to calculate the effect size for each 

comparison. Effect sizes were calculated for all group comparisons in a single study. 

 

3.3.4 Quality assessment of RCTs 

The Effective Public Health Practice Project (EPHPP) quality assessment tool was used to 

assign a global rating to each study (25). Quality is rated according to selection bias, study design, 

confounders, blinding, data collection methods, withdrawals and dropouts, intervention integrity, and 
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analysis. Ratings of prenatal and postnatal studies were assigned by two independent reviewers to 

ensure reliability (kappa=0.69 for prenatal studies and kappa=0.72 for postnatal studies). We used 

funnel plots to assess potential publication bias.  

 

3.3.5 Analysis 

The effect size Cohen’s  d for each group comparison was calculated by dividing the difference 

in the mean endpoint scores for the intervention and control group by the pooled standard deviation. 

These effect sizes were then weighted by the inverse variance of the endpoint scores. The overall effect 

size was calculated by taking the mean of these weighted individual trial effect sizes. In order to 

appropriately assess for statistical heterogeneity among trials, we ran a chi squared test on the 

Cochrane’s heterogeneity statistic Q, and calculated the I2 statistic (calculated as I2 = (Q-df)/Q, where 

df is the degree of freedom). For prenatal trials, the Q-statistic was 15.46 with a p-value of 0.22 and I2 

of 22.39; postnatal trials resulted in a Q-statistic of 41.39 with a p-value of 0.08 and I2 of 25.11.  These 

I2 values represent moderate heterogeneity and therefore random effects models were used. The 

statistical software SAS version 9.4 was used for the analysis.  

Specific to our secondary objective, we used PROC MIXED to run a random effects meta-

regression model to examine whether study quality (its global rating), intervention type, sample size, 

baseline HAZ (for postnatal studies) or baseline maternal BMI (for prenatal studies), motor 

development effect size, and endline HAZ effect size were significantly associated with mental 

development effect size. The study was included in the model as a random effect and study quality, 

intervention type, sample size, baseline HAZ or BMI, motor development effect size, and endline HAZ 

effect size were used as fixed effects in the model. We used the empirical sandwich estimator to 

account for covariance correlation matrix between and within studies. This analysis adjusts for 
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correlations among multiple effects derived from the different interventions provided within specific 

studies.  

 

3.4 Results 

3.4.1 Search flow 

 The original search of all four databases yielded 2689 citations with 936 excluded due to 

duplicates. The first pass reduced the number of studies to 188, and the second pass left 33 RCTs of 

nutrition interventions analyzing mental development in children aged less than two years in LMICs 

(Figure 3.1). An additional 12 studies were identified from recent reviews that appeared in the 

database search, of which none was included in the final sample after full text review.  

 

3.4.2 Study characteristics 

The studies included in the current meta-analysis were classified into two main categories (see 

Tables 3.1 and 3.2): 1) those where nutrition was given prenatally and children under the age of two 

were followed-up after birth to test mental development; and 2) those where supplementation or some 

other type of nutrition intervention was given to children under the age of two years and their mental 

development was assessed shortly after. Ten studies fit the former category and 23 met the latter 

category. All but one had samples that ranged from well-nourished to moderately malnourished on 

average.  Prenatal interventions included 5352 children; postnatal intervention included 6485 children. 

Most studies were conducted in low-income countries from Africa and South Asia. Some were 

conducted in Latin America, where countries have higher Human Development Indexes; nonetheless 

samples included malnourished children from urban slums or rural sites. 
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The prenatal studies used supplementation in the second and/or third trimesters of pregnancy. 

Most of the postnatal nutrition interventions started when the child was six months of age. However, 

six trials began within the first two months after birth. The duration of the interventions ranged from 

two months to 24 months, with a mode of six months. 

The majority of studies used zinc, iron/folic acid, vitamin A, iodine, or multiple micronutrients 

(n=24). Others looked at the effect of supplementation with fatty acids or food supplements (n=8), and 

one gave a calorie- and protein-dense milk supplement. With respect to the comparison group, the 

majority of studies provided a placebo or nothing (n=19), and the remainder provided either fewer 

micronutrients or lower energy supplements. 

 

3.4.3 Mental development tests used 

 Almost all of the studies included in this meta-analysis used a direct assessment of the child, 

where a sequence of tasks, ordered in terms of level of difficulty, is given to the child and scored as 

pass or fail. Items involve measuring competencies related to cognition, expressive and receptive 

language, and fine motor skills. 

Twenty-four studies used the Bayley Scales of Infant Development (BSID-I, -II, or -III)– 

Mental Scale (26). Four studies instead administered the Griffiths Mental Developmental Scale (27), 

while single studies used the Fagan Test of Infant Intelligence (28), a language test derived from BSID 

II, language milestones, or a two-item problem-solving test included in the BSID II. Most studies were 

unable to separate language and cognition subscores and so the effect of the intervention on these 

distinct outcomes is not clear. When language and cognition were measured separately, cognition was 

used to calculate the effect size for mental development. The Bayley, Griffith, and milestones were 

used to measure gross motor development if included as an outcome in the study. 
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3.4.4 Effects of nutrition interventions on mental development 

Regarding prenatal supplementation interventions, the mean effect size for mental development 

was very small and non-significant at d = 0.04 (95% CI: -0.01, 0.09) (n=10 studies, 5352 participants), 

ranging from -0.31 to 0.57.  The forest plot for mental scores from prenatal supplementation 

interventions is shown in Figure 3.2. Most of the interventions had very little positive effect on mental 

development, and some even had significant negative effects. However, the 10 studies in this group 

were quite heterogeneous with respect to intervention, preventing analysis of trends among similar 

studies. 

Looking next at postnatal trials, nutrition interventions resulted in a significant mean effect size 

Cohen’s d for mental development of d = 0.08 (95% CI: 0.02, 0.13) (n=23 studies, 6485 participants) 

with a range from -0.33 to 1.02.  The forest plot for mental development scores from postnatal 

supplementation trials is shown in Figure 3.3. Excluding the outlier, the study by Idjradinata and 

Pollitt (29), the effect size remained similar at d = 0.07 (95% CI: 0.02, 0.12) (n=22 studies, 6441 

participants).  

Positive outcomes on mental development in postnatal interventions are seen with the use of 

calorie- and protein-dense milk, gangliosides added to milk, and the use of fortified porridge or a rice 

and lentil mixture (30-34). Multiple micronutrients, iron and folic acid, and zinc interventions showed 

mixed results. Multiple micronutrient supplementation of children seems to have a slightly higher 

positive effect on mental development when compared to supplementation with only one micronutrient. 

When stratified by supplementation type, the weighted effect sizes for multiple micronutrient 

interventions (Figure 3.4) and for single micronutrient interventions (Figure 3.5) are d = 0.08 (95% 

CI: -0.01, 0.18) (n=6 interventions, 1915 participants) and d = 0.06 (95% CI: -0.002, 0.12) (n=19 

interventions, 3803 participants), respectively. 
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There could be some added benefit from the provision of fats, energy and protein. When 

stratifying the analysis by interventions with energy, fat or protein compared to those giving one or 

more micronutrients, we see a slightly higher benefit from the former. The weighted effect size for 

interventions giving energy, fat, omega-3 fatty acid, or protein (Figure 3.6) is d = 0.14 (95% CI: 0.01, 

0.27) (n=7 interventions, 893 participants) and for interventions giving one or multiple micronutrients, 

it is d = 0.07 (95% CI: 0.02, 0.12) (n=25 interventions, 5592 participants). 

The funnel plot for postnatal interventions looks symmetrical (Figure 3.7). Consequently, we 

ruled out bias in publishing only studies with significant effects. Publication bias seems to be more of 

an issue with prenatal supplementation interventions. The funnel plot shown in Figure 3.8 is 

asymmetrical, with more studies with positive effect sizes. It should be noted that there are fewer 

prenatal supplementation trials compared to postnatal supplementation trials.  

Using the random effects meta-regression on mental development, we found that quality of the 

study, sample size, and intervention type (micronutrient or energy given) were not significant 

predictors of either postnatal or prenatal effect size. Further, baseline HAZ (n=19 interventions) was 

not a significant predictor of postnatal effect size and baseline maternal BMI (n=10 interventions) was 

not a significant predictor of prenatal effect size. A random effects model was fit to look at the 

association between motor and mental development and found that motor development effect size 

(n=11 prenatal interventions, n=22 postnatal interventions) was significantly associated with mental 

development effect size (regression coefficient=0.32, 95% CI: 0.09, 0.54) in postnatal but not prenatal 

interventions. End-line HAZ effect size (n=19 postnatal interventions), however, was not significantly 

associated with mental development. 
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3.5 Discussion 

 Taken together, nutrition interventions did not seem to have a significant effect on mental 

(cognitive) development of children under-two years in LMICs. The effect sizes were d=0.04 for 

prenatal nutrition and d=0.08 for postnatal nutrition. This meta-analysis comparing interventions 

between studies, although not statistically significant, showed a trend toward more benefit on cognitive 

development from the provision of postnatal multiple micronutrients compared to a single 

micronutrient, and also for provision of fats, energy and protein with micronutrients compared to 

micronutrients alone. This suggests that the most promising approach is a combination of macro- and 

micronutrients; however, future work would need to examine these approaches further to determine 

significant benefits of combined macro and micronutrient supplementation with single approaches. 

 Several lines of evidence support the need for both macro and micronutrients in brain 

development and particularly in LMICs samples. For example, during infancy 20% of the body's 

energy is used to support brain structure and function (35). Furthermore, specific macro- and 

micronutrients gain added importance when considering how widespread is their presence in the brain 

is. Fats have important functions in synaptogenesis, membrane function and the synthesis of myelin 

that coats neurons and is thought to speed processing (36). Iron plays a role in myelination, transmitter 

synthesis and hippocampal energy metabolism in the neonatal period (36). However, the relation 

between brain and behavior is not always straightforward; a lack of correspondence may occur if 

secondary sites of the brain compensate for deficits in the primary site. For example, visual sites of the 

brain may compensate for deficits in the more efficient language sites for reading (37). The trend 

toward a larger impact of fats, calories and protein could be a function of the setting of these studies, all 

being in food insecure areas where both macro and micronutrients are lacking in diets. There is a need 

to explore the effect of fat, energy and protein provision in addition to micronutrients on cognitive 

outcomes of children in resource poor areas.  
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The effect sizes of motor development are significantly associated with those of mental 

development in postnatal interventions. One explanation offered by Brown and Pollitt and elaborated 

by Prado and Dewey is that better-nourished children’s motor ability (fine and gross) to interact with 

and explore their environment could positively affect their cognitive development (4, 5). Nutrition 

supplements did increase exploration and activity in one study (38) but not in another (39).  However, 

the benefits of exploration and activity accrue only if they lead to mentally challenging stimulation, 

which was the case in the Aburto study when the combination of macro and micronutrients enhanced 

exploration (fine motor manipulation of play objects) but not activity (gross body movements) (38).  In 

sum, nutrition has the opportunity to enhance cognitive development when it supports fine motor skills 

that can be applied to stimulating play materials rather than gross motor skills that generate activity 

(38). Motor development as a mediator in the relationship between nutrition and mental development 

cannot be conclusively established in this review due to their concurrent measurement and future work 

would need to examine the temporality of this relationship; however, their significant relationship is 

indicative of this possibility and should be further investigated in appropriately designed interventions.  

This review found no association between HAZ and mental scores effect sizes in postnatal 

interventions. However, a recent  meta-analysis of 68 observational studies in LMIC found an 

association of  better HAZ with earlier walking and better motor scores, and for every unit increase of 

HAZ prior to two years of age, an  improved +0.22 standard deviation unit increase of prospective 

mental development was observed (40). Therefore, despite common cross-sectional findings that height 

and mental development are strongly correlated (1, 41-44), there is no evidence from these studies to 

explain why and the mechanisms warrant future investigation.  

The degree of variation between studies and the limited number of prenatal trials makes it 

difficult to identify trends other than by intervention type. Out of all the studies included, 36% had a 

quality rating of strong. The majority of those rated as moderate or weak decreased their quality by not 
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reporting validity and reliability of their developmental measure in their context, not including study 

participation rates, and because of high drop-out rates.  

 We have added to previous systematic reviews by including more studies for pre- and postnatal 

nutrition, and by examining evidence for two explanatory variables, namely motor development and 

nutritional outcomes. This is a comprehensive meta-analysis that compiles studies using single and 

multiple micronutrients, as well as various fats, energy and protein. Mean effect sizes for these 

different nutrition interventions could be calculated for only three categories (fats/energy/protein, 

multiple micronutrients, single micronutrient), and suggests a trend towards greater benefit for multiple 

micronutrients and fats/energy/protein.  

 There are a number of limitations to this analysis. The control, or comparison, groups of these 

studies did not all receive a placebo; some received calories, multiple micronutrients or a single 

nutrient. The effect size from the latter type of studies is likely smaller than what it would be had the 

control group received a placebo. Furthermore, not all studies looked at the nutritional outcomes and 

motor development of the children, so sufficient evidence for this explanation is still lacking. To see an 

effect on mental development in children aged under-two years, supplementation may need to be 

provided over a longer duration. Being restricted to LMICs only, the overall small effect size could 

also be due to the children’s lack of protein and energy, in general. This could influence growth, which 

would affect motor development and the children’s ability to explore their environment, thus affecting 

their mental development (5). 

 Previous reviews have likewise not identified significant effects of nutrition interventions on 

mental development in children aged under-two years (6, 7, 12-14). Only two studies in this meta-

analysis were appropriately sampled for analysis of development outcomes using the Bayley test (45, 

46); to detect an effect size of 0.25 or larger (a meaningful change in development scores), a power of 

0.8, and an alpha of 0.05, a sample size of 175 per group is required. Second, the tests used to measure 
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mental development in young children could be insensitive to the changes observed through a nutrition 

intervention and future studies could benefit from using tests and instruments that measure brain 

development and function on a finer scale (47, 48), such as functional near-infrared spectroscopy and 

Event-Related Brain Potential (ERP). For example, one ERP study identified memory deficits specific 

to infants of diabetic mothers that were not picked up by the Bayley mental test (49). A constraint in 

the current available data from nutrition interventions in LMICs is the lack of outcome measures 

outside of the traditional cognitive assessments (e.g. BSID or Griffiths Mental Development Scales). 

Although we limited this meta-analysis to studies in children under-two, measuring the longitudinal 

effect of early nutrition intervention on mental development in older ages may capture benefits not 

observed earlier (48). Only a few studies such as the Jamaican and Guatemalan cohorts have 

longitudinal measures of mental development (50-52). In the case of the Jamaican cohort, the high-

energy nutrition intervention in children under two years did not confer a benefit on intelligence at 22 

years of age (Walker et al., 2011). However, in the Guatemalan cohort, those exposed to a high-energy 

intervention in the prenatal period and the first two years of life experienced improved intellectual 

functioning at 27 to 33 years of age (52). It would be important for future studies to measure 

development over time including after the age of two years, so that this data can be included in other 

meta-analyses. In such studies, it would be important to do repeat measures to analyze and understand 

the pathways between early nutrition and subsequent development. Currently these data are highly 

limited in the literature from LMICs. There is also interest in combining nutrition with stimulation 

interventions to see whether additive or synergistic effects might be observed on mental development. 

Only a few studies have been appropriately designed to address this question and currently there is 

limited evidence on additive benefits, but more research is required on how to optimize integrated 

nutrition and stimulate packages of intervention (53). Other combined packages of care with nutrition 

also warrant further investigation (e.g., nutrition and water, sanitation, and hygiene). 
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This meta-analysis was done in response to the growing amount of literature and uncertainty 

around the effect of nutrition supplementation interventions on mental development in young children. 

Three promising avenues to pursue in terms of future research are identified. First, the combination of 

micro and macronutrients appear to be the most promising supplement in terms of its effect on mental 

development of young children, yet more needs to be done to investigate how variations in the study 

design and implementation influence the outcome. Second, the connection between nutrients and 

mediators of mental development, such as length, illness, temperament, and motor development need to 

be examined more carefully. Third, more prenatal supplementation trials are needed to establish the 

effect of in-utero nutritional gains on mental development. In all cases, early nutrition interventions 

warrant further investigation, beyond two years of age, to identify whether there is an impact in later 

childhood or adult functioning.  
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Table 3.1: Prenatal intervention studies 
   

Main Development outcomes 
 

Quality 

Reference Sample size analyzed, ages 

at base and endline 

Design Mental 

Development 

(mean±SD) 

d Motor 

Development 

(mean±SD) 

d Item 

Ratings 

Global 

Rating 

Thilly et al. 

1980a 

DR Congo 

HDI .304 

(54-56) 

N=75 

INT n=39 

CTRL n=36 

Mother's enrolled in 2nd 

and 3rd trimester 

Infants tested at 23 months. 

RCT where Intervention received a single dose of 475mg 

iodine in oil and Control received a placebo.  

Brunet-Lézine: 

INT (115±18) > 

CTRL (103±24)** 

0.57 
  

W, S, S, S, 

W, W, S, M 

Weak 

Joos et al. 1983 

Taiwan 

HDI .699 

(15) 

N=198 

INT n=99 

CTRL n=99 

Mothers enrolled during 

lactation of first pregnancy 

Infants from second 

pregnancy tested at 8m 

Mean base maternal 

BMI=20.4kg/m2 

RCT where Intervention received a high calorie and protein 

supplement (800kcal and 40g protein per day). Control 

received placebo with 6kcal or 80kcal per day. They were 

in liquid form. A vitamin and mineral pill was given to all 

women. Supplementation during lactation of first child and 

continued through interpregnancy, pregnancy and lactation 

of second child. This analysis used children from the 

second pregnancy only. 

BSID: 

INT (4.48±1.8) = 

CTRL (4.39±1.8) 

0.05 BSID: 

INT (3.8±1.9) = 

CTRL 

(3.31±1.71) 

0.27 M, S, S, S, 

W, S, M, S 

Moderate 

Hamadani et al. 

2002 

Bangladesh 

HDI .515 

(57) 

N=168 

INT n=83 

CTRL n=85 

Women started 

supplementation at 4m 

gestation 

Infants tested at 13m 

Mean base maternal 

BMI=18.7kg/m2 

RCT where Intervention received daily zinc 

supplementation (30mg zinc acetate tablets) and Control 

received a placebo. 

BSID II: 

INT (99.34±11.2) < 

CTRL 

(102.64±10.0)* 

-0.31 BSID II: 

INT (88.7±17.4) 

< CTRL 

(95.7±15.0)** 

-0.43 M, S, S, S, 

S, M, S, S 

Strong 

Schmidt et al. 

2004 

Indonesia 

HDI .629 

(58) 

N=188 

INT n=94 

CTRL n=94 

Women enrolled at 16-

20wks gestation 

Infants measured at 12m 

RCT where Intervention received weekly supplementation 

of 120mg Fe + 500mcg FA + 4800mcg retinol in the form 

of retinyl acetate and Control received 120mg Fe + 500mcg 

FA. 

BSID: 

INT (105.4±22.3) = 

CTRL (104.0±27.1) 

0.06 BSID: 

INT (98.3±32.0) 

= CTRL 

(102.3±36.8) 

-0.12 M, S, S, S, 

W, S, S, S 

Moderate 
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Mean base maternal 

BMI=22.0kg/m2 

Tofail et al. 

2006 

Bangladesh 

HDI .515 

(17) 

N=249 

INT n=125 

CTRL n=124 

Mothers supplemented in 

last trimester 

Infants tested at 10m 

Mean base maternal 

BMI=20.3kg/m2 

RCT where Intervention received daily supplementation of 

4g of fish oil (containing 1.2 g of docosahexaenoic acid 

and 1.8 g of eicosapentaenoic acid) and Control 

received 4g of daily soy-oil (containing 2.25g of linoleic 

acid and 0.27g of α-linolenic acid). 

BSID II: 

INT (102.5±8.0) = 

CTRL (101.5±7.8) 

0.13 BSID II: 

INT (101.7±10.9) 

= CTRL 

(100.5±10.1) 

0.11 M, S, S, S, 

S, S, S, S 

Strong 

McGrath et al. 

2006 

Tanzania 

HDI .476 

(59) 

N=334 

Multivitamin n=93 

No multivitamin n=74 

Vitamin A n=94 

No vitamin A n=73 

Mothers enrolled at 12-27 

wks gestation 

Infants measured at 18m 

HIV-infected mothers 

RCT where Interventions received daily vitamin A (30 mg 

of β-carotene + 5000 IU preformed vitamin A), 

multivitamins with no vitamin A (20mg B1, 20mg B2, 

25mg B6, 100mg niacin, 50 mcg B12, 500 mg vitamin C, 

30 mg vitamin E, and 0.8mg FA), or 

multivitamins+vitamin A, and Control received placebo. 

BSID II: 

INT MV 

(78.4±13.8) = 

CTRL No MV 

(82.0±13.5) 

 

INT Vit A 

(80.6±12.5) = 

CTRL No vit A 

(79.3±15.4) 

 

-0.26 

 

 

 

 

0.09 

BSID II: 

INT MV 

(86.2±14.3)= 

CTRL No MV 

(88.5±14.8) 

 

INT Vit A 

(87.4±12.2) = 

CTRL No vit A 

(87.0±15.1) 

 

-0.16 

 

 

 

 

0.03 

M, S, S, S, 

W, S, S, S 

Moderate 

Tofail et al. 

2008 

Bangladesh 

HDI .515 

(60) 

N=1407 

INT MMN n=705 

CTRL n=702 

Mother enrolled btw 6-8 

weeks of pregnancy. 

Infants measured at 7m 

Mean base maternal 

BMI=20.2kg/m2 

RCT where Intervention received daily MMN and Control 

received iron and folate. 

MMN included 150mcg I (potassium iodide), 15mg Zn 

(sulfate), 65mcg Se (sodium selenite), 2mg Cu (sulfate), 

800mcg retinyl acetate (RE) vitamin A, 1.4mg thiamine 

mononitrate, 1.4mg vitamin riboflavin, 18mg vitamin B3 

(niacin), 1.9mg vitamin B6 (pyridoxine hydrochloride), 

2.6mcg vitamin B12 (cyanocobalmin), 70mg vitamin C, 

200 IU vitamin D (vitamin D3), and 10mcg vitamin E (α -

tocopherol acetate) in the recommended dietary allowance 

dose in addition to 60mg Fe (fumarate) and 400mcg folate. 

Control received 30mg Fe (fumarate) and 400mcg folate. 

Problem solving 

test:  

Support: 

INT MMN 

(11.3±7.9) = CTRL 

(11.1±7.5) 

0.03 BSID II: 

INT MMN 

(103.66±16.6) = 

CTRL 

(102.42±15.4) 

0.08 S, S, S, W, 

M, S, S 

Moderate 
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Li et al. 2009 

China 

HDI .699 

(16) 

N=1159 

INT Fe/FA n=393 

INT MMN n=351 

CTRL n=415 

Mean gestation age of 

mothers at 

enrollment=97.36days 

Infants measured at 12m 

Mean base maternal 

BMI=20.8kg/m2 

Cluster RCT where Interventions received MMN, iron/folic 

acid, or folic acid supplementation. Assume 2 trimesters of 

supplementation. Control received folic acid. 

MMN included 30mg iron, 400mcg folate, 15mg zinc, 2mg 

copper, 65mcg selenium, 150mcg iodine, 800mcg vitamin 

A, 1.4mg vitamin B1, 1.4mg vitamin B2, 1.9mg vitamin 

B6, 2.6mcg vitamin B12, 5mcg vitamin D, 70mg vitamin 

C, 10mg vitamin E, and 18mg niacin. 

FE/FA included 60mg iron and 400mcg folic acid. 

FA included 400mcg folic acid. 

BSID: 

INT Fe/FA 

(102.44±45.26) = 

CTRL 

(102.65±49.21) 

 

INT MMN 

(103.65±42.11) = 

CTRL 

(102.65±49.21) 

 

0.04 

 

 

 

 

0.02 

BSID: 

INT Fe/FA 

(45.3±22.15) = 

CTRL 

(45.39±22.40) 

 

INT MMN 

(45.64±19.83) = 

CTRL 

(45.39±22.40) 

 

-0.004 

 

 

 

 

0.01 

S, S, S, S, 

W, M, S, S 

Moderate 

Chang et al. 

2013 

China 

HDI .699 

(61) 

N=850 

INT Fe/FA n=238 

INT MMN n=254 

CTRL n=313 

Mean gestation age of 

mothers at 

enrollment=97.36days 

Infants measured at 24m 

Mean base maternal 

BMI=20.8kg/m2 

Cluster RCT where Interventions received MMN, iron/folic 

acid, or folic acid supplementation. Assume 2 trimesters of 

supplementation. Control received folic acid. 

MMN included 30mg iron, 400mcg folate, 15mg zinc, 2mg 

copper, 65mcg selenium, 150mcg iodine, 800mcg vitamin 

A, 1.4mg vitamin B1, 1.4mg vitamin B2, 1.9mg vitamin 

B6, 2.6mcg vitamin B12, 5mcg vitamin D, 70mg vitamin 

C, 10mg vitamin E, and 18mg niacin. 

FE/FA included 60mg iron and 400mcg folic acid. 

FA included 400mcg folic acid. 

BSID II: 

INT Fe/FA (90.31 ± 

16.1) = CTRL 

(88.78 ± 17.3) 

 

INT MMN (89.67 ± 

19.5)  = CTRL 

(88.78 ± 17.3) 

 

0.09 

 

 

 

0.05 

BSID II: 

INT Fe/FA 

(104.47 ± 11.7) = 

CTRL FA 

(103.89 ± 12.8) 

 

INT MMN 

(103.13 ± 13.0)  = 

CTRL FA 

(103.89 ± 12.8) 

 

0.05 

 

 

 

-0.06 

S, S, S, W, 

M, S, S 

Moderate 

Hanieh et al. 

2013 

Viet Nam 

HDI .617 

(62) 

N=769 

INT n=381 

CTRL n=388 

Mothers enrolled if <16wks 

gestation 

Infants tested at 6m 

Mean base maternal 

BMI=19.9kg/m2 

Cluster RCT where Intervention received MMN twice per 

week and Control received 60mg elemental iron plus 0.4mg 

folic acid daily. MMN contained 15 micronutrients, 

including 60mg iron, 20mg zinc, 300mcg iodine, 4mg 

copper, 130mcg selenium, 1.6mg vitamin A, 2.8mg 

thiamine, 2.8mg riboflavin, 36mg niacin, 3.8mg vitamin 

B6, 5.2 mcg vitamin B12, 1.5mg folic acid, 140mg vitamin 

C, 400 IU vitamin D, and 20mg vitamin E.  

BSID III: 

INT (101.2±9.9) = 

CTRL (100.2±11.4) 

0.09     S, S, S, S, 

W, S, S, S 

Moderate 

Note: Assessment of Quality (Item Ratings) with following categories in order: Selection Bias, Study Design, Confounders, Blinding, Data Collection Methods, Withdrawals and Dropouts, Intervention 

Integrity, Analysis; HDI (Human Development Index); RCT (Randomized Controlled Trial); m (month); wk (week); INT (Intervention group); CTRL (Control group); BMI (Body Mass Index); BSID (Bayley 

Scales of Infant Development); Effect Size d (Standardized Mean Difference); SD (Standard deviation); *p<0.05; **p<0.01; ***p<0.001; W (Weak), M (Moderate), S (Strong); MMP (Multiple Micronutrient 

Powder); MMN (Multiple micronutrients); MV (Multivitamin); Zn (Zinc); Fe (Iron); FA (Folic Acid) 
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Table 3.2: Postnatal intervention studies 
    

Main developmental outcomes 
   

Quality 

Reference Sample size 

analyzed, ages at 

base and endline 

Design Duration 

(m) 

Mental 

Development (mean 

± SD) 

Effect 

Size d 

Motor 

Development 

(mean ± SD) 

Effect 

Size d 

Growth 

parameters (mean 

± SD) 

Effect 

Size d 

Item 

Rating

s 

Global 

Rating 

Grantham-

McGregor 

et al. 1991 

Jamaica 

HDI .731 

(30) 

N=65 

INT n=32 

CTRL n=33 

Base age=9-24m 

with mean=18m 

End age=33-48m 

with mean=24m 

Mean base HAZ=-

2.9 

RCT where Intervention received milk-based 

formula 750kcal and 20gprotein/day and Control 

received no supplement. 

24 Griffiths Mental 

Scales: 

INT (86±10) = 

CTRL (83±10) 

0.30 Griffiths Mental 

Scales: 

INT (97±13) = 

CTRL (95±11) 

0.17 
  

M, S, 

S, S, S, 

S, M, 

M 

Strong 

Idjradinata 

& Pollitt. 

1993 

Indonesia 

HDI .629 

(29) 

N=44 

INT n=22 

CTRL n=22 

Base age=12-18m 

End age=16-22m 

Iron-sufficient 

infants 

RCT where Intervention received ferrous 

sulphate 3mg/kg per day in syrup form and 

Control received a placebo syrup.  

4 BSID: 

INT (109.1±2.2) = 

CTRL (106.8±2.3) 

1.02 BSID: 

INT (108.7±2.1) = 

CTRL (108.3±2.1) 

0.19     M, S, 

S, S, 

W, S, 

S, M 

Moderate 

Ashworth 

et al. 1998 

Brazil 

HDI .730 

(63) 

N=138 

INT 1mgZn n=48 

INT 5mg Zn=48 

CTRL n=44 

LBW term infants. 

Base age=0m 

End age=12m 

Prospective double-blind part-RCT where two 

Intervention groups received 1mg or 5mg Zn (as 

zinc sulphate) daily (except Sundays) and 

Control received placebo. Injected liquid 

Zn/placebo with syringe. 

2 BSID: 

INT 1mg Zn 

(101.1±11.0) = 

CTRL (100.4±11.3) 

 

INT 5mg Zn 

(100.0±11.6) = 

CTRL (100.4±11.3) 

 

0.06 

 

 

 

-0.03 

BSID: 

INT 1mgZn 

(106.7±11.1)=CT

RL (109.1±12.2) 

 

INT 5mgZn 

(106.9±12.1)=CT

RL (109.1±12.2) 

 

-0.21 

 

 

 

-0.18 

  
M, M, 

S, S, 

W, M, 

S, S 

Moderate 

Pollitt et al. 

2000 

Indonesia 

HDI .629 

(34,64,65) 

N =75 

INT n=38 

CTRL n=37 

Base age=12 m 

End age=24m 

Base HAZ≤-1 

Cluster RCT where Intervention given daily high 

energy + Fe (E) (1171 kJ + 12mg iron) or given 

Fe with low energy (M) (12mg iron + 209 kJ). 

Control given skim milk only (209 kJ). 

MMN tablet included 8 micronutrients, in tablet 

form (doses of micronutrients other than iron not 

identified).  High Energy drink was condensed 

milk vs low energy skim milk.  

12 BSID I: 

INT M+E (151.3  ± 

6.0) = CTRL (149.3  

± 8.0) 

0.28         W, S, 

W, M, 

W, W, 

S, M 

Weak 
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Castillo-

Duran et al. 

2001 

Chile 

HDI .819 

(66) 

N=112 term 

neonates; 

INT n=57 

CTRL n=55 

Base age=newborn 

End age=12m 

 

RCT where intervention group was given 5mg/d 

supplemental zinc within 20 days of birth, and 

then monthly until 1 year. 

Control group was given a lactose placebo. 

All received iron 1 to 2 mg/kg/d after 5mo. 

12 BSID II: 

At 12m: 

INT (90.9±10.5) = 

CTRL (88.9±9.1) 

0.20 BSID II: 

At 12m: 

INT (84.5±11.5) = 

CTRL (87.6±9.9) 

-0.29 WAZ: 

At 12 m: 

INT (-0.23±1.04) = 

CLT (0.22±0.86) 

 

HAZ: 

At 12 m: 

INT (-0.44±0.94) = 

CTRL (-0.07±0.75) 

-0.47 

 

 

 

 

-0.60 

M, S, 

S, S, 

W, M, 

S, M 

Moderate 

Hamadani 

et al. 2001 

Bangladesh 

HDI .515 

(67) 

N = 198 

INT n=97 

CTRL n=101 

Base age mean=1.4 

m 

End age mean=13.6 

m 

Mean base HAZ=-

1.1 

RCT where Intervention received daily 5mg Zn 

and Control received placebo syrup. 

6 BSID II: 

INT (103.1 ± 11.0) < 

CTRL (106.4 ± 9.3)* 

 -0.33 BSID II: 

INT (88.0 ± 18.9) 

= CTRL (90.6 ± 

18.9) 

-0.14 WAZ: 

INT (-2.4±0.9) = 

CTRL (-2.5±0.9) 

 

HAZ: 

INT (-2.3±1.0) = 

CTRL (-2.4±1.0) 

0.11 

 

 

 

0.10 

M, S, 

S, S, S, 

M, S, S 

Strong 

Black et al. 

2004a 

Bangladesh 

HDI .515 

(11) 

N=221 

INT MMN n=35 

INT Zn+Fe n=43 

INT Fe n=47 

INT Zn n=49 

CTRL (riboflavin) 

n=45 

Base age 6.5 m 

End age 12.7 m 

Mean base HAZ=-

1.2 

RCT where Intervention received 16 MMN 

compared with Control (riboflavin) and with iron 

& zinc separately and together. 

INT MMN: 2xRDA thiamine, niacin, FA, 

pantothenic acid, iodine, copper, manganese, 

selenium, and Vitamins C, D, E, B6, B12 + 

20mgFe + 20mgZn 

INT Zn+Fe: 20mg Zn sulphate + 20mg Fe 

sulphate 

INT Fe: 20mg Fe  sulfate 

INT Zn: 20mg Zn acetate 

CTRL: 1mg riboflavin 

 

6 BSID II: 

Fe (104.3 ± 9.5) = 

CTRL (102.7 ± 13.5) 

 

Zn (104.7 ± 8.3) = 

CTRL (102.7 ± 13.5) 

 

Fe+Zn (105.4 ± 11.6) 

= CTRL (102.7 ± 

13.5) 

 

MMN (104.3 ± 13.0) 

= CTRL (102.7 ± 

13.5) 

  

0.14 

 

 

0.18 

 

 

0 .12 

 

 

 

0.22 

BSID II: 

Fe (99.5 ±  16.6) = 

CTRL (95.4 ± 

16.3) 

 

Zn (101.2 ±  16.6) 

= CTRL (95.4 ± 

16.3) 

 

Fe+Zn (103.7 ±  

16.2)= CTRL 

(95.4 ± 16.3) 

 

MMN (104.5 ± 

16.5) = CTRL 

(95.4 ± 16.3) 

 

0.25 

 

 

0.35 

 

 

0.51 

 

 

 

0.55 

WAZ: 

Fe (-2.2±1.0) = 

CTRL (-2.0±1.2) 

 

Zn (-2.0±1.2) = 

CTRL (-2.0±1.2) 

 

Fe+Zn (-2.2±1.3) = 

CTRL (-2.0±1.2) 

 

MMN (-2.1±1.0) = 

CTRL (-2.0±1.2) 

 

HAZ: 

Fe (-1.6±0.9) = 

CTRL (-2.0±1.2) 

 

Zn (-1.6±0.9) = 

CTRL (-2.0±1.2) 

 

Fe+Zn (-1.8±0.9) = 

CTRL (-1.7±1.0) 

 

MMN (-1.7±0.8) = 

CTRL (-1.7±1.0) 

 

-0.18 

 
 

 

0 

 

 

-0.16 
 

 

-0.09 
 

 
 

0.38 

 
 

 

0.38 

 

 

-0.11 
 

 

0 

S, S, S, 

S, S, 

M, S, 

M 

Strong 
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Black 2004 

India 

HDI .554 

(68) 

N = 162 

INT MMN+Zn n= 

85 

CTRL MMN n= 77 

Base age=1m 

End age=10m 

Mean base HAZ=-

1.9 

All newborns small-

for-gestational age, 

<10th percentile 

weight, term 

RCT where 5 MMN+Zn group compared with 5 

MMN group. 

Syrup with MMN fed directly to children daily. 

MMN includes 0.5mg/d riboflavin, 180mg/d 

calcium, 90mg/d phosphorus, 60mol/d folate, and 

10 mg/d iron, with 5mg of zinc sulfate. 

9 BSID II: 

INT MMN+Zn (86.2 

± 4.9) = CTRL 

MMN (86.4 ± 5.1) 

0.04 BSID II: 

INT MMN+Zn 

(91.7 ± 9.8) = 

CTRL MMN 

(91.5 ± 14.2) 

0.020     S, S, S, 

S, S, S, 

S, S 

Strong 

Lind et al. 

2004 

Indonesia 

HDI .629 

(69) 

N= 650 

INT Fe n=163 

INT Zn n=162 

INT Fe+Zn n=161 

CTRL n=164 

Base age=6m 

End age=12m 

Mean base HAZ=-

0.3 

RCT where Intervention received daily 

supplementation with 10mg Fe, or 10mg Zn, or 

both, and Control received placebo syrup. 

6 BSID II: 

INT Fe (101 ± 9.7) = 

CTRL (99 ± 10.0) 

 

INT Zn (101 ± 9.3) = 

CTRL (99 ± 10.0) 

 

INT Zn+Fe (100 ± 

9.8) = CTRL (99 ± 

10.0) 

 

0.20 

 

 

0.21 

 

 

0.10 

BSID II: 

INT Fe (106 ± 

11.0) > CTRL 

(103 ± 10.8)* 

 

INT Zn (105 ± 

10.6) = CTRL (99 

± 10.0) 

 

INT Zn+Fe (103 ± 

10.3) = CTRL (99 

± 10.0) 

 

0.27 

 

 

 

0.58 

 

 

 

0.39 

WAZ: 

INT Zn (-1.46±1.8) 

< CTRL (-

1.72±1.00)* 

 

INT Fe (-1.65±1.08) 

= CTRL (-

1.72±1.00) 

 

INT Fe+Zn (-

1.68±1.02) = CTRL 

(-1.72±1.00) 

 

HAZ: 

INT Fe (-0.66±0.91) 

= CTRL (-

0.81±0.86) 

 

INT Zn (-0.77±0.92) 

= CTRL (-

0.81±0.86) 

 

INT Fe+Zn (-

0.90±0.90) = CTRL 

(-0.81±0.86) 

 

0.18 

 
 

 

 
0.06 

 
 

 

0.04 
 

 

 

 

0.17 

 
 

 

 
0.04 

 

 
 

-0.10 

S, S, S, 

S, W, 

S, S, S 

Moderate 

Taneja et 

al. 2005 

India 

HDI .554 

(70) 

N = 571 

INT n=283 

CTRL n= 288 

Base age=12-18m 

with mean=14.9 m 

End age=16-24 m 

with mean=21 m 

Base 

stunting=36.8% 

RCT where Intervention received daily 20mg 

zinc (10mg for infants) and Control received 

placebo. 

4 BSID II: 

INT (92.8 ± 10.9) = 

CTRL (91.3 ± 10.8) 

0.14 BSID II: 

INT (93.9 ± 11.8) 

= CTRL (92.2 ± 

11.4) 

0.15     S, S, S, 

S, S, S, 

M, M 

Strong 
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Gardner et 

al. 2005 

Jamaica 

HDI .731 

(71) 

N=114 

INT n=55 

CTRL n=59 

Base age=9-30m 

End age=15-36m 

Mean base HAZ=-

1.4 

Cluster RCT where Intervention received 10mg 

Zn daily with/out stimulation and Control 

received placebo with/out stimulation, 

All children received 0.5mL of 10 MMN 

including 1500 IU vitamin A, 400 IU vitamin D, 

0.5mg vitamin B1, 0.8mg riboflavin, 7mg 

nicotinamide, 1mg vitamin B6, 30mg vitamin C, 

8mg iron, 1mg folic acid, 2mg vitamin B12. 

6 Griffiths Mental 

Scales: 

Cognitive 

INT (89.45 ± 12.8) = 

CTRL (89.85 ±11.8) 

-0.03 Griffiths Mental 

Scales: 

Locomotor 

INT (97.4 ± 12.7) 

= CTRL (102.6 

±9.9) 

-0.46 WAZ: 

INT (-2.04±0.56) = 

CTRL (-2.03±0.58) 

 

HAZ: 

INT (-1.26±0.71) = 

CTRL (-1.08±0.80) 

-0.02 

 

 

 

-0.24 

M, S, 

S, S, S, 

S, S, S 

Strong 

Aboud & 

Akhter 

2011 

Bangladesh 

HDI .515 

(72) 

N = 186 

INT n=99 

CTRL n=85 

Base age mean=14 

m 

End age mean=21 

m 

Mean base HAZ=-

1.6 

Cluster RCT where Intervention received MMP 

(containing 12.5mg of iron, 300mcg of vitamin 

A, 150mcg of folic acid, 50 mg of vitamin C, and 

5mg of zinc) plus 6-session parenting program 

on stimulation and Control received parenting 

program but no MMP. 

7 BSID II: 

Language: 

INT (30.89 ± 21.2) = 

CTRL (32.7 ± 21.3) 

-0.09     WAZ: 

INT (-1.87 ± 1.0) > 

CTRL (-2.03 ±  

1.0)* 

 

HAZ: 

INT (-1.89 ± 1.1) = 

CTRL (-1.99 ± 1.1) 

 

0.16 

 

 

 

0.09 

M, S, 

S, M, 

S, S, S, 

S 

Strong 

Rosado et 

al. 2011 

Mexico 

HDI .775  

(73) 

N = 186 

INT n= 55 

CTRL n=61 

Base age=12-24m 

with mean=22.4 m 

End age18-30m 

with mean=28 m 

Mean base HAZ=-

1.2 

RCT where Intervention received daily 

supplement (44g MMP daily, consisting of 194 

kcal, 815 kJ, 6g protein, 7g fat, 28g 

carbohydrates, 25mg sodium, 10mg iron, 10mg 

zinc, 400 mcg vitamin A, 6mg vitamin E, 40mg 

vitamin C, 0.7mcg vitamin B12, 50mcg folic 

acid, 0.8mg riboflavin) and Control received 

placebo (174 kcal, 731 kJ, 30g carbohydrates).  

Half-supplement group excluded here.  

6 BSID II: 

INT (135.9 ± 13.7) = 

CTRL (137.6 ± 12.6) 

-0.13 BSID II: 

INT (88.6± 9.2) = 

CTRL (90.0 ± 9.3) 

-0.15 WAZ: 

INT (-0.7 ± 0.9) = 

CTRL (-0.7 ±  1.0) 

 

HAZ: 

INT (-1.1 ± 1.0) = 

CTRL (-1.0 ± 1.1) 

 

0 

 

 

 

-0.10 

S, S, S, 

M, W, 

S, S, M 

Moderate 

Siegel et al. 

2011 

Nepal 

HDI .463 

(74) 

N = 325 

INT Zn  n= 80 

INT Fe+FA n=80 

INT MMN n=80 

CTRL n= 81 

Base age 1-35wk 

with mean= 7m 

End age mean=19m 

Base 

stunting=16.7% 

Cluster RCT with 3 INTs (daily supplement with 

Zn, Fe or both) and Control received a placebo. 

INT Zn: 5mg/d Zn 

INT Fe + FA: 6.25mg/d Fe; 25mcg/d FA 

INT MMN: 5mg/d Zn + 6.25mg/d Fe + 25mc/d 

FA 

12 Fagen Test of Infant 

Intelligence: 

Fixation time: 

INT Zn (1.31 ± 0.2) 

= CTRL (1.30 ± 

0.21) 

INT Fe + FA (1.30 ± 

0.4) = CTRL (1.30 ± 

0.21)    

INT MMN (1.32 ± 

0.2) = CTRL (1.30 ± 

0.21)    

 

 

 

0.05 

 

 

0 

 

 

 

0.10 

    WAZ: 

INT Zn (-1.52±1.04) 

= CTRL (-

1.99±1.00)  

 

INT Fe+FA (-

1.83±0.92) = CTRL 

(-1.99±1.00)   

 

INT MMN (-

1.75±1.10) = CTRL 

(-1.99±1.00)    

 

HAZ: 

INT Zn (-0.95±0.98) 

= CTRL (-

1.64±0.93)  

 

INT Fe+FA (-

 

0.46 

 
 

 

 
0.17 

 

 
 

0.23 

 
 

 

 
0.72 

 

 
 

 

M, S, 

S, S, 

W, M, 

S, S 

Moderate 
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1.34±0.93) = CTRL 

(-1.64±0.93)  

 

INT MMN (-

1.40±1.09) = CTRL 

(-1.64±0.93)  

0.32 

 
 

 

0.24 

Gurnida et 

al. 2012 

Indonesia 

HDI .629 

(31) 

N=59 

INT n=29 

CTRL n=30 

Base age 2-8 wk  

with mean=3.8 wk 

End age 24 wk 

Mean base HAZ=-

0.4 

RCT where Intervention given formula with 

9mg/100g gangliosides for up to 6 months. 

Controls given standard formula milk with 

6mg/100g. 

6 Griffiths Mental 

Development Scale: 

Cognitive: 

INT (131.1 ± 14.8) > 

CTRL (123.2 ± 

16.0)*** 

 

 

0.53 Griffiths Mental 

Development 

Scale: 

Gross 

(Locomotive) 

motor: 

INT (120.0±12.23) 

= CTRL 

(117.±16.91) 

0.20 
  

M, S, 

S, S, 

W, S, 

S, M 

Moderate 

Manno et 

al. 2012 

Zambia 

HDI .448 

(32,75,76) 

N=335 

INT n=160 

CTRL n=175 

Base age=6 m 

End age=18 m 

Mean base HAZ=-

0.8 

 

38% of mothers 

were HIV+; 3.9% 

of children were 

HIV+ 

RCT where Intervention given richly fortified 

porridge flour and Controls given standard 

fortified flour. INT flour was fortified with 18 

micronutrients (6.5mg vitamin A, 2g vitamin c, 

0.1mg vitamin D, 9mg thiamin, 11mg riboflavin, 

140mg niacin, 9mg pyridoxine, 2mg folate, 

10mcg vitamin B12, 40mg pantothenic acid, 1g 

magnesium oxide, 250mg iron, 200mg zinc, 3mg 

copper, 12mg manganese, 0.2mg selenium, 7g 

calcium, 5g phosphorus). 

12 BSID II: 

INT (89.8 ± 7.4) = 

CTRL (88.4 ± 7.4) 

0.19 BSID II: 

INT (90.0 ± 6.2) < 

CTRL (91.4 ± 

6.1)* 

-0.23 HAZ: 

INT (-1.05 ± 1.2) = 

CTRL (-1.12 ± 1.11) 

0.06 M, S, 

S, S, S, 

M, S, S 

Strong 

Nahar et al. 

2012 

Bangladesh 

HDI .515 

(33) 

N=136 

INT n=77 

CTRL n=59 

Base age=6-24m 

End age=12-30m 

Mean base HAZ=-

3.5 

RCT where Intervention received food 

supplementation (FS) and control received 

growth monitoring, health education, and 

micronutrient supplementation.  

FS consisted of roasted rice powder 20 g, roasted 

lentil powder 10 g, molasses 5 g and soya oil 3 g, 

to provide 150 kcal (~630 kJ) of energy with 

11% of the energy derived from protein. Both 

groups received multivitamin drops with a daily 

dose of 1ml providing vitamin-A, vitamin-D, 

thiamin, riboflavin, pyridoxine, nicotinamide, 

calcium, ascorbic acid and zinc sulphate, and 

from weeks 2–12, iron and folic acid were 

provided as standard treatment of severe 

malnutrition (micronutrient doses were not 

specified). 

6 BSID II: 

INT (67.9±14.4) = 

CTRL (66.7±13.6) 

0.09 BSID II: 

INT (66.2±15.2) = 

CTRL (69.4±16.4) 

-0.20 WAZ: 

INT (-3.4±0.8) = 

CTRL (-3.2±1.1) 

 

HAZ: 

INT (-3.9±1.1) = 

CTRL (-4.1±1.0) 

-0.21 

 

 

 

0.40 

W, S, 

S, S, S, 

M, S, S 

Moderate 
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Phuka et al. 

2012 

Malawi 

HDI .418 

(77,78) 

N= 163 

INT n=51 

CTRL n=56 

Base age=6 m 

End age=18 m 

Mean base HAZ=-

1.6 

RCT where Intervention given daily 50g lipid-

based spread fortified with 17 vitamins and 

minerals (256 kcal, 7g protein, 14g carbohydrate, 

17g fat, 400mcg retinol, 160mcg folate, 6mg 

niacin, 2mg pantothenic acid, 0.5mg riboflavin, 

0.5mg thiamin, 0.5mg vitamin B6, 0.9mcg 

vitamin B12, 30mg vitamin C, 5mcg vitamin D, 

283 mg calcium, 0.4mg copper, 135mcg iodine, 

8mg iron, 60mg magnesium, 17mcg selenium, 

8mg zinc). 

Controls given daily 71g corn-soy flour with 

fewer micronutrients. 

12 Griffiths Mental 

Development: 

Cognitive: 

INT (18.25 ± 2.41) = 

CTRL (18.41 ± 2.31) 

-0.07 Griffiths Mental 

Development: 

Gross motor 

(Locomotive): 

INT (15.81 ± 0.78) 

= CTRL (15.91 ± 

0.98) 

-0.11 WAZ: 

INT (-0.62±1.04) = 

CTRL (-1.74±1.07) 

 

HAZ: 

INT (-1.57±1.01) = 

CTRL(-1.64±0.82) 

1.06 

 

 

 

0.08 

 

M, S, 

S, M, 

S, S, 

M, S 

Strong 

Surkan et 

al. 2013 

Nepal 

HDI .463 

(79) 

N=569 

INT Zn n= 127 

INT Fe+FA n=129 

INT 3 MMN n=161 

CTRL n= 152 

Base age=4-17m  

End age=16-29m 

Cluster randomized trial with 3 Interventions 

with daily supplement with Zn, Fe or both, and 

Control received placebo. 

INT Zn: 10mg/d zinc 

INT Fe + FA: 12.5mg/d Fe; 50 mcg/d FA 

INT 3 MMN (Zn + Fe + FA) 

Children <1yr received half-dose of supplement. 

12 Fagen Test of Infant 

Intelligence: 

Language score: 

INT Zn (10.2±3.39) 

= CTRL No Zn 

(10.35±2.92) 

 

INT Fe (10.2±3.38) = 

CTRL No Fe 

(10.25±2.93) 

 

 

 

-0.05 

 

 

 

-0.02 

Griffiths Mental 

Development 

Scale and the 

MacArthur 

Communicative 

Development 

Inventory: 

INT Zn (23.8±6.5) 

= CTRL No Zn 

(24.2±6.5) 

 

INT Fe (24.1±6.5) 

= CTRL No Fe 

(24.0±6.5) 

 

 

 

 

 

-0.06 

 

 

 

0.015 

  
S, S, S, 

S, W, 

S, S, M 

Moderate 

Yousafzai 

et al. 2014 

Pakistan 

HDI .515 

(46) 

N=680 

INT n=334 

CTRL n=346 

Base age=0-2.5m 

End age=24m 

Mean base HAZ=-

1.0 

Cluster RCT, factorial design where Intervention 

received nutrition education and MMP and 

Control received standard care. 

MMP comprised of iron, folate, vitamin A and 

vitamin C (doses not specified). 

24 BSID III: 

Cognition:  

INT (76.5 ± 22.2) > 

CTRL (71.9 ± 

18.0)*** 

0.20 BSID III: 

INT 87.8 (22.6) > 

CTRL 81.9 

(20.7)*** 

d=0.20     S, S, S, 

S, W, 

S, S, S 

Moderate 

Singla et al. 

2014 

Bangladesh 

HDI .515 

(80) 

 

N=186 

INT n=99 

CTRL n=87 

Base age=7-12m 

End age=16-22m 

LBW children 

Mean base HAZ=-

2.0 

RCT where Intervention received daily 22-

element MMP plus education and control 

received education only. MMP contained 

300mcg vitamin A, 5mcg vitamin D, 6mg 

vitamin E, 30mg vitamin C, 0.5mg vitamin B1, 

0.5mg vitamin B2, 0.5mg vitamin B6, 0.5mcg 

vitamin B12, 6mg niacin, 160mcg FA, 10mg Fe, 

10mg Zn, 0.5mg copper, 20mcg selenium, 

90mcg iodine, 100mg calcium, 20mg 

magnesium, 100mg phosphorus, 0.6mg 

6 BSID III: 

Cognition: 

INT (51.2±4.66) = 

CTRL (50.67±4.31) 

0.08 
    

S, S, S, 

S, S, S, 

S, S 

Strong 
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manganese, 20mcg vitamin K, 1.8mg pantothenic 

acid, 6mcg biotin). 

Attanasio et 

al. 2014 

Colombia 

HDI .719 

(45) 

N=626 

INT n=308 

CTRL n=318 

Base age=12-24m 

End age=20-42m 

Base 

stunting=13.0% 

Cluster RCT where Intervention group received 

micronutrient sprinkles and Control group 

received nothing. Sprinkles contained 12.5mg 

iron, 5mg zinc, vitamin A 300mcg retinol 

equivalents, 160mcg folic acid, and 30mg 

vitamin C. 

18 BSID III: 

Cognition: 

INT (71.63±4.26) = 

CTRL (71.68±4.38) 

 

 

-0.01 

BSID III: 

Gross Motor: 

INT (63.19±2.99) 

= CTRL 

(63.31±2.79) 

 

 

-0.04 

  
M, S, 

S, S, 

W, S, 

S, S 

Moderate 

Colombo et 

al. 2014 

Peru 

HDI .741 

(81) 

N=249 

INT n=128 

CTRL n=121 

Base age=6m 

End age=18m 

Mean base HAZ=-

0.5 

RCT where Intervention group received a daily 

liquid supplement containing 10mg/d of zinc 

(zinc sulfate), 10mg/d of iron (ferrous sulfate), 

and 0.5mg/d of copper (copper oxide), and 

Control group received an identical daily liquid 

supplement containing only 10mg/d of iron and 

0.5mg/d of copper. 

12 BSID II: 

INT (94.98±6.95) = 

CTRL (94.43±6.76) 

 

0.08 

BSID II: 

INT (104.10±5.77) 

= CTRL 

(103.92±6.10) 

 

0.03 

WAZ: 

INT (0.1±0.9) = 

CTRL (0.1±0.8) 

 

HAZ: 

INT (-0.5±1.0) = 

CTRL (-0.6±0.9) 

 

0 

 

 

 

0.11 

S, S, S, 

S, W, 

S, S, S 

Moderate 

Note: Assessment of Quality (Item Ratings) with following categories in order: Selection Bias, Study Design, Confounders, Blinding, Data Collection Methods, Withdrawals and Dropouts, Intervention Integrity, Analysis; HDI (Human 

Development Index); RCT (Randomized Controlled Trial); m (month); wk (week); INT (Intervention group); CTRL (Control group); HAZ (Height-for-age z-score); BSID (Bayley Scales of Infant Development); Effect Size d 

(Standardized Mean Difference); SD (Standard deviation); RDA(Recommended Dietary Allowance); *p<0.05; **p<0.01; ***p<0.001; W (Weak), M (Moderate), S (Strong); MMP (Multiple Micronutrient Powder); MMN (Multiple 

micronutrients); MV (Multivitamin); Zn (Zinc); Fe (Iron); FA (Folic Acid) 
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Figure 3.1: Selection of studies for the systematic review of the effect of nutritional interventions on 

child mental development 
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Figure 3.2: Forest plot for of mental development effect sizes for prenatal interventions 
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Figure 3.3: Forest plot for of mental development effect sizes for postnatal interventions 
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Figure 3.4: Forest plot for of mental development effect sizes for postnatal multiple micronutrient 

interventions  
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Figure 3.5: Forest plot for of mental development effect sizes for postnatal single micronutrient 

interventions  
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Figure 3.6: Forest plot for of mental development effect sizes for postnatal energy, protein, and fat 

interventions  
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Figure 3.7: Funnel plot for postnatal interventions 
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Figure 3.8: Funnel plot for prenatal interventions 
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3.8 Bridge statement 1 

  

This meta-analysis of pre- and post-natal nutrition interventions in children under two years of 

age living in LMICs indicates a weak, yet significant, effect on mental development from postnatal 

interventions. Further, there is a non-significant trend toward greater benefit on mental development 

from interventions using macronutrients and multiple micronutrients as compared to single 

micronutrients. Few multiple micronutrient trials examined effects on mental development during this 

sensitive period and only one multiple micronutrient study included in this meta-analysis was 

adequately powered to detect an effect on mental development. Chapter 5 of this dissertation intends to 

address this gap by examining effects of home fortification with MNPs on mental development of 

children 6-18 months of age living in rural India. Our study is powered to detect and effect size of 0.1 

or larger and targets a population with high risk of poverty and malnutrition.  

Next, the meta-analysis indicates that most nutrition interventions in LMICs use general 

behavioral measures of child development, such as the BSID and the Griffiths, which may obscure the 

effects of nutrition interventions on specific cognitive functions which are developing rapidly during 

this stage. Inconclusive evidence from studies to date may be in part due to the use of insensitive 

measurement methods. Chapter 5 addresses this methodological limitation by examining the effects of 

home fortification with MNPs on two specific cognitive functions, memory and executive functions, 

that have been shown to be predictive of later intelligence, in addition to language, personal-social, 

cognitive, and motor development.  

Lastly, the meta-analysis found that motor development effect size, but not HAZ, was a 

significant predictor of mental development effect size. We found that the majority of the literature did 

not report effects on mediators between nutrition and mental development. In particular, few 

interventions report on mediating pathways between the intervention and functional outcomes, such as 
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child development. Investigation of the mediating pathways to mental development, including stunting, 

illness, motor development and temperament, are needed to create a stronger evidence base for their 

impact on early mental development in resource-poor settings. Chapters 4 and 6 intend to address this 

gap. Chapter 4 examines nutritional, environmental, and social correlates of mental development in 

infants and young children in rural India, and goes further to examine mediators between dietary 

diversity and mental development scores. Measured mediators include LAZ, psychosocial stimulation, 

fine and gross motor development. Chapter 6 uses path analysis to examine how data fit to a conceptual 

framework for how nutrition affects mental development. Direct and indirect associations are examined 

between diet, hemoglobin, LAZ, motor development, stimulation, and an array of cognitive domains. 
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4.1 Abstract 

Background: Many malnourished children in resource-poor settings fail to fulfill their developmental 

potential.  

Objectives: The objectives of this analysis were to examine nutritional, psychosocial, environmental, 

and household correlates of child development in Bihar, and identify mediators between dietary 

diversity and mental development. 

Design: Using two-stage cluster randomized sampling we surveyed 4360 households with children 6-

18 months of age in West Champaran district, Bihar, India. We measured motor and mental 

development using the Developmental Milestones Checklist II. In a random subsample (n=2838), we 

measured anthropometry and hemoglobin. Cluster adjusted multiple linear regression analysis was used 

to examine associations between nutrition indicators and development scores. Sobel’s test was used to 

assess significant mediators in the association between diet diversity and development scores. Analyses 

were stratified by children 6-11 months and 12-18 months.  

Results: In all children, length-for-age z-score (LAZ), dietary diversity, and psychosocial stimulation 

were significant (P<0.05) correlates of motor [in children 6-11 months: LAZ β=0.46 (SE=0.08), dietary 

diversity β=0.43 (SE=0.09), stimulation β=0.15 (SE=0.04); in children 12-18 months: LAZ β=0.73 

(SE=0.07), dietary diversity β=0.30 (SE=0.09), stimulation β=0.31 (SE=0.05)] and mental 

development scores [in children 6-11 months: LAZ β=0.57 (SE=0.10), dietary diversity β=0.84 

(SE=0.13), stimulation β=0.54 (SE=0.07); in children 12-18 months: LAZ β=0.54 (SE=0.11), dietary 

diversity β=0.40 (SE=0.16), stimulation β=0.62 (SE=0.09)]. Stimulation, gross motor, and fine motor 

development were significant mediators in the relation between dietary diversity and mental 

development. 

Conclusion: Strategies to improve dietary diversity and psychosocial stimulation could have important 

implications for child development of young North Indian children.  
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4.2 Introduction  

 Many children in low- and middle-income countries (LMICs) are exposed to malnutrition, 

poverty, poor health, and unstimulating environments, which detrimentally affect their development (1-

3). It has been estimated 88 million children under five years of age in South Asia  fail to fulfill their 

developmental potential (4); models using UNICEF’s Early Child Development Index (ECDI) show 

that India has the largest estimated number of children 3-4 years of age (17.7 million children) with 

low cognitive and/or emotional development (3). Studies in resource-poor settings have examined the 

relation between nutrition and child development, many of which indicate that poor diet and nutritional 

status are associated with development (5, 6). 

 Brown and Pollitt (7) hypothesized that malnutrition affects child development through a 

number of mediators: child morbidity, energy level, motor development, and growth. Piecemeal 

evidence supports this model showing that children living in healthy environments are taller, have 

fewer illnesses, and are more likely to explore their environment through enhanced motor skills and 

activity; growth and exploration are positively associated with mental development (3, 8-10). Yet the 

mechanisms behind these relationships and their significance in Northern India remain unclear.  

 The Developmental Milestones Checklist-II (11) (DMC-II) is a parent report measure of infant 

and child motor and mental development, which has been used in parts of Sub-Saharan Africa. The 

DMC-II is a useful tool to measure child development in resource-poor settings; it can be administered 

by trained non-specialists, is simple to train on, and takes on average 15 minutes to complete. The 

objectives of the current analyses were to 1) establish the concurrent validity of the DMC-II as a 

measure of child development in the context of rural Bihar; 2) examine nutritional, psychosocial, 

environmental, and household correlates of motor and mental development; and 3) identify mediators 

of the relation between diet and mental development. 
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4.3 Participants and Methods 

 4.3.1 Study Setting  

 Bihar, one of the poorest states in India, has a female literacy rate of only 50% (12). Child 

malnutrition is an important public health problem in this northern state. According to the National 

Family Health Survey 2015-16 (NFHS-4), 48.3% of children are stunted, 20.8% are wasted, and 43.9% 

are underweight (12). Prevalence of anemia among children 6 months to 5 years of age, even though it 

has decreased 14.5 percentage points in the past ten years, is still at 63.5% (12).  

 

 4.3.2 Study Participants 

 This study includes children who participated in a baseline survey for a cluster randomized trial 

to study the effectiveness of home fortification with multiple micronutrient powders on anemia and 

child development. The study was conducted in rural West Champaran district in the state of Bihar. 

Four blocks (Bagaha-2, Chanpattiya, Lauriya, Mainatand) were purposefully chosen to include two 

blocks close to and two blocks far from district headquarters. Within each of these four blocks, health 

sub-centers (HSCs) which were prone to flooding and those prone to political difficulties were 

excluded. Using simple random sampling, a total of 70 HSCs were selected from those remaining. 

From September to October 2014, a baseline survey that included the DMC-II was administered in 

4360 households with children 6-17.9 months of age (half 6-11.9 months of age and half 12-17.9 

months) which were randomly selected from a household listing; a random subsample of 2838 

households were selected for additional data collection on infant anthropometry and hemoglobin 

(Supplemental Figure 4.1). 
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 4.3.3 Measurements 

 Child development was assessed using the DMC-II (11), a 75-item parent report of gross and 

fine motor, language, and personal-social development. Seven questions appropriate for children 6-18 

months of age, taken from the Bayley’s Scales of Infant and Toddler Development (BSID) (13) and 

validated (14) , were added to assess cognitive development, a domain, which was not available from 

the DMC-II. Motor development includes the sum of scores from the gross and fine motor subscales; 

mental development includes the sum of scores from the language, personal-social, and cognitive 

subscales. Items were scored based on the duration for which the child had been performing the activity 

at the time of the interview as follows: 1 if the child had been performing this activity consistently for 

the past 4 weeks; 0.5 if performing the activity in the past 4 weeks but not consistently, or 0 if not yet 

performing the activity. This measure has been validated in Burkina Faso, Kenya, and Ghana (11, 15, 

16). The Family Care Indicators (FCI), a 9-item parent-report measure, previously validated in South 

Asia (17), was used to assess stimulating caregiving.  

 A Wealth Index, using five categories, was calculated using principal component analysis with 

family assets, type of household, land ownership, and source of drinking water. A child dietary 

diversity score, minimum meal frequency value, and minimum acceptable diet value were created 

according to WHO guidelines (18). Food deprivation was assessed through mothers’ report using the 

cross-culturally validated Household Hunger Scale (19). Households were classified as food deprived 

or not based on their responses to the 4-item Likert scale. Recent morbidity was measured as any fever, 

cough or diarrhea in the past two weeks reported by the caregiver. Thirty-two field investigators, 

trained and standardized, collected the household survey information, including the DMC-II. 

 Anthropometric measurements included weight, length, and mid-upper arm circumference 

(MUAC). Weight was assessed with the Seca 874 [Seca, Hamburg, Germany] and length with the Seca 

417. Length-for-age, weight-for-length, and weight-for-age z-scores were calculated using the WHO 
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2006 child growth standards (20); z-scores less than -2 were used to define stunting, wasting, and 

underweight respectively; z-scores less than -3 were used to define severe stunting, severe wasting, and 

severe underweight. MUAC tapes (S0145620 MUAC, Child 11.5 Red/PAC-50) were used to measure 

MUAC.  

 Hemoglobin was measured with the HemoCue Hb 201+ Analyzar [HemoCue, Angelholm, 

Sweden]. Blood samples were taken using a heel prick from children 6-11 months of age, and a finger 

prick for children 12-18 months. Child anemia was defined as mild if 10g/dL≤ hemoglobin <11g/dL, 

moderate if 7g/dL≤ hemoglobin <10g/dL, and severe if hemoglobin <7g/dL (21). If a child was found 

to be severely anemic, they were referred to the nearest primary health center for consultation. 

 

 4.3.4 Ethical Considerations 

 A statement about study participation, which was approved during ethical review, was read to 

guardians and consent was obtained by thumb print or signature. Refusals were replaced. The study 

was approved by the Institutional Review Boards of the 3rd Futures Group, Delhi, India, and Emory 

University, Atlanta, USA and registered with the US National Institute of Health as a clinical trial 

(www.ClinicalTrials.gov; NCT02593136). 

 

 4.3.5 Quality Control  

 Field investigators had experience administering surveys; each had completed at least a 

secondary schooling. 32 field investigators and 10 supervisors were trained by specialists in nutrition 

and child development over a period of two weeks, which included field practice. Reliability of the 

field investigators’ scores was established by examining the relationship between the field 

investigators’ scores and those of an expert when assessing the same child, using five children (20, 22). 

The reliability measurements for the DMC-II gave an average kappa coefficient of 0.96. No single 

https://clinicaltrials.gov/ct2/show/NCT02593136?term=NCT02593136&rank=1
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kappa coefficient for any of the enumerators was below 0.70. Reliability measurements for weight, 

height, and MUAC yielded a Pearson’s correlation coefficient between measurements of the 

investigators and expert of >0.92 and a coefficient of reliability of >0.80. 

 The survey was translated from English into Hindi and back-translated into English. The full 

survey, including the DMC-II was piloted on children from Bihar and adapted prior to starting the 

survey. The only adaptation necessary to the DMC-II was the order of questions in the personal-social 

subscale. During the survey, supervisors conducted 10% back-checks, which involved re-interviewing 

the caregiver on a random subset of questions and comparing results with the field investigators’ 

results, and 10% spot-checks, which involved observing interviews. 

 

 4.3.6 Statistical Methods 

 We estimated a sample of 4340 children in order to have 90% power to detect a 10% difference 

in behavior (IYCF practices) assuming a baseline prevalence of 50%. A smaller sample size (N=2800) 

was estimated for hemoglobin measurements to detect a 12% reduction in anemia prevalence allowing 

for age stratification (children 6-11 and 12-18 months of age).  For this analysis, this sample size gave 

us 90% power to detect an effect size of 0.10, using alpha=0.05, assuming 13 predictors in our multiple 

regression model. 

 Children with hemoglobin measurements below 4g/dL or above or equal to 18g/dL (23) (0.2%), 

or children with length-for-age z-scores <-6  or >6 (0.2%), weight-for-length z-scores <-5 or >5 

(0.6%), or weight-for-age z-scores <-6  or >5  (0.5%) were omitted from the analysis (24).  

 Data were analyzed using SAS 9.4 (Cary, North Carolina, USA). The sample size was 

calculated based on the impact evaluation design. Clustering at the HSC level was accounted for using 

PROC SURVEY statements in SAS. Using anemia categories (no/mild/moderate/severe) rather than 

continuous hemoglobin concentration did not change the results. The regression and mediation 
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analyses were stratified by age (6-11.9 months and 12-17.9 months) because important motor and 

mental developmental milestones are achieved after 12 months, so variance due to age could 

overwhelm other predictors.  

 Cronbach’s alpha for the total DMC-II score, and each subscale, was used to establish internal 

reliability, or how well questions measuring the same construct produce similar scores. Concurrent 

validity was examined through the sensitivity of the DMC-II to maternal education and child age using 

Pearson’s correlation coefficients. Associations between socio-economic, nutritional, stimulation, 

environmental, and household factors and motor and mental development were first evaluated using 

univariate linear regression. A multiple regression model was then iteratively developed by retaining 

variables whose coefficients had p-values <0.05 and coefficients that did not show multi-collinearity 

based on a test of tolerance (>0.1) and variance inflation factor (<10). Standardized coefficients (with a 

mean of 0 and standard deviation of 1) were calculated for each variable retained in the multiple 

regression model. Mediation analyses were performed to examine potential mediators in the relation 

between dietary diversity and mental development of children 6-11 and 12-18 months of age. Potential 

mediators were chosen based on Brown and Pollitt’s (7) conceptual framework of malnutrition and 

child development, and included growth, anemia, household stimulation, gross and fine motor 

development. Because recent illness was measured by parent report, over the past two weeks, it was not 

examined as a potential mediator in this model. Sobel’s test was used to examine significant mediation 

(25).  

 

4.4 Results 

 Household survey data and child development measures were collected from 4360 households. 

Anthropometric and hemoglobin measurements were obtained from 2838 children. Only two 

households refused the survey; four children refused hemoglobin measurements. 
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 The majority of children had a low dietary diversity score (80%), many had morbidity in the 

past two weeks (76%), and 72% of children were anemic, 33% stunted (12% severely stunted), and 

27% wasted (7% severely wasted) (Table 4.1). Almost all children (99%) were ever breastfed, with 

95% still breastfeeding; however, only 39% of families practiced timely introduction of complementary 

foods at 6 months of age and 34% failed to feed the recommended number of meals per day.  

  

 4.4.1 Concurrent validity 

 The intra-cluster (HSC) correlation coefficient for the DMC-II score was 0.025. Internal 

reliability estimates were all acceptable, with Cronbach’s alpha of 0.94 for the total score, 0.92 for 

motor, 0.79 for language, 0.82 for personal-social, and 0.67 for cognitive subscales. Each subscale was 

significantly correlated with the others using Pearson’s correlation coefficient. Gross motor, fine motor, 

language, and personal-social development scores correlated with each other with coefficients ranging 

from 0.58 to 0.67. The cognitive subscale had correlation coefficients of 0.51 to 0.53 with gross motor, 

fine motor, and language scores, and 0.64 with personal-social scores. 

 The sensitivity of the DMC-II was evaluated for children of mothers with any education vs. no 

education. Children of mothers with no education scored consistently lower than children of mothers 

with any education: mean (95% CI) score of 40.0 (95% CI: 39.4, 40.7) vs. 42.3 (95% CI: 41.6, 43.0); 

p<0.001). Results were similar for each subscale with an effect size of 0.13 (95% CI: 0.07, 0.19) for 

motor, 0.20 (95% CI: 0.14, 0.26) for language, 0.18 (95% CI: 0.12, 0.24) for personal-social, and 0.27 

(95% CI: 0.21, 0.33) for cognitive development. 

 The DMC-II’s sensitivity to age was examined by correlating scores by child age in months. 

Correlations were: overall scores (r=0.72, p<0.001), motor (r=0.73, p<0.001), language (r=0.59, 

p<0.001), personal-social (r=0.57, p<0.001), and cognitive (r=0.43, p<0.001) development scores. 
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 4.4.2 Child development and its correlates 

 Mean gross motor scores were 10.7 (95% CI: 10.5, 10.8) out of 22; mean fine motor scores 

were 6.5 (95% CI: 6.4, 6.6) out of 10.  The total mental development score, the sum of language, 

personal-social and cognitive, was 23.8 (95%CI: 23.4, 24.2) out of 50. Mean scores broken down by 

age group for each mental development subscale are presented in Table 4.1.  

 Among children 6-11 months, multiple regression analyses indicate that motor development 

was significantly and positively associated with child age, LAZ, dietary diversity, WLZ and household 

stimulation but negatively associated with household food deprivation (Table 4.2). In children 12-18 

months, motor development was significantly and positively associated with age, LAZ, WLZ, 

household stimulation and dietary diversity, but negatively associated with female sex and caste (Table 

4.2). 

 Multiple regression analyses in the younger group show that mental development scores were 

positively and significantly associated with LAZ, dietary diversity and household stimulation and 

maternal education and negatively associated with being food deprived (Table 4.3). In the older group, 

mental development was similarly associated with age, LAZ, household stimulation, dietary diversity, 

household food deprivation and maternal education, as well as WLZ (Table 4.3). 

 

 4.4.3 Mediation between dietary diversity and mental development 

 Mediation analyses demonstrated that in both age groups, gross motor, and fine motor 

development were significant mediators of the relation between dietary diversity and mental 

development; household stimulation was a significant mediator in the older age group only (Figures 

4.1 and 4.2, Supplemental Table 4.1). The results show a direct association between dietary diversity 

and mental development, with every addition of one diet group associated with a mean increase of 0.82 

and 0.61 points in mental development score for children 6-11 months and 12-18 months respectively. 



83 

 

 

The coefficients for the indirect associations between dietary diversity and mental development 

through gross motor, fine motor, and household stimulation are displayed in Figures 4.1 and 4.2. When 

mental development was separated into language, and personal-social and cognitive development, 

similar results were obtained.  

 

4.5 Discussion 

 Our contributions to knowledge about nutrition and child development in LMICs include 1) 

establishing the sensitivity of the DMC-II to child age and maternal education in the context of 

Northern India in children 6-18 months of age, 2) determining that LAZ, dietary diversity, and 

household stimulation are important correlates of motor and mental development, and 3) identifying 

household stimulation, gross, and fine motor development as significant mediators in the relation 

between dietary diversity and mental development. 

 The validity of the DMC-II in the context of rural Northern India was established by its 

sensitivity to maternal education and child age. Effect sizes for motor and personal-social subscale 

scores by maternal education are small but significant and replicate previous findings in Burkina Faso 

(11). The cognitive subscale that we added has also been examined in Ghana with similar internal and 

external validity results (14). Cognitive scores were strongly correlated with personal-social 

developments scores (measuring reaction to others, recognition of others, play, dressing, eating and 

drinking, and toilet training), suggesting that they measure abilities that develop concurrently and, in 

addition to language, contribute to a coherent score of mental development. 

 We hypothesized that psychosocial stimulation, growth, and nutritional factors were important 

correlates of child development. We found that household stimulation is a strong correlate of mental 

development and less so for motor development, consistent with other literature showing that a 

responsive and stimulating environment creates engaging situations for children to development their 
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cognitive, language, and social abilities (5, 26). LAZ was a more important correlate for development 

than WLZ. Low LAZ has repeatedly been associated with reduced motor and mental skills (4, 27) such 

that it is often used as a proxy of child development (4). A meta-analysis of data from 29 LMICs also 

determined that LAZ was significantly associated with cognitive abilities, age of walking, and motor 

skills (28). Our results show that dietary diversity is a more important correlate of development than 

food deprivation, which defines severe household nutritional stress. After adjusting for other significant 

correlates, food deprivation remains independently associated with development, and ours is the first 

study to document this in a LMIC setting. While food deprivation may indirectly affect motor and 

mental development through undernutrition and illness (29), it may also be detrimental to maternal 

mental health (30, 31) and impact the level of stimulation, care, and nutrition received by a child (32). 

Recent morbidity, anemia and distal factors, such as household wealth, and paternal education, were 

correlates of development when controlling for child age only but were no longer significant in the 

adjusted models. This could be due to their strong correlation with LAZ, dietary factors, and household 

stimulation (33-37).  

The specific mechanism responsible for the relation between diet and development was 

explored through mediation analysis. Low dietary diversity was common and is potentially modifiable 

through community-based nutrition programs which would enhance nutrition of children. The diet of 

young children in rural Bihar is monotonous, and greater diversity in foods eaten could improve overall 

nutrition and development. The mediation analysis indicates that stimulation in children 12-18 months, 

along with fine and gross motor development in children 6-18 months are mediators in the relation 

between dietary diversity and mental development. Dietary diversity could influence the amount of 

stimulation in the home through several mechanisms: first, a child’s diet is highly correlated with that 

of their mother (38) who is often the primary source of stimulation, and second, a mother who supplies 

a diverse diet to her child likely also supplies diversity of stimulation (39). Diet and stimulation are 
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more diverse in children 12-18 months and this may explain why stimulation is a significant mediator 

only in this older group. At this age, when a child starts walking and becoming increasingly active, the 

mother may become more aware of their child’s stimulation needs and make materials more available. 

The significant mediation through motor skills demonstrated in this analysis may occur in a number of 

ways. Dietary diversity could build muscle through increased nutrients, including iron and animal-

source foods, which in turn contribute to improved physical activity, initiative, leadership and social 

behaviors (40, 41). The resulting motor skills allow children to provide their own stimulation leading to 

the development of mental abilities (42). A more active child is also more likely to receive attention, be 

spoken to, and be heard by parents and others (39). Further, many personal-social and cognitive skills 

require fine motor coordination (e.g., putting on clothes, re-arranging small objects). Lastly, a child 

with more advanced motor skills may appear more mature and may be given more sophisticated 

stimulation (7). Previous work shows that nutrition can increase motor abilities and thereby children’s 

interaction and exploration of their environment (7-9, 43), thus enhancing their mental development 

particularly when their experiences are mentally challenging (8). This is one of the first studies to show 

that all three aspects are connected.  

The mediation analysis in this paper builds on previous work that established a  framework 

linking nutrition and development (7, 43). However, the directionality of these relationships are 

hypothetical and the cross-sectional nature of this study does not allow for inferences of causality. For 

instance, greater fine motor skills could lead to more self-feeding, making the child appear more 

mature and ready for a more diverse diet. 

Limitations of this analysis include the use of a parent-report measure of child development. 

Some bias could be introduced if mothers who recall certain motor skills are better at recalling mental 

abilities, or if mothers who are more involved in the development of their child are better able to recall 

activities and abilities. A more detailed examination of morbidity would be important in examining the 
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mechanisms linking diet and child development in future studies, for instance through an account over 

a longer period, and obtaining data on total number of days sick and severity of the illness. Lastly, the 

survey was performed in September and October, which are harvest months in Bihar. If performed 

during a less plentiful time, relationships between development and WLZ or morbidity may be 

different. 

Despite these limitations, this analysis reveals important correlates of motor and mental 

development in young children. With the caveat that the study areas excluded those prone to flooding 

and political difficulties and therefore exclude areas that are potentially economically worse off, these 

findings could be generalizable to other parts of rural India with similar nutritional and economic 

indicators as Bihar. State programs in India that work on improving nutrition in early life, such as the 

National Nutrition Mission could impact child development by focusing on diversification of 

complementary foods. The mediation models extend the current framework for nutrition and child 

development (7, 43) by identifying both fine and gross motor abilities as significant mediators in the 

relation between diet and mental development and by identifying other nutritional indicators that drive 

the development of mental abilities in children 6 to 18 months of age. Further research examining a 

path analysis of the full theoretical model may help elucidate the indirect as well as direct pathways 

between nutrition and mental development.  

 Malnutrition is an important problem in LMICs with detrimental effects on child development. 

Our findings suggest that nutrition programs that target diversification of diets can have important 

implications for mental development of young Indian children, through their benefits on household 

stimulation and motor skills. 
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Table 4.1: Demographic and clinical characteristics of children 6-18 months of age1 

 

  

Children 6-11 

months of age 

(N=2208) 

Children 12-

18 months of 

age (N=2152) 

Child 

characteristics Gender     

    Girls 49.7 (1096) 49.8 (1070) 

Family 

characteristics Religion     

    Hindu 79.1 (1745) 78.5 (1687) 

    Muslim 20.9 (462) 21.5 (461) 

  Mean maternal age (years) 25.0 ± 4.8 25.4 ± 4.7 

  Mean paternal age (years) 29.2 ± 5.5 29.7 ± 6.1 

  Maternal education     

    Any schooling 41.2 (909) 38.5 (828) 

  Paternal education     

    Any schooling 63.8 (1403) 64.1 (1374) 

Household 

characteristics 

Mean number of preschool age children in the 

household  2.6 ± 1.6 2.7 ± 1.6 

  Caste       

    Scheduled Caste 25.6 (564) 24.8 (533) 

    Scheduled Tribe 8.1 (179) 8.4 (181) 

    Other Backwards Caste 49.8 (1096) 51.2 (1098) 

  Mean Family Care Indicators score (out of 13) 4.9 ± 2.2 5.4 ± 1.0 

  Any food deprivation 9.8 (215) 9.1 (195) 

Child nutrition 

indicators Mean dietary diversity 2.5 ± 1.1 3.0 ± 1.0 

    Score 4-7 13.4 (296) 27.4 (589) 

         Starches  80.5 (1777) 96.1 (2068) 

         Legumes and nuts 30.5 (674) 37.5 (807) 

         Dairy 99.7 (2202) 99.7 (2146) 

         Flesh foods 5.1 (112) 11.0 (237) 

         Eggs 2.9 (64) 4.6 (98) 

         Vitamin-A rich fruits and vegetables 11.2 (247) 21.7 (468) 

         Other fruits and vegetables 15.6 (344) 30.4 (655) 

  Minimum meal frequency achieved 60.8 (1315) 70.9 (1494) 

  Minimum acceptable diet achieved 10.8 (239) 19.7 (423) 

  Any recent child morbidity 76.9 (1698) 74.5 (1603) 

    Fever 67.1 (1482) 64.8 (1393) 

    Cough 56.5 (1246) 53.2 (1144) 

   Diarrhea 11.0 (243) 12.7 (273) 

  Anthropometry     

    Mean length-for-age z-score -1.24 ± 1.30 -1.75 ± 1.30 

    Mean weight-for-length z-score -1.18 ± 1.15 -1.52 ± 1.11 

    Mean weight-for-age z-score -1.62 ± 1.13 -1.99 ± 1.10 



92 

 

 

    Mean mid-upper-arm-circumference 13.2 ± 1.1 13.1 ± 1.0 

  Anemia     

   Any (hemoglobin < 11g/dL) 70.5 (1002) 74.1 (1037) 

    Mild (10 g/dL ≤ hemoglobin < 11 g/dL) 27.7 (393) 28.3 (396) 

    

Moderate (7 g/dL ≤ hemoglobin < 10 

g/dL) 40.6 (577) 42.7 (598) 

    Severe (hemoglobin < 7 g/dL) 2.3 (32) 3.1 (43) 

Child development 

scores  Mean gross motor score (out of 22) 8.3 ± 2.8 13.1 ± 3.7 

    Mean fine motor score (out of 10) 5.7 ± 1.8 7.3 ± 1.5 

    Mean language score (out of 15) 3.1 ± 1.9 5.6 ± 2.5 

    Mean personal-social score (out of 28) 13.8 ± 3.5 17.3 ± 3.3 

    Mean cognitive score (out of 7) 3.4 ± 1.6 4.5 ± 1.4 

          
1Values are mean ± SD or %(N). All estimates account for cluster-randomization by Health Sub-Center. Total 

N=4360 for all measurements (N=2208 for children 6-11 months of age, N=2152 for children 12-18 months of 

age) except for anthropometry and anemia, for which N=2838 (N=1432 for children 6-11 months of age, 

N=1406 for children 12-18 months of age). Minimum meal frequency is achieved if a breastfed child is fed at 

least three times or a non-breastfed child is fed at least four times the previous day. Minimum acceptable diet is 

achieved if a breastfed child is fed four or more food groups and achieved minimum meal frequency or a non-

breastfed child received at least two milk feeds, is fed four or more foods groups and achieved minimum meal 

frequency the previous day. CI, confidence interval; SD, standard deviation. 

  



93 

 

 

Table 4.2: Association of child motor development score with child conditions for children 6-11 (left) and 12-18 (right) months of age1 

 

  Children 6-11 months of age Children 12-18 months of age 

  

Univariate linear 

regression Multiple linear regression 

Univariate linear 

regression Multiple linear regression 

Age (months) 1.47*** (1.37, 1.57) 1.42*** (1.31, 1.53) 0.59 1.25*** (1.13, 1.38) 1.18*** (1.04, 1.32) 0.45 

Gender (male vs. female) -0.22 (-0.48, 0.05) - - -0.54** (-0.84, -0.24) -0.72*** (-1.07, -0.37) -0.08 

Growth             

     Length-for-age z-score 0.52*** (0.37, 0.67) 0.46*** (0.30, 0.61) 0.15 0.87*** (0.70, 1.04) 0.73*** (0.59, 0.88) 0.21 

     Weight-for-length z-score 0.27** (0.11, 0.43) 0.27** (0.11, 0.43) 0.08 0.66*** (0.44, 0.87) 0.50** (0.29, 0.71) 0.12 

Anemia category -0.09  (-0.30, 0.11) - - 0.34* (0.03, 0.64) - - 

Other Nutritional Factors             

     Food deprivation -0.92*** (-1.36, -0.47) -0.81** (-1.39, -0.22) -0.06 -1.27*** (-1.85, -0.69) - - 

     Dietary diversity score 0.48*** (0.34, 0.63) 0.43*** (0.24, 0.61) 0.11 0.52*** (0.34, 0.70) 0.30** (0.11, 0.48) 0.07 

Recent child morbidity -0.50* (-0.89, -0.11) - - -0.70** (-1.12, 0.28) - - 

Household stimulation score 0.25*** (0.18, 0.33) 0.15** (0.07, 0.23) 0.08 0.38*** (0.28, 0.49) 0.31*** (0.20, 0.42) 0.16 

Distal Factors             

     Wealth index quintile 0.21** (0.10, 0.32) - - 0.45*** (0.31, 0.59) - - 

     Any maternal education 0.64** (0.33, 0.95) - - 1.10*** (0.79, 1.41) - - 

     Any paternal education 0.52*** (1.37, 1.56) - - 0.95*** (0.58, 1.32) - - 

     Caste 0.09 (-0.09, 0.26) - - -0.23* (-0.45, -0.02) -0.26** (-0.44, -0.09) -0.07 

              

1Values are coefficients (95% CI) and standardized coefficients. All estimates account for cluster-randomization by Health Sub-Center and adjusted for age of 

child. Anemia categorized as moderate or severe (hemoglobin <10g/dL), mild (10g/dL≤ hemoglobin <11g/dL), and no anemia (hemoglobin ≥11g/dL). Recent child 

morbidity includes fever, cough, or diarrhea in the past two weeks. Multiple regression model iteratively developed with variables retained if P-value for their 

coefficient remained <0.05. Regression coefficient standardized with a mean of 0 and SD of 1. R2=0.42 for the multiple regression model in children 6-11 months 

of age with motor development as the outcome. R2=0.33 for the multiple regression model in children 12-18 months of age with motor development as the 

outcome. * p<0.05, ** p<0.01, *** p<0.001. 
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Table 4.3: Association of child mental development score with child conditions for children 6-11 (left) and 12-18 (right) months of age1 

 

 

  Children 6-11 months of age Children 12-18 months of age 

  

Univariate linear 

regression Multiple linear regression 

Univariate linear 

regression Multiple linear regression 

Age (months) 1.81*** (1.66, 1.97) 1.59*** (1.42, 1.76) 0.45 1.35*** (1.19, 1.51) 1.19*** (1.00, 1.37) 0.34 

Gender (male vs. female) -0.36 (-0.87, 0.15) - - -0.19 (-0.51, 0.13) - - 

Growth             

     Length-for-age z-score 0.80*** (0.61, 1.00) 0.57*** (0.37, 0.76) 0.12 0.82*** (0.59, 1.05) 0.54*** (0.32, 0.75) 0.12 

     Weight-for-length z-score 0.30* (0.06, 0.53) - - 0.61*** (0.33, 0.89) 0.35** (0.11, 0.60) 0.07 

Anemia category -0.46 (-1.07, 0.15) - - 0.57 (-0.20, 1.33) - - 

Other Nutritional Factors             

     Food deprivation -1.56*** (-2.29, -0.83) -1.48** (-2.40, -0.56) -0.07 -2.41*** (-3.38, -1.44) -1.43** (-2.42, -0.44) -0.07 

     Dietary diversity score 0.96*** (0.73, 1.19) 0.84*** (0.58, 1.10) 0.15 0.77*** (0.49, 1.06) 0.40* (0.07, 0.72) 0.07 

Recent child morbidity -0.03 (-0.59, 0.54) - - -0.99** (-1.67, -0.31) - - 

Household stimulation score 0.71*** (0.58, 0.83) 0.54*** (0.39, 0.69) 0.20 0.70*** (0.55, 0.85) 0.62*** (0.44, 0.81) 0.24 

Distal Factors             

     Wealth index quintile 0.62*** (0.44, 0.81) - - 0.72*** (0.50, 0.94) - - 

     Any maternal education 1.86*** (1.45, 2.27) 0.97** (0.40, 1.54) 0.08 1.61*** (1.15, 2.06) 0.64* (0.01, 1.27) 0.05 

     Any paternal education 1.27*** (0.83, 1.72) - - 1.32*** (0.78, 1.85) - - 

     Caste 0.18 (-0.07, 0.43) - - -0.19 (-0.52, 0.14) - - 

1Values are coefficients (95% CI) and standardized coefficients. All estimates account for cluster-randomization by Health Sub-Center and adjusted for age of child. 

Anemia categorized as moderate or severe (hemoglobin <10g/dL), mild (10g/dL≤ hemoglobin <11g/dL), and no anemia (hemoglobin ≥11g/dL). Recent child morbidity 

includes fever, cough, or diarrhea in the past two weeks. Multiple regression model iteratively developed with variables retained if P-value for their coefficient 

remained <0.05. Regression coefficient standardized with a mean of 0 and SD of 1. R2=0.36 for the multiple regression model in children 6-11 months of age with 

mental development as the outcome. R2=0.25 for the multiple regression model in children 12-18 months of age with mental development as the outcome. * p<0.05, ** 

p<0.01, *** p<0.001. 
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Figure 4.1: Mediation analysis between dietary diversity and mental development in children 6-11 months of age1 

 

 

 

 

 

 

 

 

 

1 Values are unstandardized coefficients. Covariates include age, household wealth, maternal education, paternal education, recent morbidity, 

caste, and food deprivation. All models account for cluster-randomization by Health Sub-Center. WLZ, household stimulation, and anemia 

not examined as potential mediators in children 6-11 months because not significantly associated with dietary diversity or the outcome. Solid 

arrows represent associations for each mediator separately. Associations between dietary diversity and mediators are adjusted for covariates; 

associations between mediators and mental development are adjusted for dietary diversity and covariates. Dashed arrow represents 

Dietary diversity 

LAZ 

Gross motor 

development † 

Fine motor 

development † 

Mental development 

0.07* 
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association adjusting for covariates. LAZ, length-for-age z-score; WLZ, weight-for-length z-score. * p<0.05, ** p<0.01, *** p<0.001. † 

significant mediator using Sobel test. 
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Figure 4.2: Mediation analysis between dietary diversity and mental development in children 12-18 months of age1 

 

 

 

 

 

 

 

 

1 Values are unstandardized coefficients. Covariates include age, household wealth, maternal education, paternal education, recent morbidity, 

caste, and food deprivation. All models account for cluster-randomization by Health Sub-Center. WLZ, LAZ, and anemia not examined as 

potential mediators in children 12-18 months because not significantly associated with dietary diversity or the outcome. Solid arrows 

represent associations for each mediator separately. Associations between dietary diversity and mediators are adjusted for covariates; 

associations between mediators and mental development are adjusted for dietary diversity and covariates. Dashed arrow represents 

association adjusting for covariates. LAZ, length-for-age z-score; WLZ, weight-for-length z-score. * p<0.05, ** p<0.01, *** p<0.001. † 

significant mediator using Sobel test. 
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Supplemental Table 4.1: Association between dietary diversity and mental development score for 

children 6-11 and 12-18 months of age1 

 

Mental development score 

  
6-11 months of age 12-18 months of age 

Adjusted for clustering and child 

age 0.96*** (0.73, 1.19) 0.77*** (0.49, 1.06) 

Adjusted for clustering and 

covariates 0.82*** (0.57, 1.06) 0.61*** (0.33, 0.89) 

Adjusted for clustering, covariates, 

and LAZ 0.80*** (0.49, 1.11) - 

Adjusted for clustering, covariates, 

and household stimulation - 0.50** (0.22, 0.78)† 

Adjusted for clustering, covariates, 

and gross motor development 0.54*** (0.30, 0.77)† 0.44** (0.17, 0.71)† 

Adjusted for clustering, covariates, 

and fine motor development 0.51*** (0.29, 0.73)† 0.34** (0.10, 0.57)† 

Adjusted for clustering, covariates, 

and all potential mediators 0.43** (0.16, 0.71) 0.20 (-0.09, 0.49) 

      

1Values are coefficients (95% CI). Covariates include age, household wealth, maternal education, 

paternal education, recent morbidity, caste, and food deprivation. All models account for cluster-

randomization by Health Sub-Center.  WLZ and anemia not examined as potential mediators in all 

children because not significantly associated with the outcome or with dietary diversity. LAZ not 

examined as a potential mediator in children 12-18 months, and household stimulation not 

examined as a potential mediator in children 6-11 months, because not significantly associated 

with dietary diversity. Values represent the estimate (95% confidence interval). LAZ, length-for-

age z-score; WLZ, weight-for-length z-score. * p<0.05; ** p<0.01; *** p<0.0001. † significant 

mediator using Sobel test. 
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Supplemental Figure 4.1: Flowchart of study design and sampling strategy1 
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4.8 Bridge statement 2 

Chapter 4’s initial contribution to the literature is to determine the concurrent validity of the 

DMC-II. By establishing the test’s validity in the context of rural Bihar, we have the confidence to 

make conclusions based on the results observed in Chapters 4-6. Chapter 4 examined nutritional, 

psychosocial, environmental, and household correlates of child development in infants and young 

Bihari children. Cross-sectional associations using the baseline survey of a nutrition intervention 

indicated that LAZ, dietary diversity, and stimulation were significant correlates of motor and mental 

development scores. This confirmed previous literature on the importance of nutrition and stimulation 

on early child development. Food deprivation was also significantly associated with mental 

development, even after adjusting for other covariates, a somewhat novel and important finding for 

resource-poor settings. Further, the mediation analysis found that stimulation in children 12-18 months, 

and fine and gross motor development in children 6-18 months, were mediators between dietary 

diversity and mental development. This mediation analysis builds upon previous work and models to 

demonstrate how diet, motor development, stimulation, and mental development are related to one 

another. Establishing the correlates of mental development and mediators between diet and mental 

development is important in order to inform nutrition interventions and evaluations. They can indicate 

important modifiers and pathways through which a nutrition intervention affects child development. 

The manuscript in Chapter 5 examines the effect of home fortification with MNPs on motor and mental 

development of children 6-18 months of age living in rural Bihar, India. The analyses from Chapter 4 

highlight variables which also need to be measured at endline because they are important for children’s 

development. 
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5.1 Abstract 

Background: Research demonstrates the importance of nutrition for brain and cognitive development 

in the early years of life.  

Objectives: This study examined the impacts of home fortification with multiple micronutrient 

powders (MNPs) on motor and mental development, executive function, and memory of children 6-18 

months of age living in West Champaran, Bihar. 

Design: This two-arm cluster randomized effectiveness trial selected 70 health sub-centers to receive 

either MNPs and nutrition counseling (intervention) or nutrition counselling alone (control) for 12 

months. Frontline health workers delivered the intervention to all households in study communities 

with a child 6-18 months of age. Data were collected using cross-sectional surveys at study baseline 

and endline by selecting households from intervention (N=2184 at baseline; 2170 at endline) and 

control (N=2176 at baseline; 2122 at endline) communities using a 2-stage cluster randomized 

sampling strategy. The Developmental Milestones Checklist-II was used to assess motor and mental 

development, the A-not-B test was used to assess executive function, and Elicited Imitation tasks were 

used to assess memory.  

Results: Children in the intervention group had a significantly (P<0.05) larger improvement from 

baseline to endline compared to those in the control group on scores for motor and mental development 

(Cohen’s d, motor=0.12, 95% CI: 0.03, 0.22; mental=0.15, 95% CI: 0.06, 0.25). We also found greater 

impacts of MNPs on motor and mental development for children from households with higher 

stimulation scores at baseline compared to those from households with lower stimulation scores at 

baseline (Cohen’s d, motor=0.20 v. 0.09; mental=0.22 v. 0.14; P-interaction <0.05). No significant 

treatment differences were seen for executive function or memory. 
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Conclusion: Home fortification with MNPs through the existing health infrastructure in Bihar, India 

was effective in improving infant and child motor and mental development and should be considered in 

combination with other child development interventions such as stimulation. 

Clinical Trial registry name and registration number: Home Fortification of Complementary Foods 

in Bihar India; NCT02593136  

https://clinicaltrials.gov/ct2/show/NCT02593136?term=NCT02593136&rank=1
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5.2 Introduction 

 Estimates indicate that 250 million children (43%) under five years of age do not fulfill their 

developmental potential in low- and middle-income countries (LMICs) (1). Poor development in early 

life has ongoing and long-term implications on school achievement and income and productivity 

(which tend to be lower), high fertility, and poor care for the next generation (2, 3). Proper nutrition 

especially during the first 1000 days can influence early development directly through brain 

development, and indirectly through reducing illness and improving growth, and enhancing the child’s 

interactions with their environment (4).  

 Recent meta-analyses and reviews document the efficacy of early child nutrition interventions 

on development especially among children under two years of age from LMICs (5-7). Home 

fortification with multiple micronutrient powders (MNPs) is a simple intervention that requires 

caregivers to mix a sachet of micronutrients into their child’s food prior to feeding. Although several 

studies have evaluated the efficacy of MNPs on young child development, few have studied the 

effectiveness of such programs when delivered using the existing government health infrastructure (8-

10).  Evidence from effectiveness trials is important if we are to transition to scale at a regional level 

(8). 

 Despite overall benefits of postnatal food and micronutrient interventions, trials have yielded 

inconsistent results on child development. One reason could be the outcome measurement. Global 

measures of child development, such as the Bayley’s Scales of Infant and Child Development, which 

are typically used in nutrition studies in LMICs (6), can capture effects on motor and mental 

development broadly. Because of nutrients’ specific functions in synaptic efficiency, myelination, and 

hippocampal development (11), micronutrient interventions may differentially affect specific cognitive 

functions which are masked in higher order assessment tools. Two such specific processes that underlie 
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early cognitive development (12-14) and are hypothesized to be related to nutritional status are 

executive function (15, 16) and memory (17-19). 

 The objectives of the current study were to examine the effectiveness of home fortification with 

MNPs on motor and mental development of children 6 to 18 months of age, and on executive function 

and declarative memory of children 12-18 months of age. We hypothesized that children from 

communities receiving the intervention would score higher on development, executive function, and 

memory tests than children from control communities.  

 

5.3 Methods 

This study was a collaboration between CARE India and Emory University. It was approved by 

the Institutional Review Boards of the 3rd Futures Group, Delhi, India, St John’s Medical College & 

Hospital Institutional Ethics Committee, Bangalore, India, and Emory University, Atlanta, USA, and 

registered with the US National Institute of Health as a clinical trial (www.ClinicalTrials.gov; 

NCT02593136).  

 

5.3.1 Setting 

 The government of Bihar, in partnership with the Bill and Melinda Gates Foundation and 

CARE India, launched the Integrated Family Health Initiative (IFHI) in 2011 to address pressing health 

challenges faced by its population. The IFHI identified childhood anemia (at 64% in children under 

five years in Bihar) (20) as one of the major public health priorities to be targeted. Based on evidence 

(21), home fortification with MNPs was identified as an innovative strategy to address this priority. 

The program was delivered by government front-line health workers with the support of CARE India, 

https://clinicaltrials.gov/ct2/show/NCT02593136?term=NCT02593136&rank=1
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the primary implementing partner of IFHI and Emory University that provided nutrition technical 

support. The goal of the study was to determine the effectiveness of the program in one district of Bihar 

prior to potential state-wide scaleup.  

 Extensive formative research was conducted between 2012 and 2014 to establish viability of the 

MNP product in this context (e.g., acceptability of the product, messaging, and visual messaging) (22). 

The current study was started following positive evidence for its acceptability by the community. 

 

5.3.2 Study design and participants 

We conducted a 12-month two-arm cluster randomized effectiveness trial in West Champaran 

district of Bihar, India, between January 2015 and December 2015 (Figure 5.1). In India, districts are 

subdivided into blocks (subdistricts). Four blocks were purposefully chosen to include two blocks close 

to and two blocks far from district headquarters. Within each of these four blocks, HSCs which were 

prone to flooding and political difficulties (n=35). Out of 135 health sub-center communities (HSCs), 

70 were randomly assigned, using a simple randomization method with random number generator, to 

intervention or control communities (Figure 5.1); all families with children 6-18 months in these 

communities received complementary feeding counseling and intervention families additionally 

received the home fortification product, a multiple micronutrient powder labeled Jeevan Jyoti (the 

name means “the light of life” in Hindi, chosen by community members as part of formative research). 

 

Two cross-sectional surveys of children 6 to 18 months of age were used to assess the change in 

outcomes. The baseline (N=4360) and endline (N=4292) surveys were conducted from August-

September 2014 and from February-March 2016, respectively. Inclusion criteria for survey enrolment 
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were child’s age above 6 months and below 18 months; half of whom were 6-11.9 months of age and 

the other half were 12-18 months of age.  

For the baseline and endline evaluation, a household listing (list of eligible households) was 

performed prior to starting the survey. In HSCs with five or more AWCs, SRS was used to select five 

AWCs for which household listing was performed. Using the household listings, 31 children 6-11.9 

months of age and 31 children 12-17.9 months of age from each HSC were chosen using SRS to be 

included in the household survey, which included questions on their child’s mental and motor 

development. Refusals for the household survey were replaced (n=2 at baseline). From each age group 

in each HSC, 20 of the 31 children were randomly selected to be measured for anthropometry. At 

endline only, 17 children in each HSC from the older age group who received the household survey 

and anthropometry were chosen using SRS to be tested using direct child assessments, through game-

like interactions with each child (refer to Measurements section). Because additional funding was 

obtained after the baseline was completed, direct child assessments were performed only at endline 

(Figure 5.1).     

 During the survey, supervisors conducted 10% back-checks that involved re-

interviewing the caregiver on a random subset of questions and comparing results with the field 

investigators’ results, and 10% spot-checks that involved observing interviews. 

 

5.3.3 Intervention 

The counseling and Jeevan Jyoti MNPs were delivered at no cost to households with a child 6 

to 18 months of age, by the local community front-line health workers (FLWs), the Accredited Social 

Health Activists (ASHA) and the Anganwadi Workers (AWWs).  ASHAs are local women trained as 

health educators under the Ministry of Health. AWWs are part of the Integrated Child Development 
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Services program in India; in addition to family planning and nutrition counseling and 

supplementation, they administer preschool activities for children 3-5 years of age. Each HSC is home 

to approximately seven ASHAs and seven AWWs. Typically, a pair of one AWW and one ASHA 

work within one Anganwadi Center (AWC) catchment area.  The project area included a total of 

roughly 10,000 children.  

FLWs were advised to provide all households (intervention and control communities) with 

counseling and information pamphlets on infant and young child feeding (IYCF) practices that 

included guidance on breastfeeding, food variety, frequency of feeding, food consistency, food 

quantity, hand washing and hygiene practices.  

In intervention communities, FLWs distributed a box of 30 MNP sachets to the caregivers of 

children 6-18 months of age on a monthly basis and provided instructions to mix one MNP sachet into 

the child’s food every day. Each MNP sachet contained 12.5mg of iron as ferrous fumarate, 5mg of 

zinc gluconate, 0.16mg of folic acid, 0.3mg of vitamin A acetate, 30mg of ascorbic acid, 0.9µg of 

vitamin B12, and 90µg of iodine (roughly one Recommended Dietary Allowance (23) for most 

nutrients). Children aged in and out of the program during its one-year duration depending on their age. 

FLWs were advised to provide 4 boxes of MNP to children during each of time periods of 6-12 and 12-

18 months in accordance with World Health Organization recommendations (21). In intervention 

communities, the IYCF pamphlet also included detailed graphic instructions on use of MNPs. Over the 

project period, monthly meetings were held at the HSC-level between CARE project staff and FLWs to 

go over the program, the proper use of MNP sachets and their distribution, the IYCF counseling, and 

collection of monitoring data.  
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5.3.4 Masking and Training 

   Both data collection and data entry were masked to the intervention. Data collectors were 

present in the communities only before and after the intervention.  

The data collection team comprised supervisors, household survey data collectors, 

anthropometry/hemoglobin data collectors, and research assistants for the direct child assessments. All 

had received minimal information on the nutrition program but were not informed about   experimental 

group assignment. All had at least completed secondary school. Local research assistants conducting 

direct child assessments were bachelors, masters, or PhD students in Psychology or Social Science. All 

data collectors and research assistants were trained in their respective work over a two-week period. 

The questionnaire and direct child assessment tasks were pilot tested on children from Bihar and 

adapted prior to starting the survey. Training on direct child assessments was performed by L.M.L. and 

a local psychologist. Ongoing monitoring ensured adherence to study protocols. 

 

5.3.5 Ethical considerations 

Written informed consent (or thumb print from participants unable to write their name) was 

obtained from all caregivers participating in the survey. Participants were informed that the decision to 

participate was entirely theirs and that, if they chose to participate, they could withdraw at any time. 

Refusal to participate in the survey did not exclude them from receiving the MNPs or other services 

from the FLWs they would normally receive. Consent for child anthropometry, hemoglobin, and direct 

child development assessments was obtained separately, as these data were obtained in a subset of the 

children; caregivers could opt out of having these measurements, and still be included in the general 

components of the survey. A Data Safety and Monitoring Board reviewed study conduct, progress and 
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potential adverse effects. Child morbidity (fever, cough, rashes, or diarrhea in the past two weeks), 

hospitalizations, and mortality did not increase throughout the study. 

 

5.3.6 Measurements 

All questionnaires and tasks were administered in Hindi or Bhojpuri, the local dialect, based on 

the fluency of the respondent. The questionnaire was translated and back-translated to ensure the 

language was correct. Data collectors read all questions aloud to mothers or caregivers. 

Developmental Milestones. Child development was assessed at baseline and endline using the 

DMC-II, a 75-item parent report of gross and fine motor, language, and personal-social development 

(24). A subset of the DMC along with seven cognitive items showed convergent validity against the 

Bayley Scales of Infant and Toddler Development (25). Motor development includes the sum of scores 

from the gross and fine motor subscales; mental development includes the sum of scores from the 

language, personal-social, and cognitive subscales. Items were scored as 1 if the child had performed 

this activity and 0 if the child had not yet performed it. This measure has been validated in India, 

Burkina Faso, Kenya, and Ghana (24, 26-29).  

Executive Function. Direct child assessments were performed at endline only on children 12 to 

18 months of age. Research assistants worked in pairs; one interacted with the child while the other 

took notes and scored the measure. In the A-not-B task (30), the child is shown a desirable object 

hidden under a cloth (location A), within the child’s reach. After a brief delay, the child is allowed to 

search for and find the object. After several successes finding the object at a particular location, the 

object is then hidden under a cloth at an alternate location (B). Here, correct performance depends on 

the child’s ability to update their memory of the hiding place as well as to inhibit the response of 

searching at the location where the object was previously found. Children were asked to sit on the 
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caregiver’s lap, equidistant from the cloths. Immediately after the toy was placed under a cloth, the 

delay period began. Children were scored as making an error if they reached to the empty cloth, if they 

did not reach at all over the course of 30 seconds, or if they reached simultaneously to both cloths. 

Initial side of hiding (left or right) was counterbalanced across children and visits, and side of hiding 

was reversed after every two consecutive successes. The first reversal trial had no delay. No reversal 

trial was administered until the child reached correctly on the two trials prior to the reversal. Each child 

was given four trial attempts to retrieve the object successfully under a given delay. If the child was 

successful in retrieving the object on two consecutive trials, the side of hiding was changed and the 

delay incremented by 3 seconds. This was continued until the child failed to retrieve the object on two 

consecutive trials or the maximum of 12 seconds delay was successfully passed (delays: 0, 3, 6, 9, 12 

seconds) (Supplemental Figure 5.1). 

 

Memory Test. In the Elicited Imitation task (31, 32), which measures episodic memory, the 

child was tested for immediate and delayed recall of two 2-step tasks and two 3-step sequences of 

action. For each sequence, the child was allowed to manipulate the objects for 30 seconds. Any actions 

completed during this time were recorded as “baseline”. Then, the research assistant, sitting in front of 

the child, modeled and narrated the sequence of actions in succession two times. They then returned the 

props to the child and invited them to imitate the exact sequence. The trial ended if the child pushed the 

props away or engaged in repetitive exploratory behaviors (e.g., banging the objects on the ground). 

The child was given two attempts to complete each sequence, if the first attempt was incomplete. Each 

child was tested on one 2-sequence task and one 3-sequence task immediately after modeling and one 

2-sequence task and one 3-sequence task after a delay of 10 minutes (different tasks to those used for 

immediate recall). Ten minutes is long enough to reveal a deficit in individuals with compromised 

memory function due to medial-temporal lobe damage (33), and thus it is especially sensitive to the 
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developmental integrity of the hippocampus (31). During the delay, the examiner filled the time by 

conducting the immediate imitation tests. The 2-sequence tasks were 1) lift a stand and attach a foam 

animal to the stand, and 2) mount a slide and roll a car down the slide. The 3-sequence tasks were 1) 

place a ball in a cup, cover it with a top, and shake it, and 2) pivot a stand, hang a bell on the stand, and 

hit the bell with a mallet. To score the children’s behavior, for each sequence, we calculated a total 

number of individual target actions produced (maximum=2 for 2-sequence tasks, maximum=3 for 3-

sequence tasks) and the total number of pairs of actions produced in the target order (maximum=1 for 

2-sequence tasks, maximum=2 for 3-sequence tasks). Only the first occurrence of each target action 

was considered so as to reduce credit that might be received due to chance or trial and error (31).  

 

Stimulation, Diet, and Morbidity. The Family Care Indicators (FCI), a 9-item parent-report 

measure, previously validated in South Asia (34), was used to assess stimulating caregiving. A Wealth 

Index, using five categories, was calculated using Principal Component Analysis with family assets, 

type of household, land ownership, and source of drinking water; this was done separately for baseline 

and endline data. A child dietary diversity score, minimum meal frequency value, and minimum 

acceptable diet value were created according to WHO guidelines (35). Food deprivation was assessed 

through mothers’ report using the cross-culturally validated Household Hunger Scale (36). Households 

were classified as food deprived or not based on their responses to the 4-item Likert scale. Recent 

morbidity was measured as any fever, cough or diarrhea in the past two weeks reported by the 

caregiver. Thirty-two field investigators, trained and standardized, collected the household survey 

information, including the DMC-II, at baseline and endline. 

 Anthropometry and Hemoglobin. Anthropometric measurements including weight, length, and 

mid-upper arm circumference (MUAC) were taken at baseline and endline following standard 
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procedures (37). Weight was assessed with the Seca 874 [Seca, Hamburg, Germany] and length with 

the Seca 417. Length-for-age, weight-for-length, and weight-for-age z-scores were calculated using the 

WHO 2006 child growth standards (37); z-scores less than -2 were used to define stunting, wasting, 

and underweight respectively; z-scores less than -3 were used to define severe stunting, severe wasting, 

and severe underweight. MUAC tapes (S0145620 MUAC, Child 11.5 Red/PAC-50) were used to 

measure MUAC. Hemoglobin was measured with the HemoCue Hb 201+ Analyzar [HemoCue, 

Angelholm, Sweden]. Blood samples were taken using a heel prick from children 6-11 months of age, 

and a finger prick for children 12-18 months. Child anemia was defined as mild if 10g/dL≤ hemoglobin 

<11g/dL, moderate if 7g/dL≤ hemoglobin <10g/dL, and severe if hemoglobin <7g/dL (38). If children 

were found to be severely anemic, they were referred to the nearest primary health center. 

 

5.3.7 Sample size estimation 

The sample size for the DMC-II outcome was based on an effect size of 0.1 or larger, 80% power, 

alpha of 0.05, and an intra-cluster correlation coefficient of 0.01. The required sample size was 2170 

children per group, across 70 clusters. The sample size for executive function and memory was calculated 

to detect an effect size of 0.25 or larger, assuming a power of 0.8, an alpha of 0.05, an intra-cluster 

correlation coefficient of 0.2, and a refusal rate of 5%. These estimates were based on the literature on 

executive function and memory, and related child development interventions (39-42).  The required 

sample size was 546 per group, across 70 clusters. 
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5.3.8 Statistical analyses 

Data were analyzed using SAS 9.4 (SAS Institute, Cary, North Carolina, USA). Children with 

hemoglobin measurements below 4g/dL or above or equal to 18g/dL (43) (0.2% at baseline, 0.01% at 

endline), or children with length-for-age z-scores <-6  or >6 (0.2% at baseline, 0.2% at endline), 

weight-for-length z-scores <-5 or >5 (0.6% at baseline, 0.02% at endline), or weight-for-age z-scores 

<-6  or >5  (0.5% at basline, 0.01% at endline) were omitted from the analysis (Figure 5.1) (44).  

  

The effect of the intervention on change in DMC-II scores (mental and motor development, and 

all subscales separately) was identified by linear mixed effects models with a fixed effect of 

intervention group and a random effect of HSC cluster with nested AWC. We used a difference-in-

difference approach to run intent-to-treat analyses (Model 1) using intervention group and age of child 

in months as the only fixed effects. Model 2 used fixed effects of the intervention group and age of 

child, covariates which were significantly different between the intervention and control communities 

at baseline (baseline hemoglobin and baseline household stimulation score, wealth index, maternal 

education, caste, and young mother status). This study used two cross-sectional surveys, and did not 

follow up the same children; therefore, in order to impute a baseline hemoglobin and baseline 

household stimulation score to endline children, we used the mean of the hemoglobin concentration 

and household stimulation score for children in their same cluster, stratified by gender and age group. 

The interaction was tested by using the standard error and denominator degrees of freedom that 

reflected the HSC level with nested AWC. Cohen’s d effect sizes are reported for each outcome. 

Effects of the intervention on executive function and memory outcomes were examined using 

linear and generalized linear mixed models with a fixed effect of intervention group and random effect 

of HSC cluster with nested AWC. Outcomes of interest on the A-not-B task were 1) ability to tolerate 
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3, 6, 9, and 12 seconds, or not tolerating any delay, 2) ability to find the object under cloth A, and 3) 

ability to find the object under cloth B. Outcomes from the Elicited Imitation tasks included 1) number 

of actions completed in all sequences (continuous), and 2) number of pairs of actions completed in the 

correct order in all sequences (continuous). All sequences were summed because there was no 

significant difference in the outcomes for sequences performed with or without the 10-minute delay. 

Performance on the tasks during the time recorded as “baseline” (pre-demonstration) was significantly 

different than that recorded post-demonstration indicating that the actions performed post-

demonstration were due, as intended, to memory.  Model 1 was intent to treat adjusting for age of the 

child in months, and Model 2 adjusted for the same covariates as those described for Model 2 with the 

DMC-II scores, in addition to child baseline mental development scores using the DMC-II as well as 

the research assistant testing the child. Concurrent validity of the A-not-B and Elicited Imitation tasks 

was examined by the associations between outcomes for each test and age of the child. Cohen’s d 

effect sizes were calculated by taking a difference of the change in scores between groups (or 

difference in scores between groups for measurements only conducted at endline) divided by a pooled 

standard deviation.  

Using Model 2, we examined effect modification on mental and motor development scores 

using the DMC-II and the outcomes of the A-not-B and Elicited Imitation tasks, from level of baseline 

household FCI stimulation (dichotomized as low v. high based on a score below/equal to or above the 

median score of 5) and continuous baseline hemoglobin concentrations. We also examined dose-

response within the intervention group using number of MNP sachets consumed by the child in the past 

month (dichotomized as <10 v. ≥10 sachets in children from intervention communities at endline only). 

Baseline household FCI stimulation scores and baseline hemoglobin concentrations were imputed for 

endline children by taking a mean of the FCI score or hemoglobin concentration within baseline 

children from the same HSC of the same gender and age group. There was little (7%) overlap between 
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children with high baseline stimulation scores and children having consumed ≥10 MNP sachets over 

the past month, indicating that the two measures are examining different outcomes. Statistical 

significance was defined as p-value < 0.05. 

 

5.3.9 Quality control 

Reliability of the data collectors’ scores was established by examining the relation between the 

field investigators’ scores and those of an expert when assessing the same child, using five children, 

both at baseline and endline (37). Reliability measurements for weight, height, and MUAC yielded a 

Pearson’s correlation coefficient between measurements of the investigators and expert of  >0.92 and a 

coefficient of reliability (which measures the proportion of inter-subject variance due to measurement 

error) of  >0.80. Reliability of the research assistants on direct child assessments was difficult to 

establish given the tasks tested executive function and memory; any re-test would have yielded biased 

responses from the child. Therefore, all research assistants practiced the tasks on children for three days 

while being observed by the trainers. Only those who performed the assessments correctly were 

retained. 

Intra-cluster correlation coefficients for each outcome were calculated using the between and 

within cluster variability: <0.01 for motor, 0.02 for mental, <0.01 for gross motor, 0.03 for fine motor, 

0.02 for language, 0.03 for personal-social, 0.05 for cognitive scores; 0.10 for memory scores; 0.07 for 

executive function scores. 
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5.4 Results 

At baseline, 60% of mothers had no schooling, mean parity was 2.7 children, 72% of children 

were anemic, 33% stunted, 27% wasted, and 42% underweight. At baseline, the mean motor and 

mental development score among all children was 17.8 out of 32 (95% CI: 17.6, 18.0) and 24.9 out of 

50 (95% CI: 24.4, 25.3), respectively. For the most part, the intervention and control groups matched 

on key demographic and child nutritional characteristics at baseline (Table 5.1). However, the 

intervention group had significantly higher prevalence of any maternal education, higher mean FCI 

score, lower mean hemoglobin concentration, and higher mean score on the cognitive subscale of the 

DMC-II. Among children living in intervention communities at endline, 40% received 10 or more 

MNP sachets over the month prior to the survey. 

Validity of the DMC-II in this context is reported elsewhere (26). In a bivariate regression, 

outcomes on the A-not-B and Elicited Imitation tasks are significantly (p<0.001) associated with child 

age. Each month of age between 12 to 18 months was associated with a 13% (OR: 1.13, 95% CI: 1.06, 

1.20) higher odds of tolerating 3 more seconds of delay before finding a hidden object in the A-not-B 

task, a 0.28 (95% CI: 0.22, 0.34) increase in the number of actions complete in the correct order across 

all Elicited Imitation sequences, and a 0.19 (95% CI: 0.15, 0,24) increase in the number of pairs of 

actions complete in the correct order. For the Elicited Imitation tasks, children’s baseline performance 

(scores for actions completed prior to research assistant demonstrating the sequences) was significantly 

different from their post-demonstration performance for each sequence, meaning that performance was 

due to memory and not innate actions. These patterns are consistent with those in the wider literature 

using Elicited Imitation tasks (31).  

DMC-II scores for mental and motor development, and for each subscale, as well as Elicited 

Imitation task outcomes were normally distributed. The difference-in-difference analyses for DMC-II 
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scores indicated that scores of children from intervention communities increased significantly more 

than those of control communities in gross motor, language, and personal-social development subscales 

(p<0.01) (Table 5.2). As a whole, the change in motor and mental development of children between 

the two time points was larger for intervention group children than control group children 

(Supplemental Figures 5.2 & 5.3). Examination by age showed that the change in scores for gross 

motor development was significantly larger in the intervention than in the control group for children 6-

11 months of age, whereas the change in language development scores was significantly larger for 

children 12-18 months of age. Significant effect modification was seen by level of baseline household 

stimulation, but not by baseline hemoglobin. The effect of the intervention on motor and mental 

development, and language, and personal-social subscales, in children from households with high 

levels of stimulation was significantly more than that of children with low levels of household 

stimulation (Table 5.3). A significant dose response was observed using numbers of MNP sachets 

consumed by the child over the previous month. At endline, among children from the intervention 

communities, scores for motor and mental development, and each subscale (gross and fine motor, 

language, personal-social, and cognitive development) were significantly higher in children who had 

received 10 or more MNP sachets over the previous month compared to children who had received 

fewer sachets (Table 5.4).  

In children 12-18 months of age, there was no significant impact of the intervention on the odds 

of tolerating a 3, 6, 9, and 12 second delay compared to no delay on the A-not-B task (Table 5.5). We 

grouped all children who tolerated any delay because a small proportion (22%) of children had a 

maximum tolerated delay between 0 and 12 seconds (i.e. maximum tolerated delay of 3, 6, or 9, 

seconds). The majority of children who were able to tolerate any delay were able to tolerate a 12 

second delay. There were no significant effects of the intervention on the odds of finding the toy under 

cloth A or the odds of perseverative error (not finding the toy under cloth B) (Table 5.5). Similarly, 
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there was no effect of the intervention on memory scores (Table 5.6). There was no significant effect 

modification of the intervention from level of baseline household stimulation, baseline hemoglobin, nor 

was there a dose response. 

 

5.5 Discussion 

This study was an effectiveness trial of home fortification with MNPs, distributed through the 

existing health infrastructure in rural Bihar. Our findings indicate that the intervention had an impact 

on gross motor, language, and personal-social development of children 6 to 18 months of age as 

measured by the DMC-II. The impact on motor development was significant in younger children 6-11 

months of age, and the impact on language development significant in older children 12-18 months of 

age. Effects were modified by the baseline household stimulation, whereby the intervention had a 

larger impact in children with higher compared to lower stimulation at the start of the intervention. We 

observed no significant effect of the intervention on executive function or memory of children 12 to 18 

months of age. 

The motor and language development effect sizes we observed in our study are smaller than 

those from a previous effectiveness trial in children 6 to 24 months of age in Pakistan in which MNPs 

were delivered by Lady Health Workers (7). However, in the Pakistan study, mothers of children under 

two years were given MNPs and nutrition education over a period of 18 months, which is longer than 

the current study. Another effectiveness trial in Bangladesh utilized staff from a community health and 

development program provided iron and folic acid supplements during monthly home visits to mothers 

during pregnancy and 3 months postpartum and a 15-nutrient MNP to the child from 6 to 24 months of 

age (9). The trial found a significant impact on motor and language development, but no impact on 

personal-social development (9).  
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In younger children 6 to 11 months of age, significant improvements were observed in the gross 

motor subscale from baseline to endline in the intervention group compared to the control group; 

whereas in children 12 to 18 months, significant improvements were observed in the language 

development subscale. These findings suggest that infants’ gross motor abilities were sensitive to the 

MNP supplementation from an early age, which may be because motor skills change more rapidly in 

the first year rather than the second year of life (45-47). Even though younger children would have 

received MNPs for a shorter time period than older children, there is potential to benefit gross motor 

skills. Gross motor development itself has value for a young child in terms of increasing mobility; 

enhanced mobility can increase mental development especially if it raises the amount of environmental 

stimulation accessed by the child.  The benefit to language development seen only in children after 12 

months may be due to MNPs contributing to the ‘language explosion’ seen in the second and third year 

of life (48) or to mothers’ greater awareness of their child’s language development due to enhancement 

of children’s overt speech at this age. Previous research has shown a similar impact of nutrition on 

expressive language in children above one year of age. A recent cluster randomized trial in Bangladesh 

which provided MNPs to children between 7 and 12 months of age and followed them up at 16-22 

months of age found improvements in expressive, but not receptive, language development (10). 

Standard deviations of scores are similar across both age groups in our sample, showing that children 

are not reaching a ceiling or floor score at the tail ends of the age range. The score was able to capture 

variability from 6 to 18 months of age. It is worth noting that many children in this population begin 

complementary feeding later than recommended (26); only children who had begun complementary 

feeding would have been exposed to the MNPs, which were designed to be mixed into the child’s food. 

Similarly to other recent nutrition interventions (9, 49-51), we did not find significant effects of 

the intervention on executive function or memory. The measures of executive function and memory 

could be insensitive to an MNP intervention in this age group (12 to 18 months of age), but effects may 
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become apparent later throughout childhood. In infancy, executive functions are undifferentiated, or 

unrefined (52). Over the course of development, as a function of experience-dependent neural-

specialization, executive function differentiates into constructs, namely working memory, cognitive 

flexibility, and inhibitory control (52, 53). In addition, executive function differentiates from other 

cognitive functions, such as episodic memory (54). Therefore, as cognitive functions differentiate, the 

effects of a nutrition intervention may become apparent on unique constructs. Executive function and 

memory are important predictors of school readiness and academic achievement (54-56), even more so 

than IQ. As such, greater understanding of their response to nutrition interventions in early life should 

be prioritized for further research. 

Our findings indicate that the intervention had a stronger impact on motor and mental 

development of children with a higher level of stimulation at baseline, suggesting that a minimum level 

of stimulation and resources at home are required before MNP interventions can provide benefits to 

development. These findings are consistent with the synergistic effect of stimulation and nutrition in 

early childhood. For instance, an effectiveness trial of iodized salt in Ethiopia found benefits of the 

intervention on mental development of children if their mothers had attended school (57). Another 

study in Mexico resulted in larger impact of a group-based parenting program on language 

development in children of mothers with any formal education compared to no education (58). This 

threshold hypothesis is also supported by the literature showing larger gains in language and literacy 

outcomes from increases in quality of instruction for children from higher quality classrooms compared 

to those from lower quality classrooms (59).  

Strengths of the study included its large sample size and cluster randomized design which 

allowed comparison across intervention and control communities. Clustering resulted in little 

contamination across groups. The use and validation of the tools to assess infant and young child 

development in rural northern India is an important addition to the literature. The DMC-II can be 
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administered by trained non-specialists, and is a simple and quick measure of global development. The 

A-not-B and Elicited Imitation tasks require specialized training, but performed well in this context. 

Limitations of the study include the two cross-sectional surveys from baseline to endline rather than a 

follow-up of the same children. A longitudinal sample would have revealed differences in development 

outcomes on the same children and reduced confounding by having every child serve as their own 

control. The timing of funding for the additional executive function and memory outcomes prevented 

us from measuring these cognitive functions at baseline. The lack of baseline measures precluded a 

difference-in-difference analysis. Mothers were not masked to the intervention, and responses to the 

parent report DMC-II could have been biased by their expectations of the MNPs. However, data 

collectors were masked and would not have provoked a biased response.  

The study’s significant impact on child development is important to inform the IFHI and other 

state level nutrition and early child development initiatives. The impact we observed on motor and 

mental development from the intervention is equivalent to 10 and 16 days of development, 

respectively, when we compare the observed estimates of the effects to the change in development 

scores by child age in months. Despite the moderate coverage of the intervention, these achievements 

are important in the context of a state with extremely poor nutritional indicators and extreme poverty. 

Further, the threshold effect we see from stimulation indicates that programs addressing both 

stimulation and nutrition could have important implications on early child development.  
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Table 5.1: Demographic and clinical characteristics of children at baseline and endline by intervention 

group 

 

     Baseline Endline 

      

Intervention 

group 

(N=2184) 

Control 

group 

(N=2176) 

Intervention 

group 

(N=2170) 

Control 

group 

(N=2122) 

Household characteristics Religion           

    Hindu 78.1 (1701) 79.5 (1730) 75.7 (1646) 78.0 (1655) 

    Muslim 21.9 (478) 20.5 (445) 24.3 (529) 22.0 (466) 

  Mean (SD) maternal age (years) 25.2 ± 4.7 25.2 ± 4.8 25.0 ± 4.7 25.2 ± 4.7 

  Mean (SD) paternal age (years) 29.5 ± 5.7 29.4 ± 5.9 28.9 ± 5.3 29.3 ± 5.5 

  Maternal education         

    Any schooling 42.1 (918) 37.7 (819) 48.0 (1043) 44.9 (952) 

  Paternal education         

    Any schooling 65.1 (1417) 62.8 (1360) 68.2 (1453) 67.4 (1397) 

  Caste           

    Scheduled Caste 24.1 (524) 26.4 (572) 18.1 (394) 21.0 (446) 

    Scheduled Tribe 7.3 (159) 9.3 (201) 7.2 (156) 11.3 (241) 

    Other Backwards Caste 17.0 (370) 15.0 (325) 13.7 (298) 11.0 (234) 

  Mean (SD) parity 2.7 ± 1.6 2.7 ± 1.6 2.6 ± 1.6 2.7 ± 1.6 

  

Mean (SD) Family Care Indicators 

score (out of 13) 5.2 ± 2.3 5.0 ± 2.3 5.3 ± 1.7 5.2 ± 1.5 

Child characteristics Age           

    6-11 months 50.2 (1096) 51.1 (1111) 46.9 (1021) 46.3 (983) 

    12-18 months 49.8 (1087) 48.9 (1065) 53.1 (1154) 53.7 (1141) 

    Mean (SD) age in months 11.3 ± 3.2 11.2 ± 3.1 11.7 ± 3.5 11.7 ± 3.5 

  Gender           

    Girls 48.7 (1062) 50.8 (1103) 47.2 (1026) 46.6 (990) 

  

Mean (SD) dietary diversity score (out 

of 7) 2.7 ± 1.1 2.8 ± 1.1 3.6 ± 1.6 3.6 ± 1.6 

  Minimum meal frequency achieved 64.5 (1380) 67.1 (1428) 71.8 (1418) 75.1 (1451) 

  Minimum acceptable diet achieved 14.4 (314) 16.0 (348) 22.3 (486) 23.1 (491) 

  Any household hunger 9.7 (209) 9.3 (201) 4.3 (93) 4.6 (97) 

  Any recent child morbidity 75.2 (1642) 76.2 (1658) 51.7 (1125) 54.4 (1157) 

    Fever 64.8 (1415) 67.0 (1459) 34.7 (755) 37.6 (799) 

    Cough 54.3 (1184) 55.5 (1205) 39.5 (859) 39.4 (837) 

    Diarrhea 11.6 (253) 12.1 (263) 11.1 (241) 15.6 (331) 

  Anthropometry         

    

Mean (SD) length-for-age 

z-score -1.49 ± 1.3 -1.49 ± 1.3 -1.36 ± 1.2 -1.38 ± 1.2 

    

Mean (SD) weight-for-

length z-score -1.34 ± 1.1 -1.35 ± 1.2 -0.83 ± 1.0 -0.91 ± 1.0 

    

Mean (SD) weight-for-age 

z-score -1.80 ± 1.1 -1.82 ± 1.1 -1.32 ± 1.1 -1.40 ± 1.1 
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Mean (SD) mid-upper-arm-

circumference 13.14 ± 1.1 13.13 ± 1.1 13.62 ± 1.0 13.57 ± 1.0 

  Anemia           

    

Any (hemoglobin <  

11g/dL) 75.3 (1062) 69.2 (977) 64.4 (910) 66.1 (934) 

    

Mild (10 g/dL ≤ 

hemoglobin < 11 g/dL) 27.5 (388) 28.4 (401) 30.8 (435) 32.0 (453) 

    

Moderate (7 g/dL ≤ 

hemoglobin < 10 g/dL) 44.8 (632) 38.5 (543) 32.4 (458) 33.5 (473) 

    

Severe (hemoglobin < 7 

g/dL) 3.0 (42) 2.3 (33) 1.2 (17) 0.6 (8) 

    

Mean (SD) Hemoglobin 

(g/dL) 9.9 ± 1.5 10.2 ± 1.6 10.4 ± 1.4 10.4 ± 1.4 

             

1Values are % (N) or mean ± SD. At baseline, total N=4360 for all measurements except for anthropometry and anemia, for which 

N=2838. At endline, total N=4292 for all measurements except for anthropometry and anemia, for which N=2826. Minimum meal 

frequency is achieved if a breastfed child is fed at least three times or a non-breastfed child is fed at least four times the previous day. 

Minimum acceptable diet is achieved if a breastfed child is fed four or more food groups and achieved minimum meal frequency or a non-

breastfed child received at least two milk feeds, is fed four or more foods groups and achieved minimum meal frequency the previous day. 

CI, confidence interval; SD, standard deviation; WASH, Water, sanitation, and hygiene. 
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Table 5.2: Mean DMC-II scores for children 6-18 months of age at baseline and endline by intervention group1 

    Baseline2 Endline2 

Model 1 Model 2   

Intervention 

(N=2184) 

Control 

(N=2176) 

Intervention 

(N=2170) 

Control 

(N=2122) 

        Effect size3  P-value Effect size3  P-value 

All children                 

  Motor development (out of 32) 17.8 ± 5.4 17.9 ± 5.3 18.8 ± 6.6 18.5 ± 6.4 0.13 (0.05, 0.21) 0.003 0.12 (0.03, 0.22) 0.01 

  Mental development (out of 50) 24.9 ± 6.8 24.8 ± 6.8 26.2 ± 7.5 25.4 ± 7.5 0.16 (0.07, 0.24) <0.001 0.15 (0.06, 0.25) 0.002 

                  

  Gross motor (out of 22) 11.1 ± 4.0 11.1 ± 4.0 12.1 ± 4.9 11.9 ± 4.7 0.15 (0.07, 0.23) 0.001 0.15 (0.06, 0.25) 0.002 

  Fine motor (out of 10) 6.7 ± 1.9 6.7 ± 1.9 6.6 ± 2.1 6.6 ± 2.0 0.04 (-0.04, 0.13) 0.31 0.02, -0.08, 0.12) 0.69 

  Language (out of 15) 4.6 ± 2.5 4.6 ± 2.5 5.4 ± 2.7 5.1 ± 2.6 0.16 (0.07, 0.24) <0.001 0.17 (0.07, 0.26) 0.001 

  Personal-social (out of 28) 16.1 ± 3.7 16.2 ± 3.7 16.5 ± 4.1 16.2 ± 4.0 0.14 (0.06, 0.23) 0.001 0.13 (0.04, 0.23) 0.01 

  Cognitive (out of 7) 4.2 ± 1.6 4.1 ± 1.6 4.3 ± 1.7 4.1 ± 1.7 0.07 (-0.02, 0.15) 0.13 0.05 (-0.04, 0.15) 0.29 

Children 6-11 months of age         
    

    

  Motor development (out of 32) 14.5 ± 4.0 15.0 ± 4.2 13.7 ± 4.7 13.6 ± 4.6 0.14 (0.02, 0.26) 0.02 0.16 (0.02, 0.29) 0.02 

  Mental development (out of 50) 21.6 ± 5.8 21.7 ± 5.9 21.1 ± 6.5 20.3 ± 6.3 0.14 (0.02, 0.26) 0.02 0.14 (0.01, 0.28) 0.04 

                   

  Gross motor (out of 22) 8.6 ± 2.6 9.0 ± 2.9 8.3 ± 3.2 8.2 ± 3.1 0.16 (0.04, 0.28) 0.01 0.19 (0.05, 0.32) 0.01 

  Fine motor (out of 10) 5.9 ± 1.9 6.0 ± 1.9 5.4 ± 2.0 5.3 ± 1.9 0.07 (-0.05, 0.19) 0.27 0.06 (-0.07, 0.20) 0.37 

  Language (out of 15) 3.4 ± 2.0 3.5 ± 1.9 3.6 ± 2.0 3.4 ± 1.9 0.08 (-0.04, 0.21) 0.17 0.09 (-0.05, 0.23) 0.19 

  Personal-social (out of 28) 14.5 ± 3.4 14.7 ± 3.5 13.9 ± 3.7 13.6 ± 3.6 0.14 (0.02, 0.26) 0.03 0.13 (-0.01, 0.27) 0.07 

  Cognitive (out of 7) 3.7 ± 1.6 3.6 ± 1.6 3.6 ± 1.8 3.3 ± 1.8 0.11 (-0.01, 0.23) 0.07 0.11 (-0.02, 0.25) 0.11 

Children 12-18 months of age                 

  Motor development (out of 32) 21.1 ± 4.5 20.9 ± 4.5 23.2 ± 4.4 22.7 ± 4.4 0.10 (-0.02, 0.22) 0.09 0.08 (-0.06, 0.21) 0.26 

  Mental development (out of 50) 28.3 ± 6.0 28.1 ± 6.1 30.7 ± 5.1 29.8 ± 5.3 0.16 (0.04, 0.28) 0.01 0.16 (0.02, 0.29) 0.02 

                   

  Gross motor (out of 22) 13.6 ± 3.6 13.4 ± 3.7 15.5 ± 3.5 15.0 ± 3.5 0.13 (0.02, 0.25) 0.03 0.12 (-0.02, 0.25) 0.09 

  Fine motor (out of 10) 7.5 ± 1.5 7.5 ± 1.5 7.7 ± 1.5 7.7 ± 1.4 -0.01 (-0.13, 0.11) 0.88 -0.05 (-0.18, 0.09) 0.49 

  Language (out of 15) 5.8 ± 2.4 5.8 ± 2.5 6.9 ± 2.1 6.5 ± 2.2 0.21 (0.09, 0.33) 0.001 0.22 (0.08, 0.35) 0.002 
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  Personal-social (out of 28) 17.8 ± 3.3 17.7 ± 3.3 18.8 ± 2.8 18.4 ± 2.9 0.13 (0.01, 0.25) 0.03 0.13 (0.00, 0.26) 0.06 

  Cognitive (out of 7) 4.7 ± 1.4 4.5 ± 1.5 5.0 ± 1.3 4.8 ± 1.3 0.00 (-0.12, 0.12) 0.97 -0.02 (-0.15, 0.11) 0.78 

1All models account for clustering by Health Sub-Center and nested Anganwadi Center. Model 1 is adjusting for age of child. Model 2 is adjusting for age of child, baseline 

hemoglobin, baseline home stimulation score, wealth index, maternal education, caste, and young mother. Effect sizes are calculated with adjusted means. Children 6-11 months 

N=2208 at baseline and N=2004 at endline; children 12-18 months of age N=2152 at baseline and N=2288 at endline. CI, confidence interval; SD, standard deviation. 
2Values are raw mean±SD 
3Values are effect size (95% CI) 
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Table 5.3: Effect size for change in DMC-II scores from baseline to endline by intervention group for 

children from low compared to high stimulation households1 

  
Low stimulation at 

baseline2 

High stimulation at 

baseline2 P-value  

Motor development (out of 32) 0.09 (-0.04, 0.22) 0.20 (0.05, 0.34) 0.004 

Mental development (out of 50) 0.14 (0.01, 0.27) 0.22 (0.08, 0.37) <0.001 

        

Gross motor (out of 22) 0.14 (0.01, 0.26) 0.21 (0.06, 0.35) 0.11 

Fine motor (out of 10) -0.04 (-0.17, 0.10) 0.13 (-0.01, 0.27) <0.001 

Language (out of 15) 0.15 (0.03, 0.28) 0.22 (0.07, 0.36) <0.001 

Personal-social (out of 28) 0.11 (-0.02, 0.25) 0.20 (0.06, 0.34) <0.001 

Cognitive (out of 7) 0.06 (-0.08, 0.19) 0.10 (-0.04, 0.24) <0.001 

 
1Accounting for clustering by Health Sub-Center and nested Anganwadi Center. Analysis is 

adjusted for age of child, baseline hemoglobin, baseline home stimulation score, wealth index, 

maternal education, caste, and young mother. Scores were divided by low and high stimulation 

based on below or above median baseline value (≤5 vs >5). Low home stimulation N=2025; 

high home stimulation N=2273. 
2Values are effect size (95% CI) 
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Table 5.4: Mean DMC-II scores for children 6-18 months of age in intervention group at endline by 

consumption of Jeevan Jyoti in the past one month1 

  <10 sachets/month >= 10 sachets/month 

Motor development (out of 32) 18.4 ± 6.7 20.0 ± 5.8 

Mental development (out of 50) 25.6 ± 7.8 28.1 ± 6.3 

      

Gross motor (out of 22) 11.9 ± 5.0 13.0 ± 4.5 

Fine motor (out of 10) 6.5 ± 2.1 7.1 ± 1.8 

Language (out of 15) 5.2 ± 2.7 5.9 ± 2.4 

Personal-social (out of 28) 16.2 ± 4.2 17.5 ± 3.5 

Cognitive (out of 7) 4.2 ± 1.8 4.7 ± 1.4 

 
1Values are raw mean±SD. P-value <0.001 for all. Accounting for clustering 

by Health Sub-Center and nested Anganwadi Center. Analysis is adjusting for 

age of child, baseline hemoglobin, baseline home stimulation score, wealth index, 

maternal education, caste, and young mother. Analysis includes only children at 

endline from the intervention group. Fewer than 10 sachets/month N=1643; more 

than or equal to 10 sachets/month N=531. SD, standard deviation. 
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Table 5.5: Odds ratios of executive function outcomes among children 12 to 18 months of age from intervention compared to control group 

(N=1079)1 

  Intervention2 Control2 Model 13 P-value  Model 23  P-value 

Tolerated delay             

     None 42.8 (248) 37.3 (215) ref   ref   

     Any 57.2 (332) 62.7 (362) 0.82 (0.62, 1.1) 0.27 0.79 (0.59, 1.05) 0.10 

              

Not found under cloth A 26.1 (153) 22.9 (134) ref   ref   

Found under cloth A 73.9 (434) 77.1 (451) 0.85 (0.57, 1.25) 0.33 0.80 (0.55, 1.15) 0.22 

              

Perseverative error 32.2 (189) 28.2 (165) ref   ref   

Found under cloth B 67.8 (398) 71.8 (420) 0.83 (0.60, 1.16) 0.23 0.82 (0.59, 1.14) 0.23 

              
1All models account for clustering by Health Sub-Center and nested Anganwadi Center.  Model 1 is adjusting for age of child. Model 2 

is adjusting for baseline mental development scores using DMC-II, baseline hemoglobin, baseline home stimulation score, age of child, 

examiner, wealth index, maternal education, caste, and young mother. Ref is the reference group for the odds ration calculation. Any 

tolerated delay includes 3, 6, 9, and 12 seconds delay. CI, confidence interval; OR, odds ratio. 
2Values are %(N) 
3Values are odds ratio(95% CI) 
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Table 5.6: Mean scores of children 12 to 18 months of age on Elicited Imitation memory tasks by 

intervention group (N=1079)1 

  Intervention2 Control2 Model 1  Model 2 

    P-value P-value 

Number of actions complete 

in all paradigms 4.7 ± 2.2 5.0 ± 2.0 0.43 0.13 

Number of pairs of actions 

complete in the correct order 

in all paradigms 1.7  ± 1.3 1.8 ±  1.2 0.76 0.38 

1All models account for clustering by Health Sub-Center and nested Anganwadi Center.  

Model 1 is adjusting for age of child. Model 2 is adjusting for baseline mental development 

scores using DMC-II, baseline hemoglobin, baseline home stimulation score, age of child, 

examiner, wealth index, maternal education, caste, and young mother. SD, standard deviation. 
2Values are raw mean±SD. 
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Figure 5.1: CONSORT flow diagram1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Assessed for eligibility (n=170 HSCs) Enrollment 

Excluded (n=35 HSCs) 

• Prone to flooding or political difficulties 

Randomly selected (n=70 HSCs) Not allocated (n=65 HSCs) 

Allocation 

Randomly assigned to control (n=35 HSCs) 

• Roughly 5000 children 6-18 months of age 

Randomly assigned to intervention (n=35 HSCs) 

• Roughly 5000 children 6-18 months of age 

Baseline (Sep-Oct 2014) 

Randomly selected: 

• N=2184 (IYCF, DMC-II measuring child 

development, etc.) 

• N=1419 (hemoglobin, weight, length) 

• 2 missing weight 

• 4 missing height 

• 15 missing hemoglobin 

• 2 refusals for hemoglobin 

Randomly selected: 

• N=2176 (IYCF, DMC-II measuring child 

development, etc.) 

• N=1419 (hemoglobin, weight, length) 

• 10 missing length 

• 4 missing weight 

• 9 missing hemoglobin 

• 2 refusals for hemoglobin 

Endline (Feb-Mar 2016) 

Excluded: 

• Hemoglobin <4 or 

≥18g/dL (n=3) 

• Length-for-age z-

scores <-6 or >6 

(n=4) 

• Weight-for-length 

z-scores <-5 or >5 

(n=6) 

• Weight-for-age z-

scores <-6 or >5 

(n=2) 

Analysis 

Excluded: 

• Hemoglobin <4 or 

≥18g/dL (n=2) 

• Length-for-age z-

scores <-6 or >6 (n=9) 

• Weight-for-length z-

scores <-5 or >5 (n=8) 

• Weight-for-age z-

scores <-6 or >5 (n=4) 

Randomly selected: 

• N=2170 (IYCF, HFP uptake and 

acceptability, DMC-II measuring child 

development, etc.) 

• N=1409 (hemoglobin, weight, length) 

• 3 missing weight 

• 1 missing hemoglobin 

• 1 refusal for hemoglobin 

• N=587 (direct child assessments) 

• 11 missing 

Excluded: 

• Length-for-age z-

scores <-6 or >6 

(n=3) 

• Weight-for-length 

z-scores <-5 or >5 

(n=2) 

• Unmerged direct 

child assessment 

IDs (n=45) 

Randomly selected: 

• N=2122 (IYCF, HFP uptake and 

acceptability, DMC-II measuring child 

development, etc.) 

• N=1417 (hemoglobin, weight, length) 

• 4 missing length 

• 2 missing weight 

• 3 missing hemoglobin 

• 2 refusals for hemoglobin 

• N=585 (direct child assessments) 

Excluded: 

• Length-for-age z-

scores <-6 or >6 (n=3) 

• Weight-for-length z-

scores <-5 or >5 (n=3) 

• Weight-for-age z-

scores <-6 or >5 (n=2) 

• Unmerged direct child 

assessment IDs (n=48) 

Analysis 
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1 Due to families being out-of-home during the harvest and festival season which coincided with out endline, 48 households were under-

sampled for the household survey (total N=4292 at endline). At baseline and endline, 1% of children were oversampled for anthropometry 

(total N=2838 at baseline; 2826 at endline). At endline, 11 households were missing direct child assessments due to sickness (total N=1172). 

DMC-II, Developmental Milestones Checklist-II; IYCF, infant and young child feeding; HSC, health sub-center; HFP, home fortification 

project.
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Supplemental Figure 5.1: A-not-B task sequence 

   Toy hidden under 

cloth A 

Child allowed to retrieve 

toy (no delay) 

Child allowed to retrieve 

toy (no delay) 

Failure 

Stopped after four 

trial attempts 

Success on 2 

consecutive trials Failure 

Toy hidden under 

alternate cloth A/B 

Increment delay by 3 seconds 

Toy hidden under 

alternate cloth B 

Stopped after four 

trial attempts 

Success on 2 

consecutive trials 

Etc. 
Increment delay until a maximum 

of 12 second delay 

Child allowed to retrieve 

toy (3 second delay) 
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Supplemental Figure 5.2: Change in motor development scores from baseline to endline in intervention 

and control groups1 

 

 
1 Point estimates are mean scores accounting for clustering by Health Sub-Center and nested 

Anganwadi center and adjusted for age of child, baseline hemoglobin, baseline home stimulation score, 

wealth index, maternal education, caste, and young mother. Error bars represent standard errors.   
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Supplemental Figure 5.3: Change in mental development scores from baseline to endline in 

intervention and control groups1 

 

 
1 Point estimates are mean scores accounting for clustering by Health Sub-Center and nested 

Anganwadi center and adjusted for age of child, baseline hemoglobin, baseline home stimulation score, 

wealth index, maternal education, caste, and young mother. Error bars represent standard errors.  
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5.8 Bridge statement 3 

  

Findings from the effectiveness trial of home fortification with MNPs indicated a significant, 

but modest, effect on mental and motor development of children 6-18 months of age living in rural 

Bihar, India. Effect sizes ranged from 0.12-0.15. Effects were strongest for gross motor development in 

children 6-11 months, and for language development in children 12-18 months of age. Previous 

literature indicates that nutrition interventions may improve these domains at specific ages because it is 

when the cognitive domains are undergoing rapid development. Differences in effects by age could 

also be due to the measure’s sensitivity to these domains at different ages. The baseline level of 

stimulation was identified as an important effect modifier of the impact of the intervention on both 

motor and mental development, wherein children from households with higher levels of stimulation 

improved more than children from households with lower levels of stimulation. No effects of the 

intervention were seen on memory or executive function. The reasons for this could not fully be 

explored due to the lack of baseline measures of executive function and memory. Further, longitudinal 

follow up data on the same children was not available, which made it difficult to examine mediators 

between the intervention and effects on child development. Instead, with cross-sectional data from the 

endline survey, Chapter 6 explores a path analysis to understand how dietary diversity, hemoglobin, 

LAZ, motor development, and stimulation were directly and indirectly associated with language and 

personal-social development, but also with memory and executive function. Using this path analysis 

allowed us to explore what mediators are most important. It could also clarify why effects of nutrition 

interventions on functional outcomes are smaller than we anticipate, and are significant for some 

domains but not others (i.e., language and personal-social development, but not memory and executive 

function). 
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6.1 Abstract 

 Nutrition plays an important role in the development of a child, particularly in low- and middle-

income countries where malnutrition is often widespread. The relation between diet, hemoglobin, 

nutritional status, motor development, stimulation and mental development was examined in a cross-

sectional sample of 1079 children 12-18 months of age living in rural Bihar, India. Path analysis 

revealed associations between (a) length-for-age z-scores (LAZ) and motor development (standardized 

β (β) = 0.285, p<0.001), and (b) motor and all mental development outcomes (language: β=0.422; 

personal-social: β=0.490; memory: β=0.139; and executive function: β=0.072, all p<0.001). 

Additionally, stimulation was significantly associated with language scores and hemoglobin 

concentration with memory. These findings inform interventions aimed at improving child 

development in Northern India. 
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6.2 Introduction 

Infancy and early childhood are periods of additive neural development (increasing cells, 

neurons, synapses, etc.) and especially rapid physical and mental development. Poor nutrition during 

early life can have considerable and long-lasting consequences on development. The study of the 

relations between malnutrition and child development is critical to identifying modifiable predictors of 

development on which to intervene. Many studies have investigated individual associations between 

diet, nutritional status, stimulation, and mental development (1-4). Yet, only a few have examined the 

relations simultaneously (5-9). Further, a comprehensive examination of these influences has not been 

performed for specific cognitive functions. The current analysis adds a unique perspective by 

investigating a theoretical framework for how nutrition relates to memory and executive function, in 

addition to language and personal-social development in young children in rural Bihar, India. 

Pollitt (7) hypothesized that cognitive development is influenced by nutritional status, physical 

growth, motor development and activity, as well as interactions among them, and between children and 

their social and physical environments. The study of these relations is important, particularly in low- 

and middle-income countries (LMICs) where many children suffer from malnutrition, poor diets, and 

food deprivation. One exemplar finding comes from a study of Indonesian children 12-18 months of 

age, in which a structural equation model of longitudinal data identified significant direct pathways 

between energy intake and motor activity, subsequently affecting motor and mental development (10). 

In a cross-sectional study of Tanzanian children 5-19 months of age, length-for-age z-score (LAZ) was 

associated with motor activity. In turn, motor activity was positively associated with language 

development and object manipulation, and negatively associated with children’s tendency to fuss and 

time being carried (5). Associations varied by age such that LAZ and motor development, and motor 

and language, fussing, and object manipulation were more strongly related in older children, whereas 

associations between motor and carrying were stronger in younger children (5). Psychosocial 
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stimulation provided to the child was not measured in the study, but could play an important mediating 

role.  

Individual associations between predictors and mental development of children are informative. 

Yet it is important to additionally examine the interplay between predictors and their indirect effects on 

development. Such examinations may be especially important in at-risk populations in which it can be 

expected that the multiple causes of anemia (diet, inflammation, infection, genetics, etc.), nutritional 

status, and motor and mental development and covariance among predictors increase the complexity of 

the predictive models. Interventions aimed at improving mental development in malnourished 

populations can use this information to target particular predictors or pathways and enhance cost-

effective impact. Further, improving more than one predictor may have additive or synergistic effects 

on development. For example, a study in Pakistan demonstrated an additive effect of the combined 

delivery of nutrition supplementation and psychosocial stimulation on mental development at four 

years of age (11). To this point, we use structural equation modeling (SEM), a technique that allows the 

examination of multiple pathways simultaneously to identify both direct and indirect effects of 

predictors, to test a theoretical model that can also be used to inform interventions aimed at improving 

child development. 

 The study site for the current research was rural West Champaran, Bihar. Bihar is one of the 

poorest states in India. The latest National Family Health Survey (NFHS-4) states that 48% of children 

under five years of age are stunted and 64% are anemic (12). Further, over 40% of females over six 

years have never attended school and 42% of households do not have electricity (12).  Using data from 

an endline evaluation of a home fortification program with multiple micronutrients in children 12-18 

months of age, we used path analysis to examine the cross-sectional relations among diet, hemoglobin, 

nutritional status, child engagement and child development. In a significant extension of the existing 

literature, we used individual child behavioral measures of specific cognitive skills (memory and 
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executive function) as outcomes in addition to parent-reported language and personal-social 

development. We fitted a single model to the data, allowing for examination of multiple pathways 

simultaneously, as well as identification of indirect and direct effects of predictors. Moreover, we 

examined how the magnitude of the pathways between key determinants differed for language and 

personal-social development compared to memory and executive function. Key determinants in the 

analysis included dietary diversity, hemoglobin, LAZ, motor development, and stimulation.   

6.2.1 Hypotheses for pathways of interest 

 

Many pathways exist between nutrition and early mental development. We sampled broadly 

across a number of domains of function, including motor, social, and cognitive, and selected measures 

that, based on prior research, have been found to be predictors of these domains. Our analysis was 

guided by a hypothesized biopsychosocial model relating nutrient intake to mental development.  The 

hypothesized pathways are given in Figure 6.1. We hypothesized an association between dietary 

diversity and LAZ (β31) based on recent reviews and meta-analyses that have documented the effects of 

nutrition on linear growth in children under five years of age (13, 14). For instance, a meta-analysis of 

randomized controlled trials in preschool age children found a small yet significant effect of multiple 

micronutrients on linear growth (13). Diet (β41), hemoglobin (β42), and growth (β43)  have been shown 

to affect a child’s level of physical activity (15) and the onset of locomotion by improving body size, 

proportions, mass, and strength (16, 17). Implications extend to the neurochemistry, neurotransmission, 

and myelination of neural pathways in the brain (18, 19). A meta-analysis of randomized trials in 

LMICs, Larson & Yousafzai (20) found a significant effect of multiple micronutrients on mental 

development (including cognitive and language abilities) (β61) in children under two years of age. 

Further, a recent meta-analysis of preschool- and school-age children from 29 LMCIs reported a 

significant association between height-for-age z-scores and motor development (β43), as well as 

cognition (overall domain), as well as motor development (4). We also hypothesized an association 
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among nutrient intake (β51), stunting (β53), and stimulation. Studies have reported that undernourished 

children seek more closeness with their mother and engage less often with toys compared to well-

nourished children (21-24). Further, a child who is taller, appears older, and is more mobile may 

demand and receive more stimulation and engagement from others (25). Hemoglobin is highlighted 

here as a measure of the oxygen carrying capacity of blood to supply the brain and muscles, with 

potential to improve motor and cognitive abilities (β62). Levels of iron in the brain have been shown to 

influence enzyme systems regulating brain growth, myelination, dopamine receptor synthesis, and 

energy metabolism in the hippocampus and prefrontal cortex (26-31). Lastly, diet (β61), LAZ (β63), 

motor development (β64), and stimulation (β65) are hypothesized to predict mental development and 

cognitive functioning either directly through brain development (32-34) or through a child’s 

engagement with other people and their environment, and through attentiveness or neglect from others 

(35). 

Our analysis uses SEM to examine a theoretical model of the associations between diet, 

hemoglobin, LAZ, motor development, stimulation, and an array of cognitive domains. We use a large 

cross-sectional sample of children 12-18 months of age living in rural Bihar, India, a population with 

high rates of malnutrition. Further, this is a population and age group that, to our knowledge, has not 

been studied on such a large scale using biological measurements of hemoglobin and LAZ in addition 

to measurements of social, language, executive function, and memory abilities. As such, the analysis 

has the potential to extend the literature by examining associations between predictors and various 

cognitive domains that have been tested through different means (parent report and direct child 

assessment) and provides the opportunity to examine multiple predictors and their interactions. Further, 

others have suggested that the use of more general measures of mental development in young children 

may be masking effects and associations between nutrition and specific cognitive domains (32). For 

instance, Bauer & Dugan (36) recommend extending measures of memory function, shown to be 
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sensitive to iron deficiency, to other nutrition research. We begin to address this gap in the literature by 

testing associations between nutrition-related predictors and sensitive measures of memory and 

executive function and comparing them to parent-reported language and personal-social development. 

 

6.3 Methods 

 

This study was a collaboration between CARE India and Emory University. It was reviewed 

and approved by the Institutional Review Boards of the 3rd Futures Group, Delhi, India, St John’s 

Medical College & Hospital Institutional Ethics Committee, Bangalore, India, and Emory University, 

Atlanta, USA, and registered with the US National Institute of Health as a clinical trial 

(www.ClinicalTrials.gov; NCT02593136). 

 

6.3.1 Study Design and Participants 

 

 The current analysis used data from an endline evaluation of a cluster randomized trial to 

examine the effects of a home fortification program with multiple micronutrient powders (MNPs) on 

anemia, feeding practices, and child development. A full description of the design is presented in 

Chapter 5. Briefly, frontline health workers delivered either MNPs and nutrition counseling 

(intervention) or nutrition counseling alone (control) to households with children 6-18 months of age 

for a period of 12 months. As part of the endline survey, conducted in February-March 2016, a 

household survey collected data on 2288 children 12-18 months of age from 70 rural health sub-center 

communities (HSCs) which had been randomly assigned to intervention or control communities using 

a simple randomization method with random number generator. In each HSC, 20 of the 31 children 

were randomly selected to be measured for anthropometry and hemoglobin; 17 of the 20 were also 

https://clinicaltrials.gov/ct2/show/NCT02593136?term=NCT02593136&rank=1
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tested for cognitive abilities using direct child assessments, through game-like tasks (refer to 

Measurements section). 

 

6.3.2 Measurements 

 

The data collection team included 13 supervisors, 70 household survey data collectors, 32 

anthropometry/hemoglobin data collectors, and 18 research assistants for the direct child assessments. 

Data collectors at endline were staff from CARE India’s Bihar Technical Support Program. All had at 

least completed secondary school and spoke the local language. Research assistants conducting direct 

child assessments were local university graduates in Psychology or Social Science. All data collectors 

and research assistants were trained in their respective duties over a two-week period. The 

questionnaire and direct child assessment tasks were pilot tested on mothers and children from Bihar to 

ensure cultural appropriateness. Training on direct child assessments was performed by the first author 

and a local psychologist. These individuals also monitored administration throughout data collection to 

ensure fidelity to the research protocol by all administrators. 

Measurements of socio-demographic characteristics are described in detail in Chapter 5. A child 

dietary diversity score was created according to WHO guidelines, using number of food groups out of 

seven consumed in the past day (37). Length was measured with the Seca 417; length-for-age z-scores 

(LAZ) were calculated using the WHO 2006 child growth standards (38). Hemoglobin was measured 

with the HemoCue Hb 201+ Analyzar [HemoCue, Angelholm, Sweden] using capillary blood from a 

finger prick. Stimulation. Family Care Indicators (FCI), a 9-item parent-report measure, previously 

validated in South Asia (39), was used to assess psychosocial stimulation. 

Developmental Milestones. Child development was assessed using the DMC-II (40), a 75-item 

parent report of gross and fine motor (32 items; e.g. “Child walks alone five steps”), language (15 
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items; e.g. “Child uses gestures to communicate”), and personal-social (28 items on reaction to others, 

recognition of others, play, dressing, eating and drinking, and toilet training) development. Motor 

development includes the sum of scores from the gross and fine motor subscales. Items were scored as 

1 if the child had performed this activity and 0 if the child had not yet performed it. This measure has 

been validated in India, Burkina Faso, Kenya, and Ghana (40-44). 

Memory Test. Episodic memory was measured using elicited and deferred imitation (45, 46). 

Three-dimensional props are used to demonstrate a specific sequence of actions that the child is then 

invited to imitate either immediately or after a delay. Each child was tested for immediate and delayed 

recall of sequences two and three steps in length. Specifically, each child was tested on one 2-step 

sequence and one 3-step sequence immediately after modeling (immediate recall) and one 2-step and 

one 3-step sequence after a delay of 10 minutes (different sequences were used to test immediate and 

delayed recall). Research assistants worked in pairs; one modeled the sequences and interacted with the 

child and the other took notes and scored the children’s performance. For a complete description of the 

elicited and deferred imitation task, refer to Chapter 5. To score the children’s behavior, for each 

sequence, we calculated a total number of individual target actions produced (hence referred to as 

target actions) (maximum=2 for 2-step sequences, maximum=3 for 3-step sequences) and the total 

number of pairs of actions produced in the target order (hence referred to as ordered recall) 

(maximum=1 for 2-sequence tasks, maximum=2 for 3-sequence tasks).  

Executive Function. Executive function was measured using the A-not-B task (47). The child is 

shown a desirable object hidden under a cloth (location A), and after a brief delay, the child is allowed 

to search and find the object. After several successes finding the object at a particular location, the 

object is then hidden under a cloth at an alternate location (B). For a complete description of the A-not-

B task, refer to Chapter 5. Children were scored as making an error if they reached to the empty cloth, 

if they did not reach at all over the course of 30 seconds, or if they reached simultaneously to both 
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cloths. The first reversal trial had no delay. No reversal trial was administered until the child reached 

correctly on the two trials prior to the reversal. Each child was given four trial attempts to retrieve the 

object successfully under a given delay. If the child was successful in retrieving the object on two 

consecutive trials, the side of hiding was changed and the delay incremented by 3 seconds. This was 

continued until the child failed to retrieve the object on two consecutive trials or the maximum of 12 

seconds delay was successfully passed (delays: 0, 3, 6, 9, 12 seconds). To score the child’s behavior, 

we noted perseverative error (not finding the toy under cloth B after finding toy under cloth A) and 

maximum tolerated delay in seconds (none, 3, 6, 9, or 12). 

 

6.3.3 Statistical Analyses 

 

Children 12-18 months of age were randomly selected from the full survey to receive all three 

developmental assessments, the DMC-II, the Elicited Imitation task, and the A-not-B test (N=1079 or 

47% of the full sample). Children selected randomly for additional cognitive testing did not differ from 

those included in the full sample on any of the demographic or clinical characteristics. Univariate 

analyses were used to examine the distributions of statistical predictors and outcome variables and test 

for normality. Means, standard deviations, frequencies, and counts were determined for household, 

maternal, and child characteristics of relevance to the outcome, and the outcomes themselves. We 

examined the correlation matrix to identify significant correlations between exogenous and endogenous 

variables. Bivariate analyses informed the relations between outcomes and each statistical predictor in 

the hypothesized model. The model was derived from Pollitt’s (7) original framework.  

Univariate and bivariate analyses were conducted using SAS version 9.4 (SAS Institute; Cary, 

North Carolina, USA). The structural equation model was developed in MPlus version 7 (Muthén & 

Muthén; Los Angeles, California, USA) using weighted least square means with missing values 
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estimation. The hypothesized path model examined the direct and indirect associations among child 

dietary diversity, hemoglobin concentration, LAZ, motor development score (sum of gross and fine 

motor development subscales of the DMC-II), stimulation score, and language and personal-social 

development scores, memory, and executive function outcomes. A single model was fitted to the data. 

Model fit was evaluated with common standards: a comparative fit index (CFI) (48) and a 

Tucker Lewis Index (TLI) (49) >0.90 for acceptable fit and >0.95 for good fit; and a root mean square 

error of approximation (RMSEA) (50) <0.08 for acceptable fit and <0.05 for good fit. If model fit 

statistics were not acceptable, modification indices were examined to decide whether additional 

pathways should be examined to improve model fit, and the model was re-specified. 

The following variables were examined as potential covariates or confounders in our model: 

age of child in months, child sex, intervention group, wealth quintile of the household, parity (number 

of times mother has been pregnant), illness, caste, young mother (defined as <18 years of age at first 

birth), and maternal education (dichotomized as no vs. any school attendance). All analyses were 

adjusted for clustering at the HSC level. The outcomes of interest using the DMC-II test were language 

and personal-social development scores. Outcomes from the Elicited Imitation tasks included 1) target 

actions completed in all sequences (continuous), and 2) ordered recall completed in all sequences 

(continuous). All sequence scores were summed because there was no significant difference in the 

outcomes for sequences performed with or without the 10-minute delay. Outcomes of interest on the A-

not-B task were 1) ability to find the object under cloth B (overcoming perseverative error), and 2) 

ability to tolerate 3, 6, 9, and 12 seconds, or not tolerating any delay. We grouped all children who 

tolerated any delay because a small proportion (22%) of children had a maximum tolerated delay 

between 0 and 12 seconds (i.e. maximum tolerated delay of 3, 6, or 9, seconds). The majority of 

children who were able to tolerate any delay were able to tolerate a 12 second delay. 
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Estimates for model pathways were compared to one another and significant differences were 

established using Wald’s chi-square test. 

 

6.4 Results 

 

 Continuous predictors and outcome variables were normally distributed. Twelve children were 

missing any value for the predictors of interest; all available data was used to estimate the model. No 

significant differences between children who had missing compared to no missing data were found for 

language, personal-social development, memory, executive function, maternal education, wealth 

quintile, age of child, sex, religion, or caste. The inter-rater reliability measurements for the DMC-II 

gave an average kappa coefficient of 0.96 and no single rater’s kappa coefficient was below 0.70. 

Internal reliability estimates for the DMC-II were acceptable, with Cronbach’s alpha of 0.92 for the 

total score, 0.88 for motor, 0.65 for language, 0.80 for personal-social, and 0.71 for cognitive 

subscales. Cronbach’s alpha for the FCI score was 0.60, which is typical given that questions target 

different ways of providing stimulation and different domains of development (51). 

 The mean age of children was 14.6 months, and the sample included fewer girls than boys 

(Table 6.1). Almost half of children had experienced either fever, cough, or diarrhea in the two weeks 

prior to the survey; dietary diversity scores were low, with a mean below the acceptable minimum of 

four categories (Table 6.1) (37). Bivariate regression analyses indicated that dietary diversity, LAZ, 

stimulation score, and motor development score were significantly associated with language and 

personal social-development (Table 6.2). Hemoglobin was associated with memory and executive 

function scores, but dietary diversity and stimulation were not (Table 6.2). Although dietary diversity 

and stimulation were not associated with these specific cognitive functions in bivariate analyses, they 
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were included in the modeling effort (see below) due to their theoretical significance. Child age in 

months, household wealth quintile, maternal education, child sex, religion, and caste were identified as 

potential confounders because they were significantly associated with at least one outcome and 

predictive variable. The magnitude of the associations did not differ significantly before and after 

adjustment for confounding variables. The correlation matrix shows that language and personal-social 

development scores were highly inter-correlated, as was motor development with language, personal-

social development, memory, and LAZ (Table 6.3).  

 The model fit statistics confirmed the data fit the model (CFI=1.000, TLI=1.076, 

RMSEA<0.001). The model indicated no significant association between dietary diversity and any 

endogenous variables (hemoglobin, LAZ, motor development, stimulation, or any development 

outcomes) (Figures 6.2-6.7). LAZ was moderately and significantly associated with motor 

development (standardized β (β) = 0.285, p<0.001); hemoglobin was modestly associated with motor 

development (β=0.053, p=0.046); and motor development was modestly associated with stimulation 

(β=0.097, p=0.029) (Figures 6.2-6.7). Motor development was strongly and significantly associated 

with language development (β=0.422, p<0.001) (Figure 6.1) and with personal-social development 

(β=0.490, p<0.001) (Figure 6.3). Motor development was moderately associated with memory scores 

and executive function scores (Figures 6.4-6.7). The associations between motor and language and 

between motor and personal-social scores were significantly larger than the associations between motor 

and memory and between motor and executive function scores (Wald test p<0.001 for all). Stimulation 

was significantly associated with language development (Figure 6.2); this association was significantly 

smaller than the association between motor and language development, but larger than the association 

between LAZ and language development (Wald test p<0.001 for all). Out of all the child development 

outcomes, hemoglobin was significantly associated with only the memory outcome of ordered recall.  
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Significant indirect effects were observed for hemoglobin on motor, language, personal social, 

and memory (target actions) score (Supplemental Tables 6.1 & 6.2). Significant indirect effects were 

observed for LAZ on stimulation, language, personal-social, and memory scores (Supplemental Tables 

6.1 & 6.2). R2 values are shown (Supplemental Table 6.3). 

 

6.5 Discussion 

 

 Our findings contribute to the literature by examining nutritional and psychosocial predictors of 

language and personal-social development, in addition to memory and executive function, in an 

understudied population and age group. The current path analysis examined direct and indirect 

associations between nutrient intake, biological markers, and child engagement, and outcomes of 

language, personal-social development, memory, and executive function in children 12-18 months of 

age living in rural Bihar. The framework used was adapted from Pollitt’s (7) work to include 

hemoglobin and examine differences in the pathways for a range of cognitive outcomes, controlling for 

age and other confounding variables. The significant associations between LAZ, hemoglobin, motor, 

stimulation, and cognitive outcomes add to previous models by examining associations with parental 

report measures of development, as well as behavioral measures of specific cognitive functions.  

The strongest and most consistent pattern observed was the direct and indirect relation between 

LAZ, motor development and mental development, including personal-social development, memory, 

and executive function, but especially language development. Similar significant associations between 

LAZ and motor development, and LAZ and language development, have been reported in a study of 

children 5-19 months of age living in Zanzibar (5). Direct associations between linear growth and 

motor and language development have also been reported in a study of children from Ghana, Malawi, 

and Burkina Faso (8). Strength, muscle mass, and endurance are important in children 6 to 24 months 
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of age who are learning to crawl, walk, and run (52). Additionally, a child who appears older may be 

engaged by their parents and adults more often and with more stimulating language than a child who 

looks younger. Importantly, the benefits of motor development on mental development accrue only if 

they lead to richer experiences, more objects to play with, and stimulating situations and interactions 

with others (both gross and fine motor abilities) (16). This may depend on the type of nutrition 

provided. For instance, Aburto et al found that child supplementation for 4 months with macro- and 

micronutrients enhanced the level of exploration (i.e., touching and manipulation of objects, fine motor 

abilities), whereas supplementation with only multiple micronutrients increased the level of activity 

performed (i.e., gross motor movements) (53). The differences Aburto et al (53) captured could be due, 

in part, to their use of direct observation measurements of children’s motor development, a concept 

which should be considered in future mediation analyses. 

An association often noted (45, 54) and reinforced in our study is the relation between 

stimulation and mental development; however, in our case, it is confined to language development. The 

type of stimulation assessed (i.e. reading and play materials available, interaction, singing, and story-

telling with others, and time spent naming, counting, etc.) may be less relevant to memory and 

executive function. Motor development is presented in our study as a predictor of level of child 

stimulation with the understanding that a child’s mobility and fine movements may improve the 

amount and quality of stimulation provided. Yet, the reverse association may also be applicable, in that 

children who are given more stimulating material will have more opportunity to develop their motor 

skills (particularly object manipulation). 

A weak, but significant, direct or indirect (through motor development) association with 

hemoglobin was observed for language, personal-social development, and memory. Others have also 

reported significant associations between hemoglobin and motor development (5, 6, 8). Research in 

Chilean children showed that greater severity of anemia and duration of anemia of more than 3 months 
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was associated with decreased psychomotor development scores (55). Anemia in children can cause 

lethargy, reduced attention, and reduced responsiveness to peers resulting in fewer interactions and 

slower exploration of their environment (55, 56). Similar to our findings, no significant association was 

seen between hemoglobin and language development in Zanzibari children (5, 6). On the other hand, a 

combined analysis of children from three African countries reported significant associations between 

hemoglobin at 6 months of age, as well as hemoglobin change from 6 to 18 months of age, and 

language development at 18 months of age (8). The measurement of language development in two of 

the three countries was performed using a parent-reported 100-word vocabulary checklist (8), different 

than the DMC-II used in this study which also includes measures of receptive language.  

There was no evidence in our study for an association between diet and LAZ or hemoglobin, 

which could be a function of the dietary diversity being a relatively rough measure of nutrient intake, 

only examining food groups consumed in the past 24 hours. Dietary intake can vary between seasons in 

rural Bihar, and may not reflect the longer term influences on linear growth. Findings were similar 

when using only animal source foods as the predictor (data not shown). The lack of association could 

also be due to the role of infection (not measured here) and its effect on growth and nutritional 

biomarkers (57). 

Our study demonstrates two important findings with respect to memory: hemoglobin 

concentration is an important statistical predictor of memory (more so than for general cognitive 

abilities and executive function), and ordered recall in the elicited and deferred imitation task may be a 

more sensitive measure of memory than the number of target actions completed. Others have found 

similar relations between hemoglobin and memory (58-61). For instance, Eilander et al (60) reported 

that hemoglobin was positively associated with memory in Indian school-age children. The 

associations observed could be due to the effects of cerebral blood flow (62) and improved function of 

areas of the brain important for memory (the hippocampus, cerebral cortex, and striatum) (63, 64). A 
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study of infants of diabetic mothers, exposed to hypoxic conditions and iron deficiency prenatally, 

showed decreased recall abilities at one year of age compared to children of non-diabetic mothers using 

the elicited and deferred imitation task (65). Similar to our findings, differences were observed in 

ordered recall but not target actions. As in Riggins et al (65), we argue that the specificity of the 

relation reflects the greater memory demand imposed when reproducing an ordered sequence of actions 

in the absence of perceptual support, versus performing individual actions that are cued by the objects 

on which they are performed. In the present research, infants’ performance at immediate and delayed 

recall did not differ. In contrast, in Riggins et al (65), for infants of diabetic mothers, ordered recall was 

significantly lower at delayed recall than at immediate recall, a finding attributed to likely hippocampal 

impairment in the sample (66). Consistent with this suggestion, delayed recall at one year was 

marginally correlated with newborn ferritin concentrations (65). Iron deficiency is an important risk 

factor for anemia in our population (67) and may contribute to the relation observed with memory.  

The only significant association with executive function was motor development. Other 

nutrition trials, published after the completion of our study, have shown a similar lack of relation with 

nutrition as measured using the A-not-B task in this same age group (68, 69). The A-not-B task has 

been shown to be sensitive to poverty (70) and other health exposures, such as phenylketonuria (71) 

and maternal drug abuse during pregnancy (72). However, aspects of executive function measured by 

the A-not-B task may not be the ones that are impacted by nutrition at this particular point in 

development. Benefits of nutrition on executive function as measured here may become more apparent 

later in life when areas of the brain (especially the prefrontal cortex) develop more fully (73). 

Limitations of this analysis include the cross-sectional nature of the associations. The relations 

observed cannot be taken as causal, and as mentioned, the direction of some associations presented 

could be reversed. Dietary diversity is a rough measure of food groups consumed over the previous 

day, and does not approximate nutrient or food intake. Further, the inclusion of other nutritional and 
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infection biomarker measurements, such as ferritin, C-reactive protein, and alpha1-acid-glycoprotein, 

or information on breastfeeding initiation and duration may have strengthened our model. Lastly, 

measurement of motor, language, and personal-social development were parent-reported and could be 

biased by the respondent. 

On the other hand, memory and executive function were measured through interactions with the 

children themselves which would minimize caretaker bias. Other strengths of the study include a large 

sample size, rigorous sampling of an at-risk population, and the measurement of a range of child 

development outcomes. To our knowledge, this is the first study to use the elicited and deferred 

imitation task to examine memory in young children living in South Asia. 

In conclusion, our findings inform the development of children in this population, and could 

contribute to the design of interventions to improve child development in this context. A path analysis 

examined the relations between nutrient intake, biological markers and child engagement and parental 

report measures of general cognitive function, as well as behavioral measures of memory and executive 

function. The strong direct and indirect relations observed between LAZ, motor development and 

cognitive abilities highlights their important influence in this population. Stimulation has a significant 

association with language development, as does hemoglobin with memory. Therefore, nutrition 

interventions targeting children under two years of age aimed at improving growth and hemoglobin 

could additionally have beneficial effects on child development. 
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Table 6.1: Demographic and clinical characteristics of children 12-18 months of age with measures of 

child development (N=1079)1 

 

    Children 12-18 months of age 

Age of child in months 14.6 ± 1.7 

Multiple micronutrient powder (MNP) assignment 50.2 (542) 

Girls 48.1 (519) 

Maternal education   

  Any schooling 43.1 (465) 

Parity   2.7 ± 1.7 

Young mother 60.6 (653) 

Religion     

  Hindu 79.3 (844) 

  Muslim 21.7 (234) 

Caste     

  Scheduled caste 20.9 (226) 

  Scheduled tribe 9.2 (99) 

  Other backwards caste 10.6 (114) 

Household wealth index (quintile) 3.0 ± 1.4 

Recent illness   

  Any   48.3 (521) 

  Fever 32.9 (355) 

  Cough 35.8 (386) 

  Diarrhea 11.6 (125) 

Child nutrition and engagement   

  Dietary diversity score (out of 7) 3.4 ± 1.2 

  Family Care Indicators score (out of 9) 5.6 ±  1.7  

  Hemoglobin concentration (g/dL) 10.4 ± 1.3 

  Length-for-age z-score -1.7 ± 1.1 

Child development:   
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  Motor development score (out of 32) 23.4 ± 4.2 

  Language development score (out of 15) 6.7 ± 2.1 

  Personal-social development score (out of 28) 18.8 ± 2.8 

  Memory score (ordered recall) (out of 6) 1.8 ± 1.2 

  Memory score (target actions) (out of 10) 5.0 ± 1.9 

  Overcame perseverative error 69.5 (742) 

  Any tolerated delay 59.6 (636) 

 

1 Values are % (N) or mean ± SD. All estimates account for cluster-randomization by Health Sub-Center. CI, 

confidence interval; SD, standard deviation.  



168 

 

 
 

Table 6.2: Bivariate analyses examining predictors of language, personal-social, memory, and 

executive function1 

    Unadjusted P-value   Adjusted P-value 

Language development score           

  Dietary diversity 0.10 (-0.03, 0.23) 0.138   0.05 (-0.05, 0.15) 0.315 

  Hemoglobin 0.17 (0.06, 0.28) 0.003   0.12 (0.01, 0.22) 0.035 

  Length-for-age z-score 0.34 (0.20, 0.48) <0.001   0.37 (0.24, 0.50) <0.001 

  Motor development score 0.29 (0.26, 0.31) <0.001   0.23 (0.20, 0.27) <0.001 

  Stimulation score 0.31 (0.22, 0.39) <0.001   0.24 (0.15, 0.32) <0.001 

Personal-social development score         

  Dietary diversity 0.16 (0.01, 0.32) 0.040   0.11 (-0.01, 0.23) 0.082 

  Hemoglobin 0.10 (-0.03, 0.24) 0.125   0.04 (-0.09, 0.16) 0.559 

  Length-for-age z-score 0.41 (0.23, 0.59) <0.001   0.44 (0.27, 0.60) <0.001 

  Motor development score 0.38 (0.35, 0.41) <0.001   0.33 (0.29, 0.37) <0.001 

  Stimulation score 0.24 (0.14, 0.34) <0.001   0.14 (0.03, 0.24) 0.012 

Memory score (ordered recall)           

  Dietary diversity 0.01 (-0.07, 0.09) 0.859   0.00 (-0.08, 0.07) 0.921 

  Hemoglobin 0.10 (0.04, 0.15) 0.001   0.07 (0.03, 0.12) 0.004 

  Length-for-age z-score 0.09 (0.01, 0.16) 0.026   0.10 (0.02, 0.17) 0.011 

  Motor development score 0.07 (0.06, 0.09) <0.001   0.04 (0.03, 0.06) <0.001 

  Stimulation score 0.01 (-0.04, 0.06) 0.742   -0.02 (-0.07, 0.03) 0.343 

Memory score (target actions)           

  Dietary diversity 0.02 (-0.10, 0.15) 0.701   0.01 (-0.12, 0.13) 0.928 

  Hemoglobin 0.11 (0.01, 0.20) 0.036   0.08 (-0.01, 0.18) 0.076 

  Length-for-age z-score 0.13 (0.01, 0.26) 0.034   0.14 (0.02, 0.26) 0.019 

  Motor development score 0.12 (0.09, 0.15) <0.001   0.09 (0.06, 0.12) <0.001 

  Stimulation score 0.06 (-0.02, 0.15) 0.136   0.02 (-0.07, 0.11) 0.628 

Executive function score (overcome perseverative error)       

  Dietary diversity 0.01 (-0.02, 0.04) 0.398   0.01 (-0.02, 0.04) 0.411 

  Hemoglobin 0.02 (0.00, 0.05) 0.021   0.02 (0.00, 0.04) 0.028 
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  Length-for-age z-score 0.01 (-0.01, 0.04) 0.273   0.01 (-0.01, 0.04) 0.307 

  Motor development score 0.01 (0.01, 0.02) 0.001   0.01 (0.00, 0.01) 0.048 

  Stimulation score 0.02 (0.00, 0.03) 0.062   0.01 (-0.01, 0.03) 0.165 

Executive function score (any tolerated delay)         

  Dietary diversity 0.01 (-0.02, 0.04) 0.514   0.01 (-0.02, 0.04) 0.482 

  Hemoglobin 0.03 (0.00, 0.05) 0.040   0.02 (0.00, 0.04) 0.092 

  Length-for-age z-score 0.03 (0.00, 0.05) 0.048   0.02 (-0.01, 0.04) 0.126 

  Motor development score 0.01 (0.00, 0.02) 0.001   0.01 (0.00, 0.01) 0.084 

  Stimulation score 0.01 (-0.01, 0.03) 0.180   0.00 (-0.02, 0.03) 0.624 

1 Values are β coefficients (95% CI). All adjusted for clustering at the health sub-center level. Adjusted analyses 

accounting for age of child in months, child sex, intervention group, wealth quintile of the household, religion, 

caste, and maternal education. 
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Table 6.3: Correlation matrix between predictors and mental development1 

 

  Personal-

social 

development 

Executive 

function 

(overcome 

perseverative 

error) 

Executive 

function 

(tolerate 

any 

delay) 

Memory 

(target 

actions) 

Memory 

(ordered 

recall) 

Dietary 

diversity 

score 

Hemoglobin 

concentration 

Length-

for-age 

z-score 

Stimulation 

score 

Motor 

development 

Language 

development 

0.60 

(<0.0001) 

0.06 (0.0518) 0.08 

(0.0142) 

0.20  

(<0.0001) 

0.22  

(<0.0001) 

0.05 

(0.0825) 

0.11 (0.0006) 0.18  

(<0.0001) 

0.24  

(<0.0001) 

0.56  (<0.0001) 

Personal-social 

development 

  0.05 (0.1228) 0.07 

(0.0218) 

0.20  

(<0.0001) 

0.19  

(<0.0001) 

0.07 

(0.0259) 

0.05 (0.0959) 0.17  

(<0.0001) 

0.15  

(<0.0001) 

0.58  (<0.0001) 

Executive function 

(overcome 

perseverative 

error) 

    0.79  

(<0.0001) 

0.30  

(<0.0001) 

0.24  

(<0.0001) 

0.03 

(0.3561) 

0.07 (0.0208) 0.03 

(0.2744) 

0.06 

(0.0581) 

0.11 (0.0005) 

Executive function 

(tolerate any 

delay) 

      0.30  

(<0.0001) 

0.24  

(<0.0001) 

0.02 

(0.4262) 

0.07 (0.0208) 0.06 

(0.0594) 

0.04 

(0.1458) 

0.10 (0.0009) 

Memory (target 

actions) 

        0.84  

(<0.0001) 

0.02 

(0.6342) 

0.08 (0.0202) 0.08 

(0.0143) 

0.06 

(0.0735) 

0.28 (<0.0001) 

Memory (ordered 

recall) 

          0.01 

(0.8281) 

0.11 (0.0008) 0.08 

(0.021) 

0.01 

(0.7205) 

0.26  (<0.0001) 

Dietary diversity 

score 

            -0.01 (0.7389) -0.01 

(0.687) 

0.05 

(0.0972) 

0.04 (0.2466) 

Hemoglobin 

concentration 

              0.07 

(0.0287) 

0.06 

(0.0364) 

0.10 (0.0007) 

Length-for-age z-

score 

                0.14  

(<0.0001) 

0.26  (<0.0001) 
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Stimulation score                   0.16  (<0.0001) 

                      

1Values are Pearson or Spearman rank correlation coefficients (p-value). 
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Figure 6.1: Hypothesized biopsychosocial model1 

 

 

1All outcomes included in a single model for possible comparison. Length-for-age z-score (LAZ).   
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Figure 6.2: Standardized coefficients in path model between diet and language development of children 12-18 months of age (N=1079)1 

 

 

1Analysis adjusted for age of child, intervention group, wealth quintile, maternal education, child sex, religion, and caste, and accounted for clustering at 

the health sub-center level. * P<0.05; ** P<0.01; *** P<0.001. Analysis used Weighted Least Square Means with Missing Values. Length-for-age z-

score (LAZ).  
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Figure 6.3: Standardized coefficients in path model between diet and personal-social development of children 12-18 months of age 

(N=1079)1 

 

 

1Analysis adjusted for age of child, intervention group, wealth quintile, maternal education, child sex, religion, and caste, and accounted for clustering at 

the health sub-center level. * P<0.05; ** P<0.01; *** P<0.001. Analysis used Weighted Least Square Means with Missing Values. Length-for-age z-

score (LAZ).  
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Figure 6.4: Standardized coefficients in path model between diet and memory score (ordered recall) of children 12-18 months of age 

(N=1079)1 

 

 

1Analysis adjusted for age of child, intervention group, wealth quintile, maternal education, child sex, religion, and caste, and accounted for clustering at 

the health sub-center level. * P<0.05; ** P<0.01; *** P<0.001. Analysis used Weighted Least Square Means with Missing Values. Length-for-age z-

score (LAZ).  
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Figure 6.5: Standardized coefficients in path model between diet and memory score (target actions) of children 12-18 months of age 

(N=1079)1 

 

 

1Analysis adjusted for age of child, intervention group, wealth quintile, maternal education, child sex, religion, and caste, and accounted for clustering at 

the health sub-center level. * P<0.05; ** P<0.01; *** P<0.001. Analysis used Weighted Least Square Means with Missing Values. Length-for-age z-

score (LAZ).  
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Figure 6.6: Standardized coefficients in path model between diet and executive function (overcome perseverative error) of children 12-18 

months of age (N=1079)1 

 

 

1Analysis adjusted for age of child, intervention group, wealth quintile, maternal education, child sex, religion, and caste, and accounted for clustering at 

the health sub-center level. * P<0.05; ** P<0.01; *** P<0.001. Analysis used Weighted Least Square Means with Missing Values. Length-for-age z-

score (LAZ).  
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Figure 6.7: Standardized coefficients in path model between diet and executive function (any tolerated delay) of children 12-18 months of 

age (N=1079)1 

 

 

1Analysis adjusted for age of child, intervention group, wealth quintile, maternal education, child sex, religion, and caste, and accounted for clustering at 

the health sub-center level. * P<0.05; ** P<0.01; *** P<0.001. Analysis used Weighted Least Square Means with Missing Values. Length-for-age z-

score (LAZ).  
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Supplemental Table 6.1: R2 values for path model 

 

Dependent variable R2 

Dietary diversity 0.011 

Hemoglobin concentration 0.037 

Length-for-age z-score 0.081 

Motor development score 0.312 

Stimulation score 0.100 

Language development score 0.373 

Personal-social development score 0.360 

Memory score (pairs of actions) 0.122 

Memory score (number of actions) 0.111 

Executive function score (tolerated delay) 0.050 

Perseverative error  0.060 
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Supplemental Table 6.2: Standardized direct, indirect, and total effects for path model1 

      Standardized Coefficient (95% CI) 

Dependent 

variables 
Predictors   Direct Effect Indirect effect Total effect 

Hemoglobin 

concentration Dietary diversity -0.014 (0.052, 0.024)     

Length-for-age z-

score Dietary diversity -0.014 (-0.071, 0.042) -0.001 (-0.003, 0.001) -0.015 (-0.071, 0.041) 

  

Hemoglobin 

concentration 0.051 (-0.002, 0.105)     

Motor 

development 

score Dietary diversity 0.014 (-0.022, 0.050) -0.005(-0.021, 0.011) 0.009 (-0.033, 0.050) 

  

Hemoglobin 

concentration 0.053 (0.010, 0.097)* 0.015 (0.000, 0.029) 0.068 (0.018, 0.118)* 

  Length-for-age z-score 0.285 (0.238, 0.332)***     

Stimulation score Dietary diversity 0.048 (-0.024, 0.121) 0.000 (-0.007, 0.006) 0.033 (-0.019, 0.085) 

  

Hemoglobin 

concentration 0.026 (-0.028, 0.080) 0.009 (0.003, 0.016)* 0.036 (-0.019, 0.090)) 

  Length-for-age z-score 0.054 (-0.021, 0.130) 0.028 (0.007, 0.048)* 0.082 (0.007, 0.156) 

  Motor development score 0.097 (0.025, 0.169)*     

Language 

development 

score Dietary diversity 0.020 (-0.019, 0.060) 0.007 (-0.016, 0.030) 0.027 (-0.020, 0.074) 

  

Hemoglobin 

concentration 0.036 (-0.009, 0.081) 0.037 (0.012, 0.063)* 0.074 (0.016, 0.131)* 

  Length-for-age z-score 0.068 (0.021, 0.115)* 0.132 (0.098, 0.166)*** 0.200 (0.134, 0.265)*** 

  Motor development score 0.422 (0.368, 0.475)*** 0.014 (0.002, 0.025) 0.435 (0.379, 0.491)*** 

Personal-social 

development 

score Dietary diversity 0.040 (0.007, 0.074) 0.005 (-0.017, 0.027) 0.045 (0.007, 0.084) 

  

Hemoglobin 

concentration -0.017 (-0.061, 0.026) 0.037 (0.011, 0.062)* 0.019 (-0.032, 0.071) 

  Length-for-age z-score 0.040 (-0.012, 0.092) 0.143 (0.115, 0.170)*** 0.183 (0.123, 0.242)*** 

  Motor development score 0.490 (0.449, 0.531)*** 0.003 (-0.002, 0.009) 0.493 (0.452, 0.534)*** 
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Memory score 

(ordered recall) Dietary diversity -0.003 (-0.064, 0.058) -0.002 (-0.010, 0.006) -0.006 (-0.068, 0.057) 

  

Hemoglobin 

concentration 0.081 (0.037, 0.125)** 0.010 (0.001, 0.020) 0.091 (0.046, 0.137)** 

  Length-for-age z-score 0.053 (-0.005, 0.112) 0.036 (0.017, 0.055)** 0.089 (0.030, 0.148)* 

  Motor development score 0.139 (0.081, 0.197)*** -0.005 (-0.012, 0.002) 0.134 (0.075, 0.193)*** 

Memory score 

(target actions) Dietary diversity 0.002 (-0.060, 0.064) 0.000 (-0.009, 0.010) 0.002 (-0.061, 0.066) 

  

Hemoglobin 

concentration 0.048 (-0.007, 0.104) 0.014 (0.003, 0.026)* 0.063 (0.006, 0.120) 

  Length-for-age z-score 0.032 (-0.026, 0.090) 0.054 (0.033, 0.074)*** 0.086 (0.026, 0.146)* 

  Motor development score 0.188 (0.131, 0.245)*** 0 0.188 (0.130, 0.246)*** 

Executive 

function 

(Overcome 

perseverative 

error) Dietary diversity 0.036 (-0.033, 0.104) 0.001 (-0.005, 0.007) 0.036 (-0.034, 0.106) 

  

Hemoglobin 

concentration 0.084 (0.000, 0.156) 0.007 (0.000, 0.015) 0.092 (0.023, 0.161)* 

  Length-for-age z-score 0.015 (-0.064, 0.095) 0.025 (-0.001, 0.050) 0.040 (-0.047, 0.127) 

  Motor development score 0.015 (-0.064, 0.095) 0.005 (-0.004, 0.013) 0.077 (-0.003, 0.157) 

Executive 

function (Any 

tolerated delay) Dietary diversity 0.034 (-0.040, 0.107) -0.001 (-0.006, 0.004) 0.033 (-0.042, 0.108) 

  

Hemoglobin 

concentration 0.066 (-0.005, 0.136) 0.006 (0.000, 0.013) 0.072 (0.002, 0.142) 

  Length-for-age z-score 0.036 (-0.036, 0.109) 0.018 (-0.004, 0.040) 0.054 (-0.018, 0.127) 

  Motor development score 0.059 (-0.015, 0.133) 0.001 (-0.006, 0.008) 0.060 (-0.013, 0.134) 

1Values are β coefficients (95% CI). All adjusted for clustering at the health sub-center level. Adjusted analyses accounting for age 

of child in months, child sex, intervention group, wealth quintile of the household, religion, caste, and maternal education. 

Estimates of zero are not shown. 
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Supplemental Table 6.3: Unstandardized direct, indirect, and total effects for path model1 

 

      Unstandardized Coefficient (95% CI) 

Dependent 

variables 
Predictors   Direct Effect Indirect effect Total effect 

Hemoglobin 

concentration Dietary diversity -0.016 (0.061, 0.028)     

Length-for-

age z-score Dietary diversity -0.014 (-0.069, 0.041) -0.001 (-0.003, 0.001) -0.014 (-0.069, 0.040) 

  

Hemoglobin 

concentration 0.043 (-0.002, 0.088)     

Motor 

development 

score Dietary diversity 0.050 (-0.081, 0.181) -0.018 (0.078, 0.042) 0.032 (-0.120, 0183) 

  

Hemoglobin 

concentration 0.167 (0.029, 0.305)* 0.046 (0.001, 0.091) 0.213 (0.055, 0.371)* 

  Length-for-age z-score 1.070 (0.874, 1.266)***     

Stimulation 

score Dietary diversity 0.048 (-0.024, 0.121) 0.000 (-0.010, 0.009) 0.048 (-0.027, 0.123) 

  

Hemoglobin 

concentration 0.033 (-0.034, 0.099) 0.012 (0.004, 0.019)* 0.044 (-0.023, 0.112)) 

  Length-for-age z-score 0.081 (-0.033, 0.195) 0.041 (0.010, 0.072)* 0.122 (0.009, 0.235) 

  

Motor development 

score 0.038 (0.009, 0.067)*     

Language 

development 

score Dietary diversity 0.038 (-0.036, 0.112) 0.013 (-0.030, 0.055) 0.051 (-0.038, 0.139) 

  

Hemoglobin 

concentration 0.058 (-0.015, 0.131) 0.059 (0.018, 0.101)* 0.118 (0.024, 0.211)* 

  Length-for-age z-score 0.130 (0.041, 0.219)* 0.252 (0.186, 0.317)*** 0.381 (0.256, 0.507)*** 

  

Motor development 

score 0.215 (0.187, 0.243)*** 0.007 (0.001, 0.013) 0.222 (0.192, 0.251)*** 

Personal-

social 

development 

score Dietary diversity 0.097 (0.015, 0.179) 0.012 (-0.041, 0.065) 0.109 (0.016, 0.202) 
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Hemoglobin 

concentration -0.036 (-0.125, 0.054) 0.075 (0.021, 0.129)* 0.040 (-0.067, 0.146) 

  Length-for-age z-score 0.099 (-0.028, 0.226) 0.350 (0.280, 0.420)*** 0.449 (0.303, 0.596)*** 

  

Motor development 

score 0.321 (0.293, 0.349)*** 0.002 (-0.001, 0.006) 0.323 (0.296, 0.351)*** 

Memory 

score 

(ordered 

recall) Dietary diversity -0.003 (-0.066, 0.059) -0.002 (-0.011, 0.006) -0.006 (-0.070, 0.059) 

  

Hemoglobin 

concentration 0.071 (0.032, 0.110)** 0.009 (0.001, 0.017) 0.080 (0.040, 0.120)** 

  Length-for-age z-score 0.056 (-0.006, 0.118) 0.037 (0.018, 0.057)** 0.093 (0.031, 0.156)* 

  

Motor development 

score 0.039 (0.023, 0.055)*** -0.001 (-0.003, 0.001) 0.038 (0.021, 0.054)*** 

Memory 

score (target 

actions) Dietary diversity 0.003 (-0.097, 0.103) 0.001 (-0.014, 0.016) 0.004 (-0.099, 0.107) 

  

Hemoglobin 

concentration 0.067 (-0.009, 0.144) 0.020 (0.004, 0.036)* 0.087 (0.007, 0.168) 

  Length-for-age z-score 0.054 (-0.043, 0.150) 0.089 (0.054, 0.124)*** 0.143 (0.042, 0.243)* 

  

Motor development 

score 0.083 (0.058, 0.109)*** 0 0.083 (0.058, 0.109)*** 

Executive 

function 

(Overcome 

perseverative 

error) Dietary diversity 0.031 (-0.029, 0.092) 0.001 (-0.004, 0.006) 0.032 (-0.030, 0.093) 

  

Hemoglobin 

concentration 0.064 (0.000, 0.117) 0.006 (0.000, 0.011) 0.069 (0.017, 0.121)* 

  Length-for-age z-score 0.014 (-0.057, 0.085) 0.022 (-0.001, 0.045) 0.036 (-0.042, 0.114) 

  

Motor development 

score 0.017 (-0.002, 0.036) 0.001 (-0.001, 0.003) 0.018 (-0.001, 0.038) 

Executive 

function 

(Any 

tolerated 

delay) Dietary diversity 0.029 (-0.037, 0.095) 0 0.029 (-0.037, 0.095) 
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Hemoglobin 

concentration 0.050 (-0.003, 0.102) 0.005 (0.000, 0.010) 0.054 (0.002, 0.107) 

  Length-for-age z-score 0.033 (-0.032, 0.098) 0.016 (-0.004, 0.036) 0.049 (-0.017, 0.114) 

  

Motor development 

score 0.014 (-0.003, 0.032) 0 0.015 (-0.003, 0.032) 

1Values are β coefficients (95% CI). All adjusted for clustering at the health sub-center level. Adjusted analyses accounting for 

age of child in months, child sex, intervention group, wealth quintile of the household, religion, caste, and maternal education. 

Estimates of zero are not shown. 
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Chapter 7: Discussion 

The main findings from the four aims of this dissertation are as follows: 

1. A meta-analysis of 33 studies indicated that prenatal nutrition interventions did not have a 

significant effect on mental development of offspring before the age of two years, whereas 

postnatal supplementation of children under two years of age consisting of macronutrients, 

multiple micronutrients, and single micronutrients had a significant effect on mental 

development in low- and middle-income countries.  

2. Using cross-sectional data from a baseline survey, dietary diversity, length-for-age z-scores 

(LAZ), and stimulation were significantly associated with motor and mental development of 

children 6-18 months of age living in Bihar, India. The association between dietary diversity 

and mental development was mediated by gross motor skills, fine motor skills, and stimulation. 

3. An effectiveness trial of home fortification with multiple micronutrient powders (MNPs) 

showed a significant impact on motor and mental development of children 6-18 months of age 

in Bihar, India. Greater impacts of MNPs on motor and mental development were observed in 

children from households with higher stimulation scores at baseline compared to those from 

households with lower stimulation scores at baseline.  

4. Using cross-sectional data from an endline survey, a path analysis in children 6-18 months of 

age in Bihar demonstrated strong and consistent associations between LAZ and motor 

development, and between motor development and language, personal-social, memory, and 

executive function abilities. Further, stimulation had a significant association with language 

development, as did hemoglobin with memory.  
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Findings from the dissertation add to the evidence for the effects of multiple micronutrients on 

motor and mental development in young children from at-risk populations. In particular, it adds to the 

limited research on effectiveness of nutrition interventions in settings where overworked frontline 

health workers are the delivery agents. The overall literature on nutrition and child development in 

resource-poor settings shows mixed outcomes.  There is more evidence of impact of postnatal 

supplementation (starting at six months of age) than for prenatal supplementation. There is also 

consensus on giving priority to populations suffering from malnutrition to achieve an impact on child 

development.  Our findings support this conclusion with significant, yet modest, effects on child 

development from multiple micronutrient supplementation. Effect sizes were small (d<0.20) but 

similar to those found in  multiple micronutrient effectiveness trials in malnourished populations of the 

same age range (1). The intervention also resulted in a modest yet significant decrease in the 

prevalence of anemia and diarrhea, as described elsewhere (2). Further, we demonstrate the importance 

of investigating various cognitive functions, so as to highlight effects on specific functions and skills at 

select ages rather than a global measure of development. Our findings also emphasize the role that 

nutrition can play on child development, directly and indirectly through associations with growth, 

motor skills, hemoglobin, and stimulation. In accordance with previous studies, direct associations 

were observed between dietary diversity, LAZ, stimulation and motor and mental development. We 

also found that the association between dietary diversity and mental development was mediated by 

stimulation because mothers who offer diverse diets also tend to provide more stimulation to their 

child. Stimulation, in turn, is strongly associated with mental development. Few studies have examined 

and demonstrated such mediation. In a path analysis, which was able to examine how our data fit the 

model of a theoretical framework, we observed strong direct and indirect relations between LAZ, 

motor development and cognitive abilities. Stimulation and hemoglobin also saw associations with 

language and memory skills, respectively. Few such path models using biological measurements of 
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hemoglobin, and a combination of parent-report and behavioral child development measures have been 

examined in a young malnourished population. The relationships observed clarify how important these 

mediators are and how interventions to target them may work in synergy to augment desired effects. 

 

7.1 Generalizability of findings from the Bihar trial 

Child development findings from the Bihar trial are likely to generalize to settings with 

similarly high rates of malnutrition, in populations with a similar potential to benefit from MNPs, 

where effects modifiers of the impact of MNPs on child development are comparable (i.e. household 

stimulation), and where frontline health worker visits are part of the routine health infrastructure. 

According to the National Family Health Survey (NFHS) -4, 48% of children under five years of age 

are stunted and 64% are anemic in Bihar (3). These rates are high and present an overall state of health 

that could benefit from MNPs. Similar effects may not be seen in populations with lower rates of 

malnutrition and especially less anemia. For instance, in an effectiveness trial in Newfoundland, 

Canada, iron supplementation from 1-6 months of age in a sample of infants with no anemia and mean 

baseline hemoglobin concentration of 12.5 g/dL found no improvements in mental development as 

measured with the Bayley Scales of Infant Development (BSID) (4). In another effectiveness trial in 

children 12-24 months living in marginal rural communities in Mexico, MNPs compared to a placebo 

did not improve mental or motor development as measured with the BSID-II. Baseline status of the 

children was better than that seen in Bihar: the sampled population had a baseline hemoglobin 

concentration of 11.9 g/dL and prevalence of stunting was 19% (5).  

Likewise, similar effects may not be seen in populations with better levels of characteristics that 

were found to be effect modifiers.  Evidence from our baseline survey suggests a relatively low level of 

psychosocial stimulation provided in the home and significant effect modification from the level of 
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stimulation. Importantly, children in our sample aged 6-18 months were not eligible to attend preschool 

centers (typically for children 3-6 years of age); therefore, most of the stimulation to which children 

were exposed came from activities and materials in the home. Our study used the Family Care 

Indicators (FCIs) to examine level of stimulation in the home with questions about availability of play 

materials and books, time spent outside the home, singing, telling stories, counting and naming objects 

with the child. In our survey, responses on the FCI indicated that 77% of children played with store-

bought toys, 49% played with homemade toys, 15% of children had family members tell stories to 

them, and 10% had family members read or look at picture books with them. These rates are low 

compared to resource-rich settings (6); however, scores are fairly typical when compared to rural parts 

of other low- and middle-income countries (LMICs), such as Bangladesh. In a study of children 18 

months of age in rural Bangladesh, similar levels of stimulation were found, where 85% played with 

store-bought toys, 48% played with homemade toys, 30% were read to or were shown picture books, 

and 17% were told stories (7). Analyzing data from the Multiple Indicator Cluster Survey-3 which uses 

six questions from the FCI, Bornstein et al. reported caregiving practices of infants 0-12 months in 38 

LMICs. Wide variation in practices was seen and prevalence tended to be higher in high Human 

Development Index (HDI) countries and lower in low HDI countries. For example, no caregivers read 

to their children in Burkina Faso whereas 54% did in Trinidad and Tobago. Further, only 3% of 

caregivers told stories to their children in Laos, whereas 61% performed this activity in Trinidad and 

Tobago (6). As seen in our impact analysis of the Bihar trial, the baseline level of stimulation may 

modify the effect of a nutrition intervention on child development, wherein children from households 

with higher levels of psychosocial stimulation would benefit more from nutrition than children with 

lower levels. Our study was not able to establish an exact psychosocial stimulation level at which 

nutrition may be more effective in improving development. This is an area of research that needs 
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exploring and would be useful for public health messaging, and also for the importance of local early 

care centers and their use as a potential platform for nutrition interventions and programs. 

Many other countries use frontline health workers (FLWs) to deliver health messaging and 

products to women, men, and children in even the remotest parts of the country. The success of a 

program such as the one demonstrated in Bihar depends largely on the FLW’s coverage and frequency 

of visits, as well as compliance of the household members who receive the product. As a first level, the 

FLW must reach the household to provide the supply of MNPs, but they must also convince the 

caregiver to give the MNP to the child. The results of the Bihar study were particularly meaningful 

because it was conducted in a setting with overworked FLWs who had no additional incentive to 

deliver the MNPs other than for the perceived good of the children. In an effectiveness trial in Pakistan 

with low coverage of MNPs  (between 14-19% of households received a 60-day dose) and compliance  

(11% of those who received the dose did not give it to their child, mostly based on the belief that the 

powder would make their child sick), a significant impact was still observed on language development 

of children (1). Consequently, our findings are likely to generalize to places where the health system’s 

use of FLWs is similar. 

 

7.2 Home fortification with multiple micronutrients in the context of other food fortification 

strategies  

 Home fortification with MNPs involves behavioral change on the part of the mother, who is 

required to mix the package contents into her child’s food. This small act can result in children 

receiving up to 25 different micronutrients (8) in a single meal. The message is simple and the potential 

to benefit the child’s micronutrient status is large. Yet effectiveness trials to date show poor 

compliance. The combination of poor compliance and poor coverage suggests low sustainability of 
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certain MNP programs, such as ours, if improvements are not made prior to scaling up. As mentioned 

previously, there is evidence for factors that can enhance coverage and compliance, but within systems 

where FLWs are already overworked, it is worth considering alternatives. How does the MNP program 

compare with other fortification programs and interventions?  

The premise for food (compared to home) fortification is that 1) rather than changing 

individuals’ diets or requiring regular consumption of supplements, the consumption of fortified foods 

does not require behavior change, so uptake will be high; and 2) due to the regular consumption of 

fortified foods, levels of fortification do not need to be as high as those of supplements to achieve the 

same outcomes on health, at least in adults. Two important examples of the potential for food 

fortification are the achievements seen from folic acid fortification of flour and iodine fortification of 

salt. Through fortification of flour with folic acid, consumption of folic acid increased in preconception 

women and this has contributed to an enormous reduction in birth defects (9, 10). Salt iodization and 

other iodine fortification strategies have increased urinary iodine levels of populations and reduced the 

prevalence of goiter, miscarriage, stillbirth, and infant death (11-17). Other products being fortified 

currently include oil, sugar, rice, bouillon cubes, maize flour, and sauces.  

Unlike home fortification with MNPs, food fortification does not involve behavior change, but 

is highly dependent on effective marketing of the fortified product. If products are not properly 

marketed, they may not reach their targeted audience, and even if they reach the audience they may not 

be consumed. For instance, a double fortified salt (DFS) effectiveness trial in Bihar showed that, when 

DFS was sold through the market, 42% of households ever tried it (but only 14% were using it at the 

time of the endline survey) (18). However, in villages where an edutainment movie was screened and 

in villages where shopkeepers were provided an incentive to sell DFS, uptake was 5 percentage points 

higher. Even when DFS was delivered for free to households, as a separate experiment, only 61% of 

households were using the salt (18). When governments are involved, fortified products may reach 
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more households if the government makes them the only option available through subsidized programs. 

For example, in India, the use of government-subsidized ration shops as the avenue for distribution 

allows fortified foods to reach a large majority of the population, particularly the poor, in remote parts 

of the country. This is already happening in some states with the distribution of DFS.  

Food fortification is a sustainable option to reach millions, but limitations remain with respect 

to cost and organoleptic changes of certain fortified foods. The upfront costs of equipment necessary to 

produce certain fortified foods may be high. For instance, the cost of the equipment necessary for 

making the encapsulated ferrous fumarate (EFF) DFS premix is US$ 600,000-1,000,000. The 

equipment for blending EFF DFS is US$ 15,000-25,000 (19). However, the investment into these costs 

may be worthwhile if it reduces production costs overall and if the product is more acceptable than a 

cheaper option that consumers do not buy. In other cases, stability and sensory issues have been 

reported as a limitation in adoption. For instance, DFS using ferrous sulphate has been show to turn a 

yellow-brown color in high humidity (20). In other cases, cooking can cause color changes and 

extended boiling can result in the formation of a yellowish layer on the top of the water (21). Despite 

the strides made in the technology to date, there still remain important issues with certain fortified 

foods before scaling up.  

Food fortification still has its limits with respect to reaching all populations in need with 

adequate amounts of nutrients. In a context such as rural Bihar, many commercially available products 

such as ready-to-eat cereals, milk, sugar, or butter, which are those currently easiest to fortify, are too 

expensive for the majority of households. For instance, most villages in India use chakki mills, or local 

village-level mills, to process their flour. The large number of chakki mills in each district and 

limitations with maintaining quality makes fortification of wheat flour challenging in this context. 

Further, typically fortified foods are fortified at levels that will keep nutrient intakes below the 

tolerable upper level for men, the group with the greatest consumption of staples. Because children 



192 

 

 
 

generally eat less than men, they often do not consume enough to bridge the gap in nutritional 

requirements. Inadequate fortification levels for children can be addressed by designing foods 

specifically for them, such as fortified complementary foods, and using nutrient concentrations that 

meet their needs. These are however expensive.  

 Some evidence exists for the impact of food fortification programs on micronutrient status, yet 

most use cross-sectional designs, which often limits their ability to attribute benefits to the program. 

However, some cross-sectional analyses have been able to document a plausible impact pathway. For 

instance, an analysis of cross-sectional data before and after a food fortification program in Costa Rica 

showed improvements in anemia and hemoglobin (22). Some confidence was established in the impact 

of fortification because the authors were able to determine a likely pathway through dietary intake 

measurements and refute plausible pathways besides food fortification, such as decreased infection, 

poverty, or sanitation. Further, limited evidence exists for effects on functional outcomes beyond 

neural tube defects and goiter. Few randomized controlled trials have examined impacts on child 

development, for instance. One example is an effectiveness trial in Ethiopia which examined the 

impact of salt iodization on mental development of infants and young children and found significant 

improvements in cognitive, receptive language, and fine motor development compared to children from 

communities in which iodized salt was available 4-6 months later (23). Another effectiveness trial in 

India examined the effect of using DFS compared to iodized salt to prepare school meals (24). They 

found improvements from DFS on reading and math scores, particularly among children from non-

disadvantaged backgrounds. Neufeld and Friesen called for more evidence on the impact of food 

fortification programs using appropriate designs, in deficient populations using suitable fortified foods, 

and effective monitoring strategies guided by thoughtful program impact pathways (25).  
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7.3 The small effects of nutrition interventions on child development  

Large follow-up studies and more recent, well-powered, studies suggest a significant benefit of 

early improved nutrition on development (1, 26-30). However, as summarized by Larson and 

Yousafzai, effects of nutrition interventions in children under two years of age are significant yet small 

(Cohen’s d effect size 0.08, 95% CI 0.02, 0.13) (31). Several reasons exist for why effects of nutrition 

interventions may not be as large as previously anticipated or, for instance, as large as those seen from 

stimulation interventions. For one, many pathways exist between nutrition and its effects on child 

development, and some of these pathways are not often measured or their measurement is inconsistent 

across studies. Second, the majority of nutrition interventions take place in at-risk populations, who 

despite having the potential to benefit from enhanced nutrition, may also have other constraints that 

minimize the benefit. For example, they may have infections and macronutrient deficiencies that are 

not addressed by micronutrient interventions. Both explanations will now be discussed in greater detail.  

As described in the path analysis paper examining the various pathways between dietary 

diversity and child development, morbidity is an important mediating variable on the pathway between 

nutrition and development. However, frequency and severity of episodes of diarrhea, fever, cough, or 

vomiting are difficult to assess. Many public health surveys resort to measuring parent-reported 

presence of morbidity in the prior week or two. Although this may give a rough approximation for 

monitoring morbidity, the level of detail and short time frame is not enough to accurately examine the 

role of improved nutrition on child development through reduced morbidity. Tracking long-term illness 

and morbidity, however, requires repeated home visits, consistent personnel, and funds. Further, in 

intervention trials, researchers must perform the same amount of monitoring and home visits in both 

intervention and control groups because visits themselves can influence the outcome of child 

development by bringing parental attention to the child’s health and wellbeing. Along the same lines as 

morbidity, infection is an important variable on the pathway between nutrition and development. 
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Infection can be measured in various ways, through surveys on water access and use, sanitation 

practices, and hygienic appearances. Infection can also be measured with blood biomarkers such as C-

reactive protein or alpha1-acid glycoprotein.  

Another blood biomarker of importance is hemoglobin. As demonstrated in the path analysis 

paper, hemoglobin can be an important mediator between nutrition and certain cognitive functions, 

such as memory, but may be less important for other cognitive domains, such as executive function and 

language and personal-social development. As such, the effects of nutrition interventions may be 

partially dependent on their effects on hemoglobin. In Larson et al.’s systematic review and meta-

analysis of the association between hemoglobin and child growth and development, the change in 

hemoglobin resulting from iron interventions in children under five years of age was associated with 

change in growth and mental development scores (32).  Therefore, measuring a mediating indicator 

such as hemoglobin concentration may clarify the responses observed, or lack thereof, on child 

development. 

In many resource-poor settings, micronutrient and macronutrient deficiencies still persist. The 

micronutrient elements provided in many recent trials still may not target the majority of deficiencies in 

a population. This may explain the observed small or non-significant effects on child development. 

This also applies to multiple micronutrient trials. In food insecure areas, energy levels may be low 

because children have a low caloric intake. In this case micronutrients may not be enough to see 

improvements on motor or cognitive functioning. Interventions that provide macronutrients may still 

lack the necessary quality even if quantity is sufficient. This is an area still under investigation in the 

human literature, whereas in animal studies, the ideal fatty acid pattern and amino acid pattern for 

proteins is well understood (33). Ultimately, an unaddressed deficiency may be the major limiting 

factor for an impact on child development. The same idea applies to psychosocial stimulation. As 

evidenced in the Bihar impact study on child development, improvements on motor and mental 
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development were larger in children with higher levels of baseline stimulation. So the effect of limited 

additions of nutrients may remain small if home stimulation is low, as it is in most LMICs. Future 

research needs to examine the specific level of stimulation at which effects of nutrition are stronger. 

The message that a proper foundation is needed to benefit more from such an intervention has been 

replicated in other studies in addition to ours (34, 35). Ultimately, the lack of basic nutrition and 

stimulation resulting from food insecurity and poverty may contribute to the small effects observed on 

child development from nutrition interventions.  

 

7.4 What evidence means for decision making 

The Grading of Recommendations, Assessment, Development and Evaluations (GRADE) was 

developed as an approach to link quality evidence to recommendations. GRADE uses a systematic 

approach to rate the quality of studies based on study design limitations, inconsistency of results 

between studies, indirectness of evidence, imprecision, and reporting bias (36). Using these criteria, the 

majority of recommendations are based on systematic reviews of randomized controlled trials (RCTs) 

only.  

Systematic reviews of the effects of nutrition interventions on child development have not been 

conclusive enough to develop a recommendation. Furthermore, they have repeatedly shown smaller 

effects than psychosocial stimulation interventions. A meta-analysis of nutrition and stimulation 

interventions in children under two years of age in resource poor settings described a larger effect from 

stimulation (Cohen’s d effect size = 0.42, 95% CI 0.36, 0.48 for cognitive development and d = 0.47, 

95% CI 0.37, 0.56 for language development) compared to nutrition interventions (d=0.09, 95% CI 

0.036, 0.14 for mental development) (37). Nutrition and psychosocial stimulation are often combined 

in interventions but only rarely in a factorial design. Evidence suggests that interventions combining 
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nutrition and stimulation show no detriment to child development compared to the provision of either 

intervention alone, yet there do not seem to be any synergistic effects (38). However, in the short term, 

some studies in undernourished populations have shown an additive effect (26, 39). More evidence is 

needed to examine reasons for the differences in findings.  

Psychosocial stimulation interventions may demonstrate larger effects on development, but 

nutrition interventions also offer advantages. First, the cost of nutrition interventions is relatively small 

compared to psychosocial stimulation interventions. Stimulation programs involve more in-depth 

training of workers and supervisors, including in-service training, and stimulation materials. A study in 

rural Pakistan that used existing FLWs estimated that the cost of a responsive stimulation intervention 

integrated in an existing community-based health and nutrition service is approximately US$ 4 per 

month per child (40). Comparatively, nutrition supplementation is cheaper. For example, weekly iron 

and folic acid (IFA) supplementation for women costs between US$ 0.15-0.36 per recipient per annum 

in India (41). Food fortification can also be relatively inexpensive; it is expected that adding the EFF 

DFS premix to iodized salt would increase the cost between US$ 0.047-0.067 per kg of iodized salt 

compared to regular iodized salt (19). Second, it would be a missed opportunity to offer only one type 

of intervention. Nutrition and stimulation interventions target several distinct and common pathways 

that can ultimately improve development. Further, nutrition and stimulation are both topics that appeal 

to parents; by combining both interventions, there may be additional interest and buy-in from parents. 

Nutrition and stimulation activities can  be built into combined interventions, such as responsive 

feeding practices that incorporate story-telling, singing or rhyming with the child. In such an 

intervention, children may eat more while developing important skills with their caregiver. Lastly, 

nutrition is important because it can touch on many aspects of a child’s life, such as nutritional status, 

immunity, physical activity, and cognitive development. In fact, nutrition has been placed at the heart 

of the Sustainable Development Goals, with potential to impact earning capacity, hunger, health, 
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learning potential, women’s empowerment, to reduce inequality, and much more. It is estimated that 

every $1 invested in nutrition gives $16 in return (42). 

When faced with the option to scale up home fortification with MNPs for the ultimate goal of 

improving child development, governments should examine their population’s nutritional and 

stimulation status, gaps in current programs, and existing health infrastructure on which to build to 

inform their decision. Piloting such a program is essential to estimate the potential for impact, and 

identify any gaps or issues in the program impact pathway (e.g., supply chain, product delivery, 

messaging) prior to scaling up. 

 

7.5 Implications for future research 

 The Bihar study adds to a small number of micronutrient effectiveness trials that generated 

mixed results in terms of effects on child development. While reflecting on the successes and 

limitations of ours and others’ work, there are several key components that merit more discussion, 

including measurement tools, age of intervention, population’s baseline status, type of nutrition 

delivered, and leveraging the existing health system and infrastructure.  

 

 7.5.1 Measurement of child development 

Several criteria might be considered when selecting measures of child development for children 

under two or three years of age. Compendiums of measures such as the The Brain Development 

Measurement Tests Matrix and the Toolkit (43) describe a variety of measures with the aim of 

encouraging researchers to converge on ones that cover critical abilities (e.g. motor, cognitive, 

language, executive function, socio-emotional), that have been commonly used in LMICs, and can be 
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administered by non-professionals. They point out that even though norms may not be available in 

LMICs for such tests, their reliability and validity should be assessed in each context where used.  

The majority of studies assessing children under three years of age in LMICs have used parent 

report tools, such as the Developmental Milestones Checklist (DMC) and the Ages and Stages 

Questionnaire, or direct child assessments, such as the BSID, the Griffiths Mental Development Scales, 

and more recently the Malawi Developmental Assessment Tool. Many nutrition studies rely on parent 

report, though these have their strengths and their limits. Most are relatively quick and can be 

performed by trained non-specialists, yet they are subject to respondent bias. Direct assessments of 

children, such as the executive function and memory tests we used, are particularly useful regarding 

skills that parents are unlikely to be able to report on.  However, they also have limits. In our Bihar 

study, we found it difficult to establish reliability measures for our data collectors, particularly with the 

memory test, because children expectedly perform better on these tests when they complete them 

several times. Further, direct assessments are subject to the respondent’s personality and mood (i.e., 

shyness or refusing to perform tasks). As in all research in LMICs, researchers find the need to modify 

their measures for the context, especially language tests, but this is commonly accepted as long as the 

level of difficulty and the underlying construct is maintained, and the test is validated. Concurrent 

validity is performed by examining the new test scores’ sensitivity to child age, maternal education, 

nutritional status, level of stimulation, and other variables one would expect development to correlate 

with. In our case in Bihar, tests showed adequate concurrent validity. Convergent validity, such as 

demonstrating scores comparable to those obtained with a different test of the same construct such as 

the BSID is available for the DMC in an African country (44), but not in India. Another important 

criterion is that the ability being tested be considered important either for functioning at the current age 

of the child and/or for future progress. In Bihar, we used tests that assess two specific cognitive 
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functions (executive function and declarative memory) that have been shown to be predictive of later 

intelligence (45).   

Direct brain measurements, such as electroencephalography (EEG), event-related potentials, 

and functional near-infrared spectroscopy are another way to assess mental development. They were 

not considered in our study because they require specialized expertise and equipment. Brain imaging 

studies can attribute outcomes from interventions to changes in striatal, hippocampal, and prefrontal 

cortex functioning and changes in neurotransmitter signaling pathways. Many do not require a 

behavioral response and thus create a unique opportunity to examine brain development non-invasively 

in a sensitive manner in infants as young as a few days old. For instance, recognition memory has been 

examined in neonates by recording electrical potentials on the scalp’s surface in response to auditory 

stimuli of the child’s mother’s voice compared to a stranger’s voices (46). Although these types of 

measurements can be challenging in remote settings, some initial work has been conducted in LMICs. 

For instance, Tarullo et al. recently conducted EEG measurements in a subsample of children included 

in an RCT (1) in rural Pakistan. They found that an increase in EEG power in gamma frequency bands 

was associated with better executive function and cognitive abilities at four years of age (47). 

Importantly though, authors note that more than half the data were excluded (114 children out of 219) 

largely due to technical difficulties and electrical noise because electricity was only available for half 

the day. The relevance of specific differences in brain recordings will need to be made explicit by 

researchers by linking certain sites and wave forms to specific mental functions. Still, we expect to see 

an increasing number of studies published using brain recording from children in LMICs in the coming 

years. 
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7.5.2 Age of intervention 

The first 1000 days has been marked as a period of sensitivity - sensitivity to insult as well as 

positive events. These are the days of rapid changes in development, during which brain structures and 

functions are most vulnerable. For instance, if adversity is present during the period of dendritic 

arborization, the hippocampus and prefrontal cortex can sustain damage that compromises functional 

abilities (48). The same principle applies to positive supports through nutrition and other interventions 

during this period. For instance, Pollitt et al conducted a follow-up of a 3-month energy 

supplementation trial given to children 6-60 months of age (49). Eight years later, children who had 

received the supplement did not perform better than control group children on tests of information 

processing, vocabulary, word fluency, and arithmetic. Importantly, when the analysis was constrained 

to children who had received the supplement before 18 months of age results showed a significant 

effect of the intervention on working memory. Some level of brain recovery from a deficient state may 

depend on the timing of the intervention and the brain region’s requirements for that nutrient at the 

time.  Nutrition supplementation during the prenatal period has not shown conclusive evidence for 

effects on development (31) despite this being a time of rapid development. Mixed results could be due 

to the small number of studies, different timings of interventions and intervention types, and varying 

populations. In resource-limited settings, it is often difficult to identify and start interventions in 

women early in pregnancy when the initial stages of fetal growth and development occur. Further, 

women are often deficient in more than one micro- or macronutrient and supplementation targeting 

only one deficiency may not be enough to see effects on infant development. Preconception 

interventions may lead to larger effects because the fetus would be exposed to a better nutritional state 

throughout gestation, but few trials exist which report effects on early child development (50). Others 

have examined whether supplementation of mothers during pregnancy and children during infancy has 

larger effects on cognition than just one or the other intervention (29, 30, 51-53), but results are mixed 
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and too few comparable trials exist to make conclusive statements. Some evidence exists for still 

significant effects on cognition from interventions delivered after childhood, specifically for iron 

supplementation. A review of 14 RCTs of children above six years of age, adolescents, and adults 

found that iron supplementation improved attention (SMD 0.59; 95% CI: 0.29, 0.90), and among 

anemic populations, iron improved IQ by 2.5 points (95% CI: 1.2, 3.8) (54). These findings suggest 

that iron may be important for cognition throughout the life course. The evidence for effects from 

nutrition interventions other than iron beyond childhood has not been demonstrated. 

 

7.5.3 Baseline status of the population  

As described previously, the baseline deficiencies present in a population may dictate how 

responsive children will be to a certain nutrition intervention, wherein malnourished populations have a 

larger potential to benefit from nutrition interventions than well-nourished populations. For instance, 

Stolzfus et al found effects of iron supplementation on motor development only among children with 

low hemoglobin (<90 g/L) (55). Corroborating their finding, a recent review performed by Larson et al 

of iron supplementation trials on growth, motor, and mental development in children under five years 

of age found a trend for a negative association between baseline hemoglobin and effects on growth and 

development (i.e. larger effects of iron supplementation on growth and development among 

populations with lower initial hemoglobin concentration) (32). Psychosocial stimulation can also vary 

widely between different settings. Bornstein et al examined types of stimulation (such as singing, 

telling stories, naming and counting with the child) received by infants from 38 different countries and 

found that prevalence varied significantly among countries, even among low- and middle-income 

countries (6). For example, no caregivers read to their children in Burkina Faso whereas 54% did in 

Trinidad and Tobago. Or only 3% of caregivers told stories to their children in Laos, whereas 61% 
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performed this activity in Trinidad and Tobago. They also found that different stimulation domains are 

related to different cognitive domains. These findings suggest that it is important to accurately establish 

the baseline status of a population prior to administering a nutrition intervention to ensure potential to 

benefit and test the limits of benefit. Few RCTs examine effect modifiers such as baseline hemoglobin, 

LAZ, stimulation, and food security. The study of predetermined effect modifiers needs to be added to 

future nutrition RCTs, particularly in LMICs where these baseline conditions can vary from household 

to household.  

 

7.5.4 Types of nutrients 

Micronutrients have gained importance over the past decade, with many studies reporting 

effects on micronutrient status and growth. Yet, when looking at effects on child development, the 

effects of micronutrients are not as clear. Larson and Yousafzai’s meta-analysis of nutrition 

interventions in children under two years of age indicated that the overall effect from energy, fats, and 

food supplementation on mental development was significant, whereas effects from single and multiple 

micronutrient supplementation were not (31). The evidence for combined macro- and micro-nutrient 

interventions is promising, with more recent studies being published using lipid supplementation in 

addition to micronutrients (28-30). Yet, in terms of effects for micronutrients alone, too few 

comparable well-powered, randomized trials in young children exist to make conclusions. Other 

studies, not included in the meta-analysis highlight the importance of animal source foods for 

development. Flesh foods in particular have readily available iron in the form of heme-iron and provide 

other essential nutrients, proteins, and energy. A trial in Kenyan school children found that the 

provision of meat improved muscle mass, much more so than milk or plant-based foods (56). Children 

supplemented with meat also scored higher on cognitive tests, had higher levels of physical activity, 
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and displayed more initiative and leadership than children supplemented with milk or plant-based 

foods (56, 57). An important caveat in the provision of meat supplements is that, in most resource-poor 

settings, animal source foods, except for eggs (58), are not readily available and are expensive. Even 

though the evidence for food supplements may be stronger than micronutrient supplements for effects 

on child development in children under two years of age, many of the micronutrient interventions 

published prior to the Larson and Yousafzai’s meta-analysis (31) were under-powered to detect effects 

on child development. Since its publication, several other well-powered trials in at-risk populations 

have demonstrated significant effects of multiple micronutrients on early child development (28-30, 

51). The findings from the Bihar trial add to this literature with an adequately powered randomized trial 

using MNPs in a malnourished population and finding effects on a range of cognitive functions using 

validated tools in infants and young children.  

 

7.5.5 Leveraging Frontline Health Workers 

Investigations into improving FLW workload and coverage are key to the sustainability of 

programs, such as the one piloted in Bihar. In India, the FLWS are called Accredited Social Health 

Activists (ASHAs). ASHAs are each responsible for an average of 150-200 households or a population 

of 1000. Their duties include promoting immunization, referrals for reproductive and child health, 

construction of toilets, raising awareness of health and its social determinants, including nutrition, 

sanitation and hygiene, healthy living and work spaces, existing health services, and family welfare 

services, and counseling on safe delivery, breastfeeding, complementary feeding, contraception, and 

prevention of infections. They also deliver nutritional supplements, chloroquine, disposable delivery 

kits, oral contraception, and condoms to households. Their workload is high and incentives are low. In 

fact, incentives are only provided for promoting universal immunization and for escorting pregnant 
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women for reproductive health services to the primary healthcare center (59). As such, most of the 

ASHAs’ time is given to the latter two activities. 

In Nepal, a study examining predictors of coverage of a similar MNP program to ours found 

that two variables were associated with coverage, namely attending a female community health 

volunteer-led meeting where MNPs were discussed and perceiving benefits of MNPs for the child (60). 

The study, however, warns that FLWs reported increased burden and authors suggest that attention 

needs to be given not to overburden the system (60). FLWs are often already burdened with a long list 

of activities, and with little incentive to add MNP delivery to their responsibilities, such a program is 

not sustainable. Further, long meetings are often not attended and little is derived from them. Short and 

clear messaging is necessary to any program, including MNP programs, and its delivery may require 

more than one model. For instance, a two-pronged approach may work in some cases, wherein FLWs 

are responsible for the initial message delivery and first time batch delivery, after which they may 

request that the local shop owner or other local volunteers help with subsequent deliveries of the 

product. In this way, the burden of repeated visits is alleviated. Government buy-in and potentially 

government investment, for instance to fund further incentives for FLWs, is required for the 

sustainability of such nutrition programs. 

  

7.6 Limitations 

The Bihar study had several general limitations, many of which were due to budget constraints, 

the purpose of the original parent study which was to examine impact on anemia and feeding practices, 

and the limitations imposed by fieldwork in rural India. There are three main limitations worth 

additional attention here: the use of a parent report to assess child development in the full sample, 
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missing measures of other important predictors of child development, the cross-sectional design at 

baseline and endline, and recording adverse events.  

A more rigorous study that did not have the constraints of time and cost could have benefitted 

from using direct assessments of child language and personal-social development rather than, or in 

addition to, a parent report (i.e., the DMC-II). In the Bihar study, mothers from the intervention group 

were not blinded to the MNPs and, further, were educated on the benefits of MNPs. FLWs were 

instructed to discuss the advantages of using MNPs with mothers, including their benefit to cognitive 

development. So parents may have given biased responses because they wanted to fulfill our 

expectations of cognitive benefits and/or because they were more attentive to children’s development 

than control parents. It is worth noting that memory and executive function, which were assessed using 

direct child assessments in a subsample of the children at endline only, showed no impact of the 

intervention. Had baseline measures of memory and executive function been available, difference-in-

difference analyses may have led to different conclusions. Our results indicate that language and 

personal-social development (measured using the parent report), rather than memory and executive 

function, are truly responsive to an MNP intervention at this age, and/or that parent responses in the 

intervention group were biased towards positive results. In subsequent work, I would suggest using a 

direct child assessment measure in at least a subset of the children that could be used to validate the 

parent-report. The DMC-II has the option for direct observations, which could be added to validate the 

parent reports, although this takes additional time and expertise. Possible caregiver reporting bias could 

be examined by following process indicators on the program impact pathway, to examine whether child 

development findings correlate with more upstream indicators, such as MNP supply, delivery, and 

utilization.  

Further, the measurement of other important predictors of child development, particularly 

maternal characteristics such as depression and anemia, could have added to our hypothesized 
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biopsychosocial model that examined the interconnection of multiple predictors of language, personal-

social development, memory, and executive function. A more comprehensive model including 

maternal correlates may have demonstrated important associations, such as the contribution of maternal 

depression to psychosocial stimulation provided to the child at home, dietary diversity, and mental 

development.   

Rather than using two cross-sectional surveys at baseline and endline, a follow up of the same 

children from baseline to endline would have permitted more thorough analyses into the pathways 

through which nutrition is acting on child development. For instance, a mediation analysis using 

longitudinal data could have been performed at the child-level to examine effects of the intervention on 

mental development through growth, hemoglobin, stimulation, and motor development. Using cross-

sectional data limited our ability to examine these mediating factors. Further, because the age range (6-

18 months) was the same at baseline and endline, and MNPs were only given starting at 6 months, 

those children included in the endline survey who were close to 6 months would not have had much 

opportunity to consume or benefit from MNPs. However, cross-sectional data allowed us to examine 

effects within an important age range when complementary feeding begins, and when home 

fortification with MNPs is likely to be used. 

Lastly, recent concerns of possible harm from high-dose iron supplementation indicate that 

RCTs using iron need to do more to investigate potential negative effects. This can take the form of 

recording negative effects on cognition itself, and also on mediating factors, such as illness episodes 

and hospitalizations. Lozoff et al conducted a RCT with Chilean infants assigned to high or low or no 

iron groups at six months of age. At 12 months, children who did not receive iron had longer looking 

time on the Fagan test (less efficient information processing), crawled later, and scored lower on 

positive affect and social interaction than their counterparts who received iron (61). However, a follow 

up at 10 years of age indicated that the high iron group scored significantly lower than the low iron 
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group on spatial memory, arithmetic achievement, visual-motor integration, visual perception, and 

motor coordination (62). Other RCTs indicate that iron may promote infection. For instance, a large 

RCT in children 1-35 months of age living in Zanzibar were supplemented with iron and folic acid 

with and without zinc, or a placebo (63). Children who received iron were 12% more likely to die or 

need treatment in hospital for an adverse event and 11% more likely to be admitted to hospital. 

Amounts of iron in the Bihar trial were as high as those in the Zanzibari trial (12.5mg); however, the 

Data Safety and Monitoring Board of the Bihar trial did not find a reason to stop the study based on 

morbidity and mortality statistics throughout the study. An important challenge for future trials would 

be to examine potential harmful effects of iron using innovative techniques, such as gut microbiome 

testing. These results would be an important addition to the literature, particularly as iron 

supplementation programs scale up in varying contexts. 

 

7.7 Strengths 

The Bihar study also had several strengths worth emphasizing. For one, this was a large trial, 

adequately powered to detect an effect on motor and mental development of young children. It studied 

a population that had a potential to benefit from an intervention such as home fortification with MNPs. 

It also used the existing health infrastructure to further the evidence for the impact of large scale 

effectiveness trials on child development, an area that has not been examined extensively. 

Further, this was a randomized trial which allowed us to compare results between intervention 

and control communities. Although not blinded, clustering of intervention groups by health sub-centers 

resulted in less contamination than if the intervention was assigned at the household level. Very few 

respondents from control communities reported receiving MNPs. The comparison group allowed us to 

attribute changes observed to the intervention itself. 
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Lastly, we used validated tools to measure various cognitive domains. We use a combination of 

parent report and behavioral measures to establish impacts of the intervention on, and predictors of, 

general mental and motor development scores in addition to specific cognitive functions (i.e., memory 

and executive function). These are cognitive functions that are not often studied in this age group in 

large population-based surveys in LMICs and therefore add substantially to the literature in this 

context. 

  

Chapter 8: Conclusions 

The child development findings from our Bihar study are an important contribution to the 

literature on correlates of motor, language, personal-social development, memory, and executive 

function, on mediators between nutrition and mental development, as well as on the effectiveness of a 

nutrition intervention using home fortification with MNPs on early child development in the context of 

Bihar, India. First, we add to the literature from a well-powered randomized trial using validated 

measures of child development. Second, we examine effects on child development using a combination 

of parent report and direct child assessments. The measurements used allow us to examine effects on, 

and correlates of, a variety of cognitive domains in a population and age group in which they have not 

been tested on such a large scale. Lastly, we contribute to the literature on pathways between nutrition 

and child development by examining mediation from nutritional, biological, stimulation, and household 

characteristics. Again, these pathways are examined for an array of cognitive functions. 

Reviews of nutrition interventions have shown inconclusive effects on child development, 

specifically from micronutrients (31, 64-66). Yet, the significant findings from our Bihar trial, coupled 

with other recent MNP trials in similarly malnourished populations, point to the vulnerability of this 

age group and its potential to benefit from a simple and inexpensive intervention. Despite the 
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innovative measures used in the Bihar trial, the large sample size, and at-risk population, the study has 

important limitations (as outlined above). Concerns of harm from iron are also compelling. Based on 

these remaining limitations and concerns, there is still a need for more rigorous double blinded RCTs 

to examine the effects of multiple micronutrients on cognitive development of young children (67). 

Lastly, I stress the need for more comprehensive approaches to improve child development. 

Cross-discipline collaboration between nutrition, environmental studies, psychology, and agriculture 

can achieve cost-effective and long-lasting solutions. As Black et al stated in the latest Lancet series on 

Early Childhood Development, there is an urgent need to expand multi-sectoral coverage of quality 

nurturing care, which encompasses health, nutrition, security and safety, responsive caregiving, and 

early learning and a political commitment and investment to do so (68).  
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