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ABSTRACT 

 

Dissertation Title: Association between Iron Deficiency with or without Anemia and 

Infants’ Cognitive, Motor, and Socio-emotional Development: Cross-sectional and 

Longitudinal analyses 

Doris P. Yimgang Ngandjouong, Doctor of Philosophy, 2019 

Dissertation directed by: 

Maureen M. Black, PhD 
Professor 

Department of Pediatrics and  

Department of Epidemiology and Public Health 

 

Background: Early child development is a major public health concern worldwide as it 

has long-term health and economic effects that extend beyond childhood. Iron deficiency 

(ID) is the most common micronutrient deficiency worldwide with the highest prevalence 

in low- and middle-income countries. ID may impact child development early in life. 

Objectives of this study were to investigate the relationship between ID and child 

development and to identify moderators of this association among infants. 

Methods: Secondary data analyses of a nutritional and early learning controlled trial 

were performed. Participants: 513 children age 6-14 months from rural India were 

enrolled and followed for 12 months. Measures:  At enrollment, 6-month and 12-month 

follow-up, child development was assessed using Mullen Scales for Early Learning 

(visual reception, fine/gross motor and receptive/expressive language domains) and 

Behavior Observation Inventory of the Bayley Scales of Infant and Toddler Development 

(socio-emotional domain). Analysis included linear mixed effects models accounting for 



 
 

village-level clustering (all aims) and repeated measures (Aims 2 and 3.1). To assess 

moderating effects of child age and sex, maternal education, household assets, and home 

environment, interaction terms were added in models.  

Results: At enrollment, 47% of infants were girls, 72% had ID, 66% had anemia, and the 

mean age was 8.6 months. Mean maternal age was 23 years and 43% of mothers were 

anemic. Adjusted analyses found weak to no evidence of associations between ID and 

child development at enrollment or over a 12-month period. Child age and sex, maternal 

education, household assets, and home environment did not moderate associations of 

interest.  

Conclusion and future directions: In this rural sample, ID was not associated with child 

development using observational study designs. In order to properly assess the onset and 

duration of ID and its associations with child development, further studies need to enroll 

pregnant women and follow up newborns during their first years of life. It is necessary to 

assess iron measures and child development at multiple time points throughout the study 

period. 

Implications: Because of the pervasive nature of ID in this population, there is a need for 

nutritional interventions to reduce micronutrient deficiencies. 
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CHAPTER I. BACKGROUND AND SIGNIFICANCE 

Iron is an essential mineral required for a variety of metabolic processes, including 

oxygen transport and enzymatic systems.1 Approximately two-thirds of body iron is 

found in the hemoglobin (circulating erythrocytes or red blood cells), 25% is mobilized in 

iron stores, and the remaining 15% is involved in other processes (bound to muscle 

cells/myoglobin or enzymes).1 Iron status is considered a continuum from iron deficiency 

anemia (IDA), to iron deficiency (ID) without anemia, normal iron status, and finally iron 

overload.2 ID and IDA occur as the result of an imbalance between iron intake and the 

metabolic demands for iron.1,2 Mechanisms contributing to low iron bioavailability are 

multi-factorial and include low intake of dietary iron, infections (such as malaria), 

inflammations, and other micronutrient deficiencies (such as vitamin A and folic acid).3  

 

1.1. Epidemiology of iron deficiency 

ID is the most common nutritional deficiency in the world. Although it is common in 

low- and middle-income countries, ID also affects individuals living in developed 

countries.4 Young children and women of childbearing age are disproportionately 

affected by ID.4,5 ID has been associated with maternal and perinatal mortality, cognitive 

impairment and decreased work productivity.6  ID also has considerable economic 

implications as it accounts for an estimated disability adjusted life years (DALYs) of 35 

million.6,7 

ID is the leading cause of anemia worldwide with approximately 50% of anemia cases 

being attributable to ID.6 According to the World Health Organization, over 30% (2 

billion people) of the world’s population are anemic.5 The highest prevalence of anemia 



2 
 

is in children under age 5 years (42.6% globally), reaching 62.3% in Africa and 53.8% in 

South-East Asia.8 

 

1.2. Iron deficiency in infancy 

The iron status of newborns is highly dependent on maternal iron status as newborns 

acquire their iron stores during pregnancy. In full-term infants, these iron stores are 

sufficient to meet their iron need for four to six months of postnatal growth.2,9 Iron 

requirements significantly increase from early infancy (four to six months after birth) to 

age six years as it is a period of rapid growth.1 To maintain proper iron need for growth 

and to replace normal losses, there are recommended daily dietary iron intakes for infants 

7-12 months.2  

ID occurs when iron absorption is inadequate or when iron stores are progressively 

reduced and can no longer meet the needs of normal iron function in the body.2,7 With 

depleted iron stores, the supply of iron to tissues is compromised. This results in a 

decrease in transferrin saturation and an increase in transferrin receptors. Tissues express 

their needs for iron by exhibiting the same type of transferrin receptors on cell surfaces.7 

Iron deficit eventually causes a detectable change in laboratory tests, including serum 

ferritin, serum transferrin receptors, and hemoglobin. When there is insufficient iron for 

the production of red blood cells, hemoglobin synthesis is impaired and signs of IDA 

appear.1 

Children under 24 months of age are the most vulnerable to ID because of rapid growth: 

increasing bone mass10 and brain development.11 During early childhood, brain activity 
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accounts for 60% of the body’s energy consumption and requires an adequate supply of 

nutrients.12 The effects of ID in infancy, the period of rapid brain development, may be 

less reversible than its effects later in life.13,14  

Infancy is also a sensitive period as complementary feeding (transition from exclusive 

breastfeeding to family foods) is introduced, and children need nutritional diversity to 

meet their nutritional needs for growth.15 Absorption of dietary iron is complex as 

multiple factors, including interaction with other foods and type of iron, may affect the 

process. Calcium and animal proteins (milk or egg proteins) have been shown to inhibit 

iron absorption;16 meanwhile, meat, fish and poultry have been shown to enhance iron 

absorption.17 Dietary iron has two main forms: heme (from meat or fish) and nonheme 

(from cereals, legumes, or fruits). Heme and nonheme iron have different availability and 

absorption rate; adequate access to iron-rich foods may lower the probability of 

developing ID during infancy.1 

 

1.3. Diagnosis of iron deficiency 

Assessment of iron status is challenging because there is no single laboratory 

measurement that would yield an accurate characterization of iron status.18 ID features 

the depletion of mobilizable iron stores, which affects various biomedical indices 

including hemoglobin concentration, serum ferritin level, and soluble transferrin receptor 

(sTfR) concentration.2,18,19   

Hemoglobin measures circulating hemoglobin needed from transport of oxygen from 

lungs to tissues, but it fails to be specific to ID as other factors may affect the formation 

of red blood cells (such as, genetic disorders or chronic infections).2 The measurement of 
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hemoglobin concentration is a simple and objective method to diagnose anemia using the 

WHO cut-offs.20 Anemia has been the most commonly used indicator to screen for ID in 

clinical settings and in research studies, especially in low- and middle-income countries,2 

because it can easily been assessed through finger prick. There are multiple barriers to 

assessing iron status including the need for a venous blood draw, the lack of a standard 

test and inadequate handling of blood samples and equipment for testing, particularly in 

resource-limited settings.21 Because causes of anemia are multi-factorial,20 other blood 

tests should also be assessed simultaneously to determine iron status. ID without anemia 

is associated with tissue impairments.7 

Serum ferritin measures the amount of ferritin, iron storage protein, in the blood; its 

level is related to the quantity of iron stores in tissues.18 Serum ferritin is a sensitive 

indicator in healthy populations2, is readily available and has standardized methods 

(established cut-off and quality control) to determine iron status.19 Because serum ferritin 

is an acute phase protein, its concentrations may be elevated in the presence of infection, 

inflammation or liver disease.3,19 High levels of serum ferritin may be misleading in iron 

deficient patients with inflammation. Therefore, measurement of C-reactive protein is 

needed to identify the presence of underlying inflammation.2 

Serum transferrin receptor (sTfR) is a biomarker that detects ID at the cellular level or 

functional iron deficit.1 When level of iron is insufficient, sTfR is upregulated to allow 

cells to compete for iron.2 Elevated concentrations of sTfR in the blood indicate ID or 

IDA. Unlike serum ferritin, the concentration of sTfR are not affected by inflammation. 

However, the assay is not readily available, quality control and standardized methods are 

not yet established.1,2,18 Assay variability also constitutes a major limitation.18 
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An additional iron indicator is the serum transferrin receptor ferritin index (sTfR/log 

ferritin ratio); it evaluates the cellular iron levels (functional iron) as a function of stored 

iron.1 The measure has a high correlation with body iron stores,22 and it is independent of 

hemoglobin level and other comorbid conditions.3,23 It has high specificity (100%) and 

sensitivity (94%) in the context of inflammation.24 Low availability of sTfR and 

variability in sTfR assay cut-offs are the main limiting factors for using this index in 

clinical settings.1,19 

Multiple laboratory measurements are needed to determine an accurate assessment of ID 

or IDA in clinical studies. Previous studies have used at least two abnormal biomarkers 

of iron to establish iron deficiency.25,26 The nutritional and medical contexts should be 

accounted for prior to the diagnosis.1   

 

1.4. Importance of early childhood development 

Early child development refers to the brain development and function of very young 

children; it consists of multiple domains, including motor, socio-emotional, and 

cognitive.27 Early child development determines health, emotional wellbeing, and 

productivity in adulthood.28 Children who fail to attain their developmental potential in 

early childhood are at risk for poor cognition and low academic achievements during 

school-age, and these factors negatively affect their earnings later in life.29 School 

readiness, a predictor of education level achieved, is influenced by children’s cognitive 

abilities, behavior and interactions with peers and others (socio-emotional domain), and 

writing capacity (motor domain).30 Long-term effects of poor child development include 

20% loss of adult earning, which affects both individuals and nations.29 If not properly 
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addressed, poor child development perpetuates the cycle of poverty and sustainable 

development may not be achieved, especially in low- and middle-income countries.29 

 

1.5. Risk factors for poor child development 

In low- and middle-income countries, poverty is associated with undernutrition, caregiver 

characteristics (education, depression, responsivity), and inadequate home stimulation 

(Figure 1.1).29 These risk factors usually occur together; the co-occurrence of two or 

more factors results in poorer developmental outcomes (Figure 1.2).30-32 A study 

conducted in Guatemala to assess the effects of early exposure to biological (height and 

morbidity), environmental (SES, maternal education father occupation, home 

stimulation), and cognitive (birth order) risk factors on cognitive development found that 

achievement scores decreased as risks accumulated.32 

 

Iron deficiency 

In animal models, early ID has been shown to alter brain cell metabolism and anatomy, 

and signal transmission in the brain leading to behavioral alterations and cognitive 
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impairments.13,30,33 Findings from studies investigating the effects of ID on development 

in humans are reported under the “iron deficiency and child development” section.  

 

 

Poverty 

Poverty increases the risk for biological, environmental and psychosocial factors that lead 

to adverse early developmental outcomes in low- and middle-income countries.30 

Parental socioeconomic status at birth or during infancy has been shown to be associated 

with children’s cognition, school grades, and educational attainment during childhood 

and adulthood.34-36 

 

Figure 1.2. Relation between accumulation of risk factors and cognitive development. 

Figure from the 2007 Lancet series  
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In a longitudinal study conducted in an urban community in Costa Rica, chronic ID 

during infancy was associated with lower cognitive scores over time (repeated measures 

until 19 years), and socioeconomic status moderated this association.37 Participants in the 

lower socioeconomic group with chronic ID had the lowest cognitive scores over time 

compared to participants with normal iron status and those in the highest socioeconomic 

group; meanwhile participants with the higher socioeconomic with normal iron status had 

the highest developmental scores compared to other groups.37 

 

Stunting 

Longitudinal studies consistently reported that stunting during early childhood was 

related to cognition, school achievement and grade attainment in both late childhood and 

adulthood.38-40 A trial of nutritional supplementation and psychosocial stimulation 

showed that stunting in early childhood is associated with poor cognitive abilities and 

educational achievements in late adolescence. Receiving the stimulation intervention in 

early childhood decreased the effect of stunting as stunted children who received 

stimulation had higher developmental scores compared to stunted children who did not 

receive stimulation; non-stunted children had the highest developmental scores.41  

 

Home environment 

The home environment characterized by cognitive stimulation and learning opportunities 

has been positively associated with cognitive and socio-emotional development.30 

Findings from intervention studies supported that providing increased cognitive 
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stimulation or learning opportunities significantly increase their developmental scores; 

beneficial effects extend until early adulthood.41-43  

 

Nutritional factors (such as iron deficiency) as well as household factors (such as home 

stimulation, maternal education and poverty) factors influence child development.27 

Although major efforts have been made to improve child development worldwide, a high 

proportion of children under age 5 (43%) are at risk of not attaining their developmental 

potential due to poverty and stunting44. Achieving Sustainable Development Goals 

requires implementation of interventions to ensure equitable early childhood 

experiences.45 

 

1.6. Iron deficiency and early child development 

Adequate nutrition is essential for early child development. Micronutrient deficiencies 

may impact brain development and impair children’s early development.46  

 

Evolution of iron trials 

It is worth noting that iron trials have evolved over the years. Early clinical trials 

recruited children with IDA and treated participants for varying periods of time to 

examine recovery (treatment trials). Prevention trials recruited infants at risk for IDA and 

attempted to prevent ID/IDA and promote development. Participants in early trials 

generally received iron alone. The realization that children deficient in iron often have 

other micronutrient deficiencies led to current trials with multiple micronutrients. 
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Adverse effects associated with iron supplementation 

Several studies have reported negative effects of iron supplementation on children’s 

health, particularly in malaria endemic regions.21,47 In a large randomized controlled trial 

of iron and folic acid supplementation conducted in eastern Africa (high malaria 

transmission setting), 24 076 children aged 1-35 months were recruited.47 The treatment 

groups receiving iron and folic acid were stopped early due to increased incidence of 

death, adverse events (malaria and infection-related causes), and hospital admissions. In a 

meta-analysis, including 33 studies, that reviewed the evidence for safety of daily iron 

supplementation among children aged 4 to 23 months, vomiting and fever were more 

prevalent in children receiving iron, compared to children who did not receive iron.48  

Concerns have been raised about the potential harm caused by iron supplementation in 

iron-replete infants. Iron excess has been associated with stunting, increased infections 

and possible neurodevelopmental deficits.49 Therefore, overexposure to iron during 

infancy may be linked to negative health outcomes. 

To prevent iron-related health problems and ensure quality control, trials often include 

morbidity surveillance with pediatric consultation as needed. 

 

Research studies assessing the association between ID and child development 

There are numerous studies that assessed the association between ID and child 

development among children under the age of 2 years. These studies have notable 

differences in design, infant age, or measurements.13 This review will focus on cross-

sectional and longitudinal studies (including randomized controlled trials and follow-up 
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studies) of ID and child development, and studies assessing changes in ID over time to 

reflect the focus of the proposed study. 

 

Cross-sectional studies 

Multiple cross-sectional studies investigated the association between iron deficiency and 

child development; however, only few of these studies focused on children under 2 years 

of age. A PubMed search using “association between iron deficiency and child 

development among infants” yielded 87 studies; a broader search using “association 

between iron status and development” yielded 252 studies. From these results, I was able 

to identify four cross-sectional studies relevant to our subject matter and target 

population.  

There are inconsistent findings regarding the association between ID and child 

development during infancy. Some cross-sectional studies reported that infants with the 

most severe form of ID (IDA) were more likely to have lower developmental scores, 

compared to infants with ID without anemia and infants with normal iron levels.50,51 A 

study conducted in Japan found that the mean mental developmental index and 

psychomotor developmental index were significantly lower among infants with anemia 

and with a past history of anemia compared to infants without anemia.52 However, no 

association was found between ID (ID vs. non-ID) or IDA (IDA vs. non-IDA) and 

psychomotor development of infants aged 6 months living in South Africa.53 

These studies have methodological differences. Sample sizes varied across studies 

ranging from 54 to 750 participants. In most studies, iron status was determined by 

analysis of blood sample including hemoglobin and additional plasma iron 
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biomarkers.50,51,53 However, Hokama and colleagues used anemia as a surrogate for iron 

deficiency anemia and no measurements of serum iron concentration were performed.52 

In addition, tools used to measure child development were different across studies. These 

include the Bayley Scale of Infant Development,52 the Denver II Developmental 

Screening Test,51 the Kilifi Developmental Inventory,53 and a tool50 adapted from a 

previous study54. Studies reported bivariate association between ID and child 

development (confounding factors were not adjusted for).51-53 

 

Longitudinal studies and randomized controlled trials 

Although there has been compelling evidence supporting an association between IDA 

early in life and children’s cognitive, motor, and socio-emotional development,55-58 recent 

systematic reviews and meta-analyses48,59,60 found inconsistent evidence supporting the 

effect of ID on child development, highlighting the need for further investigations. 

Previous studies found that infants with iron deficiency are at risk of low scores on 

standard measures of child development, which may have short- and long-term impacts 

on neurocognitive and neurophysiologic outcomes.13 ID early in life has a negative 

impact on brain processes and behavioral abnormalities that may not be reversible even 

after treatment.14  

Numerous randomized controlled trials investigating the effect of iron supplementation 

on child development using varying follow-up times found that participants with ID had 

significantly lower developmental scores compared to participants without ID at 

baseline.55,57,61 After the intervention, there was an increase in developmental scores in 

participants with iron deficiency, and there were no significant differences in 
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developmental scores between ID and non-ID groups. There were inconsistent findings 

about the effect of ID without anemia on child development. After three months of oral 

iron therapy in 196 Chilean infants aged 12 months, Walter et al. found that IDA had 

adverse effects on developmental scores while ID without anemia had no effect on child 

development.61 In a sample of 9-to-12-month old non-anemic infants who received iron 

treatment, Oski et al found that ID without anemia impaired child behavior (Mental 

Development Index).62 

Multiple iron supplementation trials randomizing children in an iron treatment with 

varying follow-up times found no difference in developmental scores among those who 

received iron treatment compared to placebo.63-66 These studies used different tools to 

assess child development: the Bayley Scale for Infant Development,63,64 the Fagan Test 

of Infant Intelligence,66 and adopted versions of the Griffiths Mental Development 

Scale.65 The sample size varies from 16 to 514 children with participants’ age ranged 

between 4 to 24 months.  

Follow-up studies reported inconsistent findings regarding the effect of iron 

supplementation or iron status in infancy and long-term child development. In a sample 

of 560 Thai children aged 9 years who participated in an iron and zinc supplementation 

trial during infancy, the effects of iron/zinc supplementation on cognitive performance 

was assessed 8 years after treatment.67 There were no significant differences in cognitive 

performance in school-age children who received iron supplementation during infancy 

compared to the placebo group. Another follow-up study of 1,018 eleven to seventeen 

years old Chilean adolescents who received iron supplementation during infancy 

investigated the associations between ID in infancy and socio-emotional problems in 
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adolescence.68 ID, with anemia as well as without anemia, during infancy was associated 

with increased internalizing, externalizing, and social problems in adolescence as 

reported by adolescents and their parents. 

 

Changes in iron deficiency status 

Previous reviews on the effects of micronutrient deficiencies in early childhood 

highlighted the need to investigate the impact of ID duration on child development.13,46 In 

a sample of 196 Chilean infants aged 12 months who participated in a 3-month 

randomized trial of oral iron treatment, infants who had IDA for 3 months or greater had 

significantly lower scores in motor and mental development, compared to infants who 

had IDA for less 3 months.61 A recent study assessing duration of ID and its association 

with child development at 9 months of age found that infants with normal iron status at 

birth and at 9 months had higher locomotion scores than infants with ID at either birth or 

9 months and those with ID at both time points (birth and 9 months).RW.ERROR - Unable to find 

reference:418 

There is limited evidence evaluating how changes in ID (with or without anemia) over 

time, especially within a period of rapid brain development relates to child development 

during early childhood. Evaluating the association between changes in ID/IDA and child 

development and whether chronic iron deficient, corrected, acquired, and normal groups 

have different developmental outcomes may provide information on the timing of 

interventions to yield optimal outcomes during infancy, a critical period of brain 

development. 
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1.7. Potential modifying factors of the association between iron deficiency and early 

child development 

The literature identified the following factors to be associated with child development: 

unresponsive/negative home environment, stunting, maternal depression, diet, and 

maternal education.69,70 Generally these factors do not occur in isolation; the occurrence 

of two or more factors lead to poorer developmental outcomes, compared to the 

occurrence of only one factor.30-32 Factors associated with IDA or anemia among children 

include maternal anemia, child age, dietary intake.71-73 There is a lack of literature on 

potential modifying factors of the association between ID and child development. 

Parental socioeconomic status has been identified as a modifying factor in the association 

between ID and child development.37 In the proposed study, child age, maternal 

education, home environment, and household assets will be tested as potential modifying 

factors in our associations of interest. A detailed description of potential modifying 

factors is presented in the methods section under “Potential effect modifiers: 

identification of potential effect measure modifiers.” 

 

1.8. Gap in the literature 

Previous studies examining ID in infants and child development have focused on IDA; 

however, the prevalence of ID may be 2 to 5 times higher than the prevalence of IDA.7 

Assessing whether ID (with or without anemia) is related to poor child development 

would inform interventions: whether it is necessary to focus on IDA only or whether 

targeting ID without anemia is also important. 
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Some of the limitations of previous studies include: 1) absence of comparison 

groups.62,74-80 2)  Lack of standardized assessment tools to measure children’s cognitive, 

motor or socio-emotional development13,74,81-83 3) Reliance on general measures of child 

development, rather than assessments of specific domains and processes in randomized 

control trials.55,57,61,63,64,84-87 4) Limited information on the effect of ID on child 

development beyond a six-month period. 5) Reliance on anemia, which is a late measure 

of ID. 6) Lack of information on modifying factors of the association between ID and 

child development. The proposed study plans to investigate the association between ID 

with and without anemia and infants’ development using standardized assessment tools 

that include specific domains for child development beyond a 6-month follow-up period 

and that assess interactions with co-occurring risks. 

 

1.9. Specific aims and hypotheses 

The overall aim of this investigation is to assess the associations between ID and child 

development during infancy using biochemical measures of ID and direct assessments of 

child development. The proposed study will investigate whether there is an association 

between ID or iron deficiency anemia (IDA) and child cognitive, motor, and socio-

emotional development at enrollment (child age 6-14 months), how changes in child 

development scores over time are related to baseline ID/IDA, and how changes in ID 

over time (chronic, corrected, acquired, and within normal) are associated with child 

development. The proposed study will also investigate the moderating effect of child 

(age), maternal (education), household (assets and home environment) characteristics. 

Data are from Project Grow Smart, a 2 x 2 factorial randomized controlled trial 
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conducted in rural India. Infants and their mothers were recruited and followed up for 12 

months.  

 

Aim 1: To estimate the associations between iron deficiency and child development 

at enrollment (child age 6-14 months) and identify modifying factors (cross-

sectional) 

Aim 1.1: Estimate the association between ID/IDA and child motor, cognitive and socio-

emotional development at enrollment  

Hypothesis 1.1: Infants with IDA have lower cognitive, motor, and socio-emotional 

development scores, compared to infants with ID without anemia, and to infants with 

normal iron status.  

Aim 1.2: Determine whether the associations between ID/IDA and child development 

differ by baseline child age, maternal education, household assets, and home interactions. 

Hypothesis 1.2: The magnitude of the association between ID/IDA and child development 

is larger among older infants, infants of mothers with low education, infants living in 

homes with low economic resources or with unresponsive/negative home interactions; 

compared to infants with normal iron status who are younger infants, children of mothers 

with higher education, and infants living in homes with high economic resources or with 

responsive/positive home interactions. 
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Aim 2: To estimate how baseline iron status is related to changes in child 

development over time and identify modifying factors (longitudinal) 

Aim 2.1: Estimate the association between baseline ID/IDA and changes in child motor, 

cognitive and socio-emotional development over time  

Hypothesis 2.1: Infants with baseline IDA have lower cognitive, motor, and socio-

emotional development scores over time, compared to infants with ID without anemia 

and to infants with normal iron status.  

Aim 2.2: Determine whether associations between baseline ID/IDA and child 

development over time differ by child age, maternal education, household assets and 

home environment 

Hypothesis 2.2: The magnitude of the association between ID/IDA and child development 

is larger among older infants, infants of mothers with low education, infants living in 

homes with low economic resources or with unresponsive/negative home interactions; 

compared to infants with normal iron status who are younger infants, children of mothers 

with higher education, and infants living in homes with high economic resources or with 

responsive/positive home interactions. 

 

Aim 3: To investigate the association between iron status at enrollment and at 12-

month follow-up and child development at the same time points (cohort) 

Aim 3.1: Estimate the association between ID/IDA at enrollment and at 12-month 

follow-up and child motor, cognitive, and socio-emotional development at the same time 

points 
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Hypothesis 3.1:  Infants with IDA have lower cognitive, motor, and socio-emotional 

development scores over time, compared to infants with ID without anemia and to infants 

with normal iron status. 

Aim 3.2: Estimate the association between chronic ID and child development at 12 month 

follow-up 

Hypothesis 3.2: Infants with chronic ID have lower cognitive, motor, and socio-

emotional development scores at 12-month follow-up, compared to infants with corrected 

ID, infants with acquired ID, and infants with normal iron status. 

 

1.10. Innovation 

There are at least five innovative aspects of this investigation.  

First, the proposed study fills a critical gap in the investigation of ID and child 

development during infancy by using standardized, highly controlled methods of iron 

status (venous blood draw and analysis) and child development (standardized tests).  

Second, the study focuses on ID (not IDA alone) using a combination of biochemical 

measures (serum transferrin receptors, serum ferritin, and serum transferrin receptor-

ferritin index) to determine iron status. Blood samples were collected at enrollment and at 

12-month follow-up in both mothers and their children.  

The third innovation is the comparison groups that include ID without anemia, IDA, and 

normal iron levels. The current study found no evidence of heterogeneity between IDA 

and ID without anemia; therefore additional analyses were performed using dichotomous 

exposure: ID (regardless of anemia) and normal. 
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The fourth innovation is to examine potential modifying factors of the association 

between ID and child development. Identifying potential modifying factors (age, low 

maternal education, household assets, and unresponsive/negative home environment) for 

low scores on measures of child development in the context of ID will inform future 

interventions and research.  

The final innovation is the global collaboration. The trial, including all data collection 

and biochemical analysis was conducted at the National Institute of Nutrition in 

Hyderabad, India, a governmental institution71,88, with collaborators from the University 

of Maryland, Johns Hopkins University, Nutrition International (formerly Micronutrient 

Initiative), and the Mathile Institute for the Advancement of Human Nutrition.    
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CHAPTER II. RESEARCH DESIGN AND METHODS 

This study is a secondary analysis of data from an existing trial (Project Grow Smart88). 

 

2.1. Parent study 

Project Grow Smart was a 2 x 2 factorial randomized double-masked placebo-controlled 

trial conducted at the National Institute of Nutrition in India evaluating the effects of an 

integrated multiple micronutrient powder and early learning intervention on the 

development, growth, and micronutrient status of infants and young children in rural 

India. Children and their mothers were recruited and followed up for 12 months. A 

detailed description of this study was published elsewhere88, and the trial was registered 

at ClinicalTrials.gov (NCT01660958). There was an infant phase and a preschool phase. 

The proposed study will focus on the infant phase. 

 

2.2. Study design 

The proposed study uses a combination of observational study designs (cross-sectional 

and longitudinal designs) to investigate associations between ID/IDA and infants’ 

cognitive, motor, and socio-emotional development. Cross-sectional assessment estimates 

the association between ID/IDA and child development at enrollment; the longitudinal 

cohort assesses how changes in child development scores over time relate to iron status at 

enrollment, and investigates how changes in child development scores over time relate to 

the change of ID/IDA over time. These aims were not part of the Project Grow Smart 

aims. 
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2.3. Setting 

Twenty-two villages in the Nalgonda district in the state of Telangana participated in 

Project Grow Smart after obtaining approval from village leaders. The setting was 

selected because the prevalence of anemia among children under age 5 years was above 

70%89,90 with low micronutrient intake among children under age 2 years.91 

 

2.4. Participants 

Using village demographic surveys, trained village-level workers recruited infants from 

households after obtaining written consent. Eligibility criteria included infants: 1) aged 6 

to 14 months, 2) without chronic diseases or developmental disabilities, and 3) without 

severe anemia (hemoglobin <7 g/dL). Children with severe anemia were referred for 

medical evaluation and treatment. Five hundred and thirteen infant-mother dyads were 

recruited, and 12-month evaluations were conducted on 461participants (90% retention) 

(Figure 2.1). 

 

  

 

 

518 eligible infants 

513 infants at 

enrollment 

470 infants at  

6-month follow-up 

461 infants  

12-month follow-up 

Severe anemia 

(n=5) 

Loss to follow-up 

(n=43) 

Loss to follow-up 

(n=9) 

Figure 2.1. Parent 

study flow diagram 
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Measures 

2.5. Outcome variables  

All outcome measures were pilot tested and validated or modified to be appropriate for 

India.88 

Cognitive and motor development. The Mullen Scales of Early Learning were used to 

measure children’s cognitive and motor development at enrollment, 6-month follow-up 

and 12-month follow-up (Table 2.1). The Mullen Scales of Early Learning are 

appropriate for children from birth to age 68 months, have excellent psychometric 

properties, have been used in low- and middle-income countries in Africa and Latin 

America,92,93 and examine development in five areas: Gross/Fine Motor, Visual 

Reception, and Receptive/Expressive Language. It also yields an Early Learning 

composite score.  

Table 2.1. Evaluation time and assessment schedule 
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Pilot tests were conducted to ensure that test items were appropriate and that the 

psychologists were competent and confident in testing procedures. Inter-rater reliability 

was calculated (>0.95).88 Raw scores of outcome variables were converted into 

standardized age-adjusted t scores (M = 50, SD = 10) based on the standardization 

sample. 

Socio-emotional development. The Behavior Observation Inventory of the Bayley 

Scales of Infant and Toddler Development, Version III was used to measure child socio-

emotional development. Evaluations were performed at enrollment, 6-month follow-up 

and 12-month follow-up.). The Bayley-III Behavior Observation Inventory was 

administered to caregivers to assess their children’s socio-emotional behaviors. 

 

2.6. Exposure variables 

Iron and anemia status. Blood sample was collected at baseline and at 12-month follow-

up. A trained phlebotomist collected a 2 ml non-fasting blood sample from each infant 

and mother. Blood was transported to the laboratory at the National Institute of Nutrition 

in Hyderabad, India daily in thermally insulated boxes containing ice packs; plasma was 

separated and stored in aliquots at − 20°C until analysis. Quality assurance practices were 

followed. Detailed description was previously published.71 

Hemoglobin analysis was done in whole blood, on the same day of blood collection, 

using a commercial kit (HemoCor-D, Coral Systems; Tulip Group, Alto Santacruz, 

India). A sandwich ELISA was used to measure serum ferritin concentrations, as 

previously described.94 The serum ferritin assay was standardized with purified human 

liver ferritin that was diluted to 1 μg/ml in buffered bovine serum albumin which was 



25 
 

calibrated against International Standard 94/572 (National Institute for Biological 

Standards and Controls, South Mimms, UK). The assay sensitivity was 1 ng/ml and 

reported recoveries were above 90 %. Soluble transferrin receptor was analyzed using a 

sandwich ELISA kit with a minimum detectable dose of 0·5 nmol/l (R&D Systems, Inc., 

Minnesota, MN, USA). 

Following the World Health Organization guidelines,20 hemoglobin cut-off of <11g/dL 

was used for anemia among infants. A ferritin cut-off of <12 μg/l was used for iron 

deficiency95 in addition to soluble transferrin receptor, which is relatively not affected by 

inflammation. To correct for inflammation-related increase in ferritin levels, a factor of 

0.67 was used when C-reactive protein was higher than 5mg/l.96 In the absence of a 

universally accepted cut-off for soluble transferrin receptor, the frequency distribution of 

soluble transferrin receptor values of participants with no anemia, no ID and no 

inflammation (based on C-reactive protein <5 mg/l), and the mean values were obtained 

and used as the cut-off.97 The ferritin concentrations were log transformed and serum 

transferrin receptor-ferritin index (mg/μg) values were computed in the same group as an 

indicator of iron stores. A cut-off of 2·5 mg was established for soluble transferrin 

receptor and the mean serum transferrin receptor-ferritin index of 1·9 mg/μg was 

used to categorize ID.  

 

Based on the above cut-offs, Table 2.2 provides definitions of normal iron and 

hemoglobin levels, anemia, and ID with or without anemia. Iron status at enrollment will 

be used for Aims 1 and 2. To determine 12-month changes in iron status for Aim 3, 

enrollment and 12-month follow-up data will be used. 
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Table 2.2.   Definition of deficiencies of iron deficiency and anemia 

 

 

2.7. Potential effect modifiers 

Identification of potential effect measure modifiers (orange lines in Figure 2.2).  

The development of the human brain is closely related to age with major processes 

happening in early childhood.98 Child development is characterized by distinct stages as 

multiple changes are occurring in the brain during that period. For instance, a six-month 

old child has a different performance on developmental tests compared to a twelve-month 

old child. In addition, a previous study suggested that the effect of ID on child 

development may differ by age as outcomes may be worse when ID starts earlier during 

infancy.11 As a result, child age is considered as a potential effect measure modifier of 

the primary association of interest.  
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A longitudinal study found that parental socio-economic status (SES) moderated the 

association between ID in infancy and cognitive development at age 19 years.37 The 

study used Hollingshead Four Factor Index99 to measure socioeconomic status. This 

instrument is a survey that consists of four domains: marital status, education, 

employment, and occupational prestige. Although the Hollingshead Four Factor of Socio-

economic Status was not administered as part of Project Grow Smart, it is worth 

exploring whether specific components of socio-economic status (maternal education, 

interactions with the child in the home environment and household assets) are 

potential modifying factors in the association between ID and child development in our 

sample of very young Asian children. Mothers who achieve high educational attainment 

may be more likely to interact with or stimulate their children leading to better 

developmental scores compared to children of mothers with low educational attainment. 

Maternal education and positive home interactions may mitigate the negative impact of 

ID/IDA on child development. Children living in homes with high economic resources 

may have higher developmental scores compared to children living in homes with lower 

economic resources, as suggested by findings from Lozoff and colleagues.37   

The following potential modifying factors of the relationship between ID/IDA and child 

development will be tested: child age at enrollment, maternal education, household 

assets, and home interactions (orange lines in Figure 2.2).  
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Potential effect measure modifiers as measured in the study. 

Child age in months was reported at enrollment. Age ranges from 6 to 14 months with a 

mean age of 8.6 months.  

Maternal education was collected at enrollment. Number of years of schooling were 

reported. Maternal education was categorized as low literacy (primary education and 

below) and high literacy (beyond primary education). 

Home environment was assessed at enrollment using the HOME Inventory Scale, the 

Infant-Toddler version.100  This tool measures the quality and quantity of stimulation and 

parent responsiveness in the home environment through 45 items. It yields the following 

subscales: emotional responsivity of mother, avoidance of restriction, organization of 

environment, appropriate play material, maternal involvement, and daily stimulation. It 

 

 

 

 

Iron deficiency at 
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Maternal education 

Maternal anemia 

Maternal depression 
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Figure 2.2. Directed Acyclic Graph of the association between iron deficiency and child development at enrollment 

Food insecurity 
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was assessed during a home visit at a time when the mother and child were in the home 

and awake. The tool was revised to ensure that it was culturally appropriate; instructions 

were translated in the local language. It was pilot-tested among local children. Inter-rater 

reliability was > 0.92. 

Household assets A questionnaire, developed for India and other low- and middle-

income countries,101 assessing family ownership of 27 household assets was used to 

determine economic resources at enrollment. Assets included type of house, source of 

lighting/drinking water, livestock, furniture (mattress, chair, table, etc.), appliances 

(refrigerator, pressure cooker, sewing machine, television, radio, etc.), type of 

transportation (car, bicycle, motorcycle, etc.) and so on. Scores were weighted by relative 

significance of asset owned. Higher scores indicate more economic resources. 

 

2.8. Potential confounding variables 

Identification of potential confounding variables.  

Based on the literature and directed acyclic graph (Figure 2.2), child diarrhea, child diet, 

child sex, maternal depression, maternal anemia, and household food insecurity will be 

considered as potential confounding variables in this analysis as they are common causes 

of both ID and child development. Diarrhea has been associated with childhood 

stunting,102 iron loss103 and child development.104 In addition to be related to child 

development, maternal depression influences parenting practices.105 As anemic 

individuals experience fatigue, we would expect anemic mothers to be less physically 

involved in the development of their child. Dietary intake is a common cause of ID and 

child development; diet depends on household assets (proxy for income). Child sex has 



30 
 

been associated with undernutrition in South of Asia due to issues related to son 

preference.106 There exists age-related sex differences in brain development during 

childhood.107 

If maternal education, household assets, and age are not modifying factors as described 

above, they will be considered as potential confounding variables in the analyses with the 

pooled sample as they are common causes of the exposure and the outcome. For 

secondary analyses (stratification by age groups), age will not be included in the model as 

a confounding variable since it is the stratifying variable. 

 

Potential confounding variables as measured in the study. 

Child factors 

Child diarrhea was reported by caregivers on a monthly basis during home visits and 

reviewed by a pediatrician, with consultation as needed.  

Child diet: A food frequency questionnaire,91 modified for India, was administered at 

enrollment to assess child’s dietary intake.  

Child sex was recorded at enrollment. 

 

Maternal factors 

Maternal anemia: Mothers of infants provided blood samples at enrollment, and 

hemoglobin concentration was determined. To determine maternal anemia, the following 

WHO cut-offs20 were used: anemia is hemoglobin concentration <12 g/dL for non-

pregnant women or hemoglobin <11 g/dL for pregnant women. 
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Maternal depression was assessed using the Center for Epidemiologic Studies 

Depression Scale (CESD).108 This was a 20-item questionnaire with response values for 

each question ranging from 0 to 3. The total CESD score is computed as a sum of all 20 

questions; higher scores indicate more depressive symptoms. A total score of 16 or more 

was considered as having depression, while scores less than 16 were considered as no 

depression (or no clinical significance).108 

 

Household factor 

Household food insecurity: The Household Food Insecurity Access Scale (HFIAS) was 

used to measure household food insecurity. It is a 9-item standardized questionnaire, 

which has been used globally and in India.109 Food insecurity is defined by the 

endorsement of one item or more. 

 

2.9. Potential moderating effects of Project Grow Smart interventions 

Randomization groups: Infants who participated in Project Grow Smart where 

randomized into a 2x2 factorial design: multiple micronutrient intervention vs. placebo 

and early learning intervention vs. control. The follow-up time was 12 months. All 

groups received nutrition education. 

 

2.10. Sample size and power 

Five hundred and thirteen participants were enrolled in the parent study. Forty 

participants with no hemoglobin and iron data were excluded leaving a sample of 473. 
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For primary analyses with IDA, ID with no anemia, and normal, infants who had anemia 

but not ID at enrollment are excluded from this analysis (n=71) leaving a total sample of 

402 mother-child dyads at enrollment. Reason for this exclusion is that anemia may be 

caused by factors other than ID (e.g., malaria, glucose-6-phosphate dehydrogenase 

deficiency, congenital hereditary defects in hemoglobin synthesis, lead exposure, 

deficiencies in folic acid and vitamins A, B12 or C)7.  

Sample size calculation is based on effect sizes. Cohen’s d, a standardized effect size for 

the difference in developmental scores comparing children with normal iron status to 

children with ID (e.g., normal vs. ID without anemia or normal vs. IDA), will be used to 

assess main effects. The conventional Cohen’s d classification is as follows: small 

effect (Cohen’s d=0.2), medium effect (Cohen’s d=0.5) and large effect (Cohen’s 

d=0.8).110 To compute the minimal detectable mean difference, we multiply the standard 

deviation of the pooled sample by Cohen’s d. 

For simplicity, power analysis was computed for one of the study outcomes (gross 

motor). Scores obtained on the gross motor domain of the Mullen Scales of Early 

Learning were converted into age-adjusted t-scores. Therefore, t-scores were used for 

mean, standard deviation (SD), and minimal detectable mean difference. 

Power analysis was conducted using SAS 9.4 (SAS Institute Inc., Cary, NC, USA), 

G*Power3.1111 and RStudio112. A power of 0.80 for a two-tailed alpha level of 0.05 was 

considered optimal.  

 

 Aim 1: For the cross-sectional analysis, standardized effect size for a baseline mean 

differences in developmental scores comparing exposure groups is computed. T-test for 
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mean differences between two independent means (ID without anemia vs. normal and 

IDA vs. normal) was computed using sensitivity power analysis to obtain required effect 

size (G*Power).  

Standardized effect sizes were computed using enrollment data for gross motor scores: 

mean t-scores of 46.2 for the normal group, 46.3 for ID and 45.7 for IDA with a pooled 

SD of 10.9. The study sample allows the detection of a small main effect size of 0.28 for 

normal vs. ID without anemia (minimal detectable mean difference=3.05) and 0.25 for 

normal vs. IDA (minimal detectable mean difference=2.72) (Table 2.3). 

Table 2.3. Minimal detectable differences based on available data 

 

Aim 2: Standardized effect size for the difference in developmental scores over time 

between enrollment and 12-month follow-up comparing exposure groups is computed 

using change of mean t-scores of gross motor between baseline and 12-month follow-up 

across exposure groups: mean change in normal group=1.22 (SD=12.1), change in mean 
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in ID=5.04 (SD=16.2) and mean change in IDA=3.84 (SD=14.5). T-test was used to 

compare ID vs. normal and IDA vs. normal, separately. 

This sample provides sufficient power to compare main effects between normal vs. ID 

without anemia (Cohen’s d≥ 0.47 or a minimal detectable mean difference in t-scores of 

6.91) and between normal vs. IDA (Cohen’s d≥ 0.41 or a minimal detectable mean 

difference in t-scores of 6.03). 

 

Aim 3.1: Standardized effect size for the difference in developmental scores over time 

between enrollment and 12-month follow-up comparing exposure groups is computed 

using change scores of gross motor T-test was used to compare ID vs. normal and IDA 

vs. normal, separately. This sample provides sufficient power to compare main effects 

between normal vs. ID without anemia (Cohen’s d≥ 0.47 or a minimal detectable mean 

difference in t-scores of 6.91) and between normal vs. IDA (Cohen’s d≥ 0.41 or a 

minimal detectable mean difference in t-scores of 6.03). 

 

Aim 3.2: Standardized effect size for the mean difference in development scores at 12-

month follow-up is computed comparing chronic, acquired, and corrected groups to the 

normal group. Because the normal group had a small sample size, the chronic ID group 

was used as the reference group to enhance the power to detect a smaller difference 

between groups. T-test for mean differences between two independent means (ID vs. 

normal and IDA vs. normal) was computed using sensitivity power analysis to obtain 

required effect size (G*Power). There is enough power to detect a medium effect main 
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effect for all exposure groups (Cohen’s d≥0.47 for normal, 0.39 for corrected, and 0.37 

for acquired). 

 

2.11. Data analysis 

Statistical analyses included the following:  

1) Frequencies and distributions of the data were examined to determine if necessary 

assumptions of regression-based models were met.  

2) Data were inspected to assess the pattern of missingness. Missing completely at 

random assumption was explored by comparing the sample characteristics between those 

with missing data and those with complete data. Maximum Likelihood methods for 

missing values was used for missing outcome and predictor variables.  

3) Data transformation was used for the socio-emotional variable because it was highly 

skewed. However, data transformation did not improve model fit.  

4) Covariates were identified using theoretical framework and directly acyclic graphs. 

Bivariate analyses were conducted to examine the association between exposure and 

covariates and the relationship between outcome and covariates using mixed effects 

models accounting for village clustering. Covariates that were associated with both the 

exposure and the outcome and that yielded a change in estimate (between the crude and 

adjusted) of ≥10% in stratified analysis were considered as confounders.  

5) To control for the possibility of heterogeneity of sites where recruitment occurred, a 

random effect for recruitment site was added in all models.  
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6) For Aims 1, 2 and 3.1, ID and IDA were compared to the normal iron group. For Aim 

3.2, corrected ID, acquired ID, and normal iron status were compared to chronic ID. 

 

ANALYSIS BY AIM 

 

Aim 1: To estimate the associations between iron status and child development at 

enrollment and identify modifying factors (cross-sectional) 

 

Exposure: Iron status at enrollment categorized as IDA, ID without anemia and normal 

iron status. 

Outcomes: Developmental scores collected at enrollment, including gross motor, visual 

reception, fine motor, receptive language, expressive language, and socio-emotional 

domains. 

Potential effect measure modifiers: include child age, maternal education, home 

environment and household assets will be assessed for effect measure modification.  

Potential confounding factors: include child diet, child sex, diarrhea status, maternal 

depression, maternal anemia, and household food insecurity. 

 

Analysis plan 

Linear mixed effects models with a random effect for site of recruitment were used to 

assess whether baseline ID/IDA ass cross-sectionally related to child cognitive, motor 

and socio-emotional development at enrollment. Confounding variables were adjusted 

for.  
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Aim 1.1: Estimate the association between ID/IDA and child motor, cognitive and 

socio-emotional development at enrollment  

The association between ID/IDA and child development after adjustment for confounding 

variables was assessed among all infants in the dataset. The basic equation fitted was the 

following: 

 

Yi= β0 + β1IDi + β2IDAi + Confounding variablesi + εi (eq. 1) 

 

Where Yi was the outcome variable (child development) for the ith child. IDi was a 

dummy variable for ID without anemia of the ith child coded as “1” for presence of ID 

and “0” as no ID. IDAi was a dummy variable for IDA for the ith child coded as “1” for 

presence of IDA and “0” as no IDA. Additional confounding variables for each child at 

enrollment were adjusted for. A random intercept was added for site of recruitment. 

 

Aim 1.2: Determine whether the associations between ID/IDA and child 

development differ by baseline child age, maternal education, household assets, and 

home interactions. 

The moderating effects of baseline child age (in months), maternal education, household 

assets, and home interactions at baseline were tested separately by adding interaction 

terms in the model. A significant interaction (p<0.05) indicated that exposure-outcome 

associations vary by the baseline level of the moderating variable, and findings were 

stratified by stratum of the moderating variable. 
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Descriptive analysis: Local regression models (Proc Loess in SAS) were fitted to 

explore whether there was an association between serum ferritin levels (continuous 

variable) and child development.  

 

 Aim 2:  To estimate how baseline iron status is related to changes in child 

development over time and identify modifying factors (longitudinal) 

Exposure: Iron status at enrollment categorized as IDA, ID without anemia and normal 

iron status. 

Outcomes: Developmental scores collected at enrollment, 6-month follow-up and 12-

month follow-up (gross motor, visual reception, fine motor, receptive language, 

expressive language, and socio-emotional). 

Potential effect measure modifiers: For this longitudinal analysis, child age, maternal 

education, home environment, and household assets were assessed for effect measure 

modification. 

Potential confounding factors included child diet, child sex, diarrhea status, maternal 

depression, maternal anemia, and food insecurity. 

 Project Grow Smart interventions: There was a possibility that early learning and 

micronutrient interventions of Project Grow Smart affected child developmental scores at 

6-month and 12-month follow-up as shown in Figure 2.3. To control for the potential 

effect of Project Grow Smart interventions on outcome or exposure variables, a stepwise 

approach was used, and models were adjusted accordingly.  
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The first step included adding an interaction term between exposure groups and the early 

learning intervention as early learning might be associated with child development at 6- 

and 12-month follow-up. If that interaction was not significant, the interaction was 

removed from the model, and Table 2.4 columns were collapsed. If significant, findings 

were stratified by early learning intervention.  

The second step included adding a separate interaction between exposure groups and the 

micronutrient intervention as consumption of micronutrients might be associated with 

both ID and child development. If that 

interaction was not significant, it was 

removed from the model and Table 

2.4 rows were collapsed. If 

significant, findings were stratified by 

micronutrient groups.  
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Lastly, if both interaction terms (exposure group*early learning intervention and 

exposure group*micronutrient intervention) were significant, associations were assessed 

within randomization arms (early learning alone, micronutrient alone, early learning and 

micronutrient, and placebo). If both interaction terms were not significant, analyses were 

performed using the pooled sample.  

 

Analysis plan 

Linear mixed effects models accounting for clustering within individuals and recruitment 

sites were used to examine the associations between baseline ID/IDA and changes in 

child development scores over time, after adjustment for confounding variables.  

 

Aim 2.1: Estimate the association between baseline ID/IDA and changes in child 

motor, cognitive and socio-emotional development over time  

Random intercepts for child and site of recruitment were added in the model. The basic 

model was the following: 

Yij= boi + β0 + β1IDi1 + β2IDAi1 + β3T6 + β4T12 + β5IDi1T6 + β6IDi1T12 + β7IDAi1T6 + 

β6IDAi1T12 + Confounding variablesi1 + εij (eq. 2) 

 

Where Yij was the outcome variable for the ith child at time jth. boi was the random 

intercept for the ith child.  IDi1 was a dummy variable for ID without anemia coded as “1” 

for presence of ID and “0” as no ID for the ith child at enrollment. IDAi1 was a dummy 

variable: “1” for presence of IDA and “0” as no IDA for the ith child at enrollment. T6 and 

T12 represented time variables (6-month and 12-month follow-up). IDi1T6, IDi1T12, 
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IDAi1T6, IDAi1T12 were interaction terms between exposure groups and time. 

Confounding variablesi1 for each child at enrollment were added in the model. A random 

intercept was added for site of recruitment. 

 

Aim 2.2: Determine whether associations between baseline ID/IDA and child 

development over time differ by child age, maternal education, household assets and 

home environment 

The same models as in Aim 2.1 were used while adding interaction terms with baseline 

child age, maternal education, and household assets. Significant interactions led to 

stratification of findings.  

 

Aim 3: To investigate the association between iron status at enrollment and at 12-

month follow-up and child development at the same time points (cohort) 

 

Aim 3.1: Estimate the association between ID/IDA at enrollment and at 12-month 

follow-up and child motor, cognitive, and socio-emotional development at the same 

time points 

Linear mixed effects models accounting for clustering within individuals and site of 

recruitment were used to examine the associations between change of ID/IDA over time 

and child development over 12 months (2 measurements), after adjustment for 

confounding variables.  

Exposure groups. Exposure was iron status at enrollment and 12-month follow-up 

categorized as IDA, ID without anemia and normal iron status. 
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Outcomes: Developmental scores collected at enrollment and 12-month follow-up (gross 

motor, visual reception, fine motor, receptive language, expressive language, and socio-

emotional). 

Potential confounding factors included child age, child sex, diarrhea status, diet, maternal 

depression, maternal education, maternal anemia, household food insecurity and 

household assets. 

Project Grow Smart interventions. Because early learning and/or micronutrient 

interventions might affect child development over time (Figure 2.3), the moderating 

effects of randomization groups were examined as described in Aim 2 above. 

The basic equation was as follows: 

Yij= boi + β0 + β1IDij + β2IDAjij + β3T12 + β4IDijT12 + β5IDAijT12 + εij (eq. 3) 

 

Where Yij was the outcome variable for the ith child at time jth. boi was the random 

intercept for the ith child. IDi and IDAi were dummy variables for exposure group levels 

for the ith child; these levels were compared to the normal iron status group. T12 

represented time (12-month follow-up), compared to enrollment. IDi1T12, IDAi1T12 were 

interaction terms between exposure groups and time. Confounding variables for each 

child were adjusted for. A random effect for site of recruitment was added in models. 
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Aim 3.2: Estimate the association between chronic ID and child development at 12 

months 

Linear mixed effects models with random effect for site of recruitment were used to 

examine the associations between chronic ID (Figure 2.4) and child development at 12-

month follow-up, after adjustment for confounding variables.  

Exposure groups. Exposure groups 

were defined as chronic if ID at 

enrollment and at 12-month follow-

up, corrected if ID at enrollment but 

not at 12-month follow-up, acquired 

ID at 12-month follow-up but not at 

enrollment, and normal if normal 

iron status at enrollment and 12-

month follow-up (Figure 2.4). 

Outcomes: Developmental scores collected at 12-month follow-up (gross motor, visual 

reception, fine motor, receptive language, expressive language, and socio-emotional). 

Potential confounding factors included child age, child sex, diarrhea status, diet, maternal 

depression, education and anemia, food insecurity and household assets. 

Project Grow Smart interventions. Because early learning and/or micronutrient 

interventions might affect child development over time (Figure 2.3), the moderating 

effects of randomization groups were examined as described in Aim 2 above. 
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The basic equation was as follows: 

Yi= β0 + β1Normali + β2Correctedi + β3Acquiredi + εi (eq. 4) 

 

Where Yi was the outcome variable for the ith child. Normali, Correctedi, Acquiredi were 

dummy variables for exposure group levels for the ith child; these levels of exposure 

were compared to the group with chronic ID. Confounding variables for each child were 

adjusted for. A random effect was added for recruitment site. 

 

Secondary analyses  

Stratified analyses included stratifying our findings from our primary aims by age 

groups to assess whether the associations between ID and child development were related 

to early or later deficits in development. 

Exploring the potential interaction between anemia and iron deficiency: To test 

whether anemia was a modifying factor of the association between ID and child 

development, participants with anemia but no ID who were excluded from primary 

analyses, were included in these models. One-way ANOVA were used to compare child 

development scores between the four exposure groups: no ID/no anemia, ID and anemia, 

ID only, and anemia only. Then linear mixed effects models were fitted with an 

interaction term. For simplicity, the current explanation will focus on a modified version 

of Eq.1. The following equation was fitted. 

Yik= bok + β0 + β1IDi + β2Anemiai + β3ID*Anemiai + Confounding variables + εik (eq. 

1a) 
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Where Yik was the outcome variable (child development) for the ith child at the kth 

recruitment site. bok was the random intercept for the kth recruitment site. IDi was a 

dummy variable for ID with and without anemia of the ith child coded as “1” for 

presence of ID and “0” as no ID. Anemiai was a dummy variable for anemia for the ith 

child coded as “1” for presence of anemia and “0” as no anemia. ID*Anemiai was the 

interaction term between ID and anemia.  

A statistically significant β3 suggested that anemia is a moderating factor in the 

association between ID and child development, and that the association between ID and 

child development needed to be assessed within stratum of anemia. If β3 was not 

significant, association between ID and child development did not need to be stratify by 

anemia; therefore, infants with anemia and no ID would be added to the final analyses.  
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CHAPTER III. ASSOCIATION BETWEEN IRON DEFICIENCY AND CHILD 

DEVELOPMENT: A CROSS-SECTTIONAL STUDY 

 

ABSTRACT 

Background: Iron deficiency is the most common micronutrient deficiency and the 

leading cause of anemia worldwide. Iron deficits may have negative effects on child 

development during early childhood. This study aimed to investigate the association 

between iron deficiency with or without anemia and child development among infants 

living in rural India and to assess whether this association differs by child age and sex, 

maternal education, home environment, and household assets. 

Methods: This was a cross-sectional analysis using baseline data of a nutritional and 

early learning randomized controlled trial. Children aged 6-14 months and their mothers 

were recruited from 22 villages in the state of Telangana, India. Blood samples, 

demographic factors, and dietary information were collected at enrollment. Child 

development was assessed using the Mullen Scales of Early Learning and the Behavior 

Observation Inventory of the Bayley Scales of Infant and Toddler Development yielding 

scores in gross/fine motor, visual reception, receptive and expressive language, and 

socio-emotional domains. Linear mixed effect models were used to account for clustering 

within villages. Interaction terms were added separately in models to test whether child 

age and sex, maternal education, home environment, and household assets were effect 

measure modifiers. Cohen’s d for the difference in development scores between normal 



47 
 

and iron deficiency groups was computed. Sensitivity analyses were performed to 

account for the possibility of collider-stratification bias and ascertainment bias. 

Results: 402 infants were included for the primary analysis: 44% were girls, the mean 

age was 8.7 months, 60% had iron deficiency and anemia, 25% iron deficiency with no 

anemia, and 15% had normal iron status at enrollment. Primary findings suggested an 

association between iron deficiency and expressive language among infants aged 10-14 

months; however, after accounting for the possibility of collider-stratification bias, there 

was no association between iron deficiency and expressive language in this age group. 

After accounting for the possibility of collider-stratification and ascertainment biases, 

infants aged 6-9 months with normal iron status had significantly higher gross motor 

scores compared to their counterparts with iron deficiency (MD= -2.22, SE= 1.1, 

p=0.045) with a small effect size of -0.24. There were no significant associations between 

iron deficiency and other development domains. Age modified the association between 

iron deficiency and the socio-emotional domain. Child sex, maternal education, 

household assets, and the home environment did not moderate the associations of interest. 

Conclusions: Iron deficiency was related to low gross motor scores among infants 6-9 

months cross-sectionally. There was no association between iron deficiency and other 

domains of child development. Child age, child sex, maternal education, household 

assets, and the home environment did not moderate the association of interest. As motor 

development in infancy promotes development in other domains, there is a need to reduce 

micronutrient deficiencies by promoting dietary diversity in a population that consumes 

low quantities of animal-source foods and has a high prevalence of maternal anemia. 
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Given the cross-sectional nature of this study, further longitudinal investigations are 

needed to account for temporality. 
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BACKGROUND 

Iron deficiency is the most common micronutrient deficiency and the leading cause of 

anemia worldwide. Anemia is highly prevalent in children under age 5 years: 42.6% 

globally8 and 70% in India.89 Rates are the highest among children under the age of two 

years (80-85% in India).89  

Young children are at high risk of iron deficiency and anemia because infancy is a period 

of rapid growth with increasing bone mass10 and brain development.113 The iron status of 

newborns is highly dependent on maternal iron status as newborns acquire their iron 

stores during pregnancy. In full-term infants, these iron stores are sufficient to meet their 

iron need up to four to six months after birth assuming that mothers have iron levels 

within normal range.2,9 This is not always the case among Indian mothers living in rural 

setting, where high prevalence of maternal anemia has been reported.71 To maintain 

proper iron need for growth and to replace normal losses, there are recommended daily 

dietary iron intakes for infants 7-12 months.2 Infancy is also a sensitive period as 

complementary feeding (transition from exclusive breastfeeding to other foods) is 

introduced, and children need nutritional diversity to meet their nutritional needs for 

growth.15 Iron deficiency occurs when iron absorption is inadequate or when iron stores 

are progressively reduced and can no longer meet the needs of normal iron function in the 

body.2,7 Iron deficit eventually causes a detectable change in laboratory tests, including 

serum ferritin, serum transferrin receptors, and hemoglobin. Early iron deficit results in 

iron deficiency without anemia. When there is insufficient iron for the production of red 

blood cells, hemoglobin synthesis is impaired and signs of iron deficiency and anemia 

appear.1 As a result, iron deficiency is considered as a continuum.2 
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Early child development refers to the brain development and function of very young 

children; it consists of multiple domains, including motor, socio-emotional, and 

cognitive.27 Early child development determines health, emotional wellbeing, and 

productivity in adulthood.28 Children who fail to attain their developmental potential in 

early childhood are at risk for poor cognition and low academic achievements during 

school-age, and these factors negatively affect their incomes later in life.29 Optimum 

nutrition and learning opportunities allow children to attain their developmental 

potential.45  

Informed by the socio-ecological model, child (age, sex, and diet), maternal (education, 

depression, and anemia), and household factors (assets, food insecurity, home 

environment) were tested for moderating effects and/or confounding. Parental 

socioeconomic status has been identified as a moderator of the association between iron 

deficiency during infancy and child development.37 In addition, it has been suggested that 

the effect of iron deficiency on child development may differ by age as outcomes may be 

worse when iron deficiency starts earlier during infancy.11 Sex differences in brain 

development during childhood have also been identified.107 The directed acyclic graph 

(DAG) was drawn to identify potential confounding factors.  

There has been mixed findings reporting the association between iron deficiency and 

child development of young children. For decades, there has been compelling evidence 

supporting an association between iron deficiency and child development.55-58 Infants 

with iron deficiency are at risk of poor development, which may have short- and long-

term impacts on neurocognitive and neurophysiologic outcomes.13 However, recent 

systematic reviews and meta-analyses48,59,60 found inconsistent evidence highlighting the 
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need for further investigations. There were some methodological differences across 

studies, including sample size, measures to assess iron deficiency, child development 

tools, and follow-up times. 

The purpose of this study was to investigate the association between iron deficiency with 

or without anemia and child development among infants aged 6 to 14 months living in 

rural India and to determine whether this association differs by child age and sex, 

maternal education, home interaction between child and caregiver (home environment), 

and household assets.  

 

METHODS 

This is a cross-sectional study using baseline data of a randomized controlled trial 

(Project Grow Smart) conducted at the National Institute of Nutrition in India and 

registered at ClinicalTrials.gov (NCT01660958). Ethical approval was obtained from the 

Institutional Ethical Committee of National Institute of Nutrition and the Institutional 

Review Board of the University of Maryland School of Medicine. 

 

Setting 

Twenty-two villages in the Nalgonda district in the state of Telangana participated in 

Project Grow Smart after obtaining approval from village leaders. The setting was 

selected because the prevalence of anemia among children under age 5 years was above 

70%90,94 with low micronutrient intake among children under age 2 years.91 
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Participants 

Using village demographic surveys, trained village-level workers recruited infants from 

households after obtaining written consent. Eligibility criteria included infants: 1) aged 6 

to 14 months, 2) without chronic diseases or developmental disabilities, and 3) without 

severe anemia (hemoglobin <7 g/dL). Children with severe anemia were referred for 

medical evaluation and 

treatment. Five hundred 

and thirteen infant-mother 

dyads were recruited in 

Project Grow Smart. 

Thirty seven had missing 

hemoglobin information; 

three had missing values 

for both serum ferritin and 

sTfR measures. After 

excluding those with 

anemia without iron deficiency, the sample for the primary analysis was 402 infants. 

 

Measures 

Outcome measures 

All outcome measures were pilot tested and validated or modified to be appropriate for 

India.88 Evaluation was conducted by trained psychologists. Inter-rater reliability was 

calculated (>0.95).88 

 

  

513 recruited in Project 

Grow Smart 

476 with hemoglobin 

data 

473 with at least one 

iron-specific measure 

402 infants  

(Analytic sample) 

37 with missing 

hemoglobin data 

3 with missing 

serum ferritin and 

STfR measures 

71 with anemia 

without ID 

Figure 3.1. Study Flow Chart 
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Cognitive and motor development: the Mullen Scales of Early Learning were used to 

measure children’s cognitive and motor development. This tool is appropriate for 

children from birth to age 68 months, has excellent psychometric properties and has been 

used in low- and middle-income countries in Africa and Latin America.92,93 It examines 

development in five areas: Gross/Fine Motor, Visual Reception, and 

Receptive/Expressive Language. Internal consistency from the Mullen’s validation 

sample exceeds 0.80 for all subscales except Visual Reception (0.79) and Fine Motor 

(0.75).114 Raw scores were converted into standardized age-adjusted t scores (mean = 

50, standard deviation = 10) based on the standardization sample. 

Trained psychologists administered developmental evaluation. Pilot-testing was 

performed with local children to ensure standard procedures and tool appropriateness. 

Inter-rater reliability was tested before each wave of data collection. Inter-rater reliability 

based on ICC exceeded 0.85. 

Socio-emotional development: the Behavior Observation Inventory of the Bayley Scales 

of Infant and Toddler Development, Version III, was used to measure child socio-

emotional development. The Bayley validation study reported an average reliability of 

0.90.115 The tool was administered to caregivers. Raw score were converted to t scores 

(mean = 50, standard deviation = 10). 

Exposure measures 

A trained phlebotomist collected a 2-ml non-fasting blood sample from each infant and 

mother. Blood was transported to the laboratory at the National Institute of Nutrition in 

Hyderabad, India daily in thermally insulated boxes containing ice packs; plasma was 
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separated and stored in aliquots at − 20°C until analysis. Quality assurance practices were 

followed. Detailed description was previously published.71 

Hemoglobin analysis was done in whole blood, on the same day of blood collection, 

using a commercial kit (HemoCor-D, Coral Systems; Tulip Group, Alto Santacruz, 

India). A sandwich ELISA was used to measure serum ferritin concentrations, as 

previously described.94 The serum ferritin assay was standardized with purified human 

liver ferritin that was diluted to 1 μg/ml in buffered bovine serum albumin which was 

calibrated against International Standard 94/572 (National Institute for Biological 

Standards and Controls, South Mimms, UK). The assay sensitivity was 1 ng/ml and 

reported recoveries were above 90 %. Soluble transferrin receptor was analyzed using a 

sandwich ELISA kit with a minimum detectable dose of 0·5 nmol/l (R&D Systems, Inc., 

Minnesota, MN, USA). 

Following the World Health Organization guidelines,20 hemoglobin cut-off of <11g/dL 

was used for anemia among infants. A ferritin cut-off of <12 μg/l was used for iron 

deficiency95 in addition to soluble transferrin receptor, which is relatively not affected by 

inflammation. To correct for inflammation-related increase in ferritin levels, a factor of 

0.67 was used when C-reactive protein was higher than 5 mg/l.96 In the absence of a 

universally accepted cut-off for soluble transferrin receptor, the frequency distribution of 

soluble transferrin receptor values of participants with no anemia, no iron deficiency and 

no inflammation (based on C-reactive protein <5 mg/l), and the mean values were 

obtained and used as the cut-off.97 The ferritin concentrations were log-transformed and 

serum transferrin receptor-ferritin index (mg/μg) values were computed in the same 

group as an indicator of iron stores. A cut-off of 2·5 mg was established for soluble 
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transferrin receptor and the mean serum transferrin receptor-ferritin index of 1·9 mg/μg 

was used to categorize iron deficiency. Based on the above cut-offs, Table 3.1 provides 

definitions of normal iron and hemoglobin levels, anemia, and iron deficiency with or 

without anemia. 

Table 3.1.   Definition of deficiencies of iron deficiency and anemia 

 

Potential effect measure modifiers 

The potential moderating effects of child age and sex, and parental socioeconomic factors 

(maternal education, home environment, and household assets) were tested as these 

factors were suggested as potential moderators of the association between iron deficiency 

and child development.37,11,107 

Child age in months was entered in models. Ages ranged from 6 to 14 months. Because 

developmental milestones in early childhood are generally achieved within varying age 
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ranges (usually between 3-4 months) called developmental stages,114 stratification of 

these findings was performed using 6-9 months and 10-14 months age groups.  

Child sex was recorded at enrollment. 

Maternal education was collected at enrollment. Number of years of schooling were 

reported. Maternal education was categorized into two groups: primary education and 

below and secondary education and higher. 

Home environment was assessed using the HOME Inventory Scale, the Infant-Toddler 

version.100  This tool measures the quality and quantity of stimulation and parent 

responsiveness in the home environment through 45 items. It yields the following 

subscales: emotional responsivity of mother, avoidance of restriction, organization of 

environment, appropriate play material, maternal involvement, and daily stimulation. It 

was assessed during a home visit at a time when the mother and child were in the home 

and awake. The tool was revised to ensure that it was culturally appropriate; instructions 

were translated in the local language. It was pilot-tested among local children. Inter-rater 

reliability was > 0.92 and internal consistency for the total HOME score is as high as 

0.80.116 Sum scores of all the items were used. In the absence of culturally-appropriate 

cut-offs to define high (vs. low) home interactions, empirical cut-offs previously used in 

the literature117 and in this sample69 were determined. Home scores were categorized as 

high home interactions (top quartile) vs. low home interaction (bottom three quartiles).  

Household assets were quantified using a questionnaire, developed for India and other 

low- and middle-income countries,101 assessing family ownership of 27 household assets 

was used to determine economic resources at enrollment. Assets included type of house, 

source of lighting/drinking water, livestock, furniture (mattress, chair, table, etc.), 
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appliances (refrigerator, pressure cooker, sewing machine, television, radio, etc.), type of 

transportation (car, bicycle, motorcycle, etc.) and so on. Scores were weighted by relative 

significance of assets owned, and an index was created. Higher scores indicate more 

economic resources. 

Potential confounding factors 

Child diarrhea was reported by caregivers on a monthly basis during home visits. The 

following question was asked to caregivers: “did your child have diarrhea in the past 14 

days?” Possible answers were yes or no. 

Child diet: A food frequency questionnaire,91 modified for India, was administered to 

assess child’s dietary intake at enrollment. Questions were asked to determine whether 

child consume particular type of foods during the last week; scores were 1 for yes or 0 for 

no. Because iron status is associated with dietary intake of iron-containing foods, a sum 

score or iron-rich foods was created for this analysis. Iron-rich foods included vegetables 

(e.g. amaranth and green leafy vegetables), meat (e.g. mutton, liver and fish), fortified 

foods (e.g., Horlicks, Cerelac), and legumes (e.g. dhal).  The number of iron-rich foods 

(range= 0-9). Iron-rich foods were defined as top quartile (2 or more) vs. lowest quartiles. 

Maternal anemia: Mothers of infants enrolled in the study provided blood samples, and 

hemoglobin concentration was determined. To determine maternal anemia, the following 

WHO cut-offs20 were used: anemia is hemoglobin concentration <12 g/dL for non-

pregnant women or hemoglobin <11 g/dL for pregnant women. 

Maternal depression was assessed using the Center for Epidemiologic Studies 

Depression Scale (CESD).108 This was a 20-item questionnaire with response values for 
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each question ranging from 0 to 3. The total CESD score is computed as a sum of all 20 

questions; higher scores indicate more depressive symptoms. In the absence of specific 

cut-offs for the Indian population, a total score of 16 or more was considered as having 

depression symptoms, while scores less than 16 were considered as no depressive 

symptoms of no clinical significance.108 

Household food insecurity: The Household Food Insecurity Access Scale was used to 

measure household food insecurity. It is a 9-item standardized questionnaire, which has 

been used globally and in India.109 It has demonstrated an acceptable internal consistency 

(Cronbach’s α = 0.80 to 0.91).118,119 Food insecurity is defined by the endorsement of one 

item or more. 

 

Statistical analysis 

To describe the study sample, bivariate analyses between covariates and exposure were 

conducted. P-values accounting for clustering at the village-level using random-intercept 

ordinal logistic regression models were reported (Table 3.2). 

There was less than 1% missing data on covariates. Because only two participants had 

missing maternal hemoglobin information, no imputation was performed. 

Linear mixed effects models with a random effect for site of recruitment were used to 

assess whether iron deficiency without anemia or iron deficiency with anemia is cross-

sectionally related to child development. 

To assess effect measure modification, models were fitted with interaction terms between 

exposure and the potential effect modifier. Significant interaction was defined as omnibus 
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p-value<0.05.  Child age was a significant modifying factor in the association between 

iron status and socio-emotional development. This association was further stratified by 

age categories: mean-SD, mean, and mean + SD (Figure 3.2). All findings were stratified 

by age groups (6-9 months and 10-14 months). 

Potential confounding factors were identified through the literature and a directed acyclic 

graph (Appendix Aim 1: Figure U). Confounding variables in this study were defined as 

factors yielded a change in estimate (between the crude and adjusted) of ≥10%. Child age 

and household assets met these requirements. Child age and household assets were 

adjusted for in the overall final model (Table 3.3), and household assets were controlled 

for in the adjusted stratified models (Table 3.4).  

Standardized effect sizes (Cohen’s d) for the difference in developmental scores 

comparing children with normal iron status to children with iron deficiency (e.g., normal 

vs. iron deficiency without anemia or normal vs. iron deficiency with anemia) were 

computed and presented for adjusted stratified models (Table 3.4). The conventional 

Cohen’s d classification is as follows: small effect (Cohen’s d=0.2), medium effect 

(Cohen’s d=0.5) and large effect (Cohen’s d=0.8).110 

Normality of residuals were checked to determine the goodness-of-fit of linear mixed 

effects models. Residuals for cognitive and motor development outcomes did not depart 

from normality, so outcomes were not transformed (Appendix Aim 1: Figures A-E). As 

residuals for socio-emotional outcome slightly departed from normality, multiple 

transformations (square root, logarithm, inverse and their ‘reflect’ versions) were 

performed; however, none of these transformations improved the model fit. Therefore, 
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the socio-emotional outcome was not transformed (Appendix Aim 1: Figure F). The 

distribution of socio-emotional t-scores is in Appendix Aim 1: Figure M. 

An exploratory analysis of local regression models did not show any patterns between 

continuous biomarkers of iron levels and development scores (Appendix Aim 1: Figures 

G-L). 

Several sensitivity analyses were performed to assess the robustness of the primary 

findings. First, iron deficiency groups (iron deficiency with and without anemia) were 

combined, and the association between iron deficiency using a two-level exposure group 

(normal iron status and iron deficiency regardless of anemia) and child development was 

assessed (Appendix Aim 1: Table A). This analysis aimed to investigate the possibility 

of collider-stratification bias: stratifying on anemia may lead to biased estimates in the 

presence of unmeasured common causes of anemia and child development.120. Second, 

interaction terms between anemia and iron deficiency was tested using all participants 

with iron measures, including those with anemia and no iron deficiency (total sample= 

473) (Appendix Aim 1: Table B). The inclusion of participants who were excluded from 

primary analysis reduced the possibility of ascertainment bias, which arises when an 

inadequate definition is used to determine eligible population leading to a study sample 

that is not representative of the population.121 This analysis helped determine whether 

stratifying on anemia is necessary when assessing the association between iron deficiency 

and child development. A scatterplot between hemoglobin and serum iron ferritin level 

(Appendix Aim 1: Figure N) and three-dimensional graphs plotting the associations 

between anemia, iron deficiency, and child development scores at enrollment (Appendix 

Aim 1: Figures O-T) were produced. Third, the association between iron deficiency and 
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child development was tested in this sample of 473 participants using a two-level 

exposure group to account for the possibility of both collider-stratification bias and 

ascertainment biases. Since age was not a moderator in our association of interest, 

findings with the pooled sample are presented in Table 3.5; meanwhile, stratified results 

were shown in Table 3.6.  

Analyses were conducted using SAS 9.4 (Cary, NC) and RStudio112. Significance level 

was at p<0.05 and marginal significance at p<0.10.  
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RESULTS 

Sample characteristics 

Forty-four percent of participants were girls, and the mean age was 8.7 months (Table 

3.2). Sixty percent had iron deficiency and anemia, 25% had iron deficiency with no 

anemia, and 15% had normal iron status. Eleven percent reported diarrhea episodes, and 

the median number of iron-rich foods consumed weekly was one. Twenty percent of 

mothers had depressive symptoms, 41% had anemia, and 76% attended secondary 

education and beyond. Ten percent of homes were food insecure. 

Table 3. 2. Baseline characteristics of study participants by iron status (n=402) 

 

Infants with iron deficiency and anemia were less likely to be girls (38.8%), compared to 

proportion of girls with normal iron status or iron deficiency without anemia (52% in 

both groups). Infants with iron deficiency with anemia were more likely to have mothers 

with anemia, compared to infants with normal iron status or with iron deficiency without 



63 
 

anemia (51.2% vs. 25.0% vs 26.7%, respectively, p<0.01). Infants with normal iron 

status were more likely to be in homes with higher assets, compared to children with iron 

deficiency without anemia or with iron deficiency with anemia (4.2 vs. 3.7 vs. 3.6, 

respectively, p=0.03). There was a marginal association between child age and iron 

deficiency (p=0.056). There were no differences in the number of iron-rich foods 

consumed, maternal depression, maternal education, household food insecurity, and 

home environment. 

 

Association between iron deficiency and child development 

In the unadjusted model, the iron deficiency and anemia group had significantly lower 

receptive language scores than the group with normal iron status (MD=-2.32, SE=1.16, 

p= 0.045) (Table 3.3). After adjusting for age and household assets, there was no longer 

a significant difference in receptive language scores between iron deficiency groups and 

the group with normal iron status. 

There was a marginally significant difference in expressive language scores between the 

group with iron deficiency without anemia and the normal iron status group (adjusted 

MD=-2.74, SE= 1.49, p=0.067). Expressive language scores among infants with iron 

deficiency without anemia were significantly lower than among those with iron 

deficiency and anemia (MD= -2.91, SE=1.08, p=0.007). There was no difference in gross 

motor, visual reception, fine motor, and socio-emotional scores between the normal iron 

status and iron deficiency groups. 
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Table 3.3. Unadjusted and adjusted associations between iron status and child development 

at enrollment using linear mixed effects models (N=402) 

 

 

Effect measure modifiers 

There was a significant interaction between child age and exposure for socio-emotional 

development (p=0.04) with no other significant interactions (child sex, maternal 

education, household assets, and home environment) in this development domain. At age 

6.5 months, infants with iron deficiency without anemia had lower socio-emotional 

scores compared to infants with normal iron status (MD=-4.33; SE= 2.15; p=0.045); there 

was no difference between infants with iron deficiency with anemia and infants with 

normal iron status (Figure 3.2). At ages 8.75 and 10.99 months, there were no 

differences across groups (all ps > 0.10). 
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Mean differences of socio-emotional scores by exposure group at different levels of age 
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Child age and sex, maternal education, household assets, and the home environment were 

not modifying factors for gross motor, visual reception, fine motor, receptive language, 

and receptive language and their associations with iron deficiency.  

Stratified results showed that there were no differences in developmental scores between 

normal iron status group and iron deficiency groups among infants six to nine months of 

age (Table 3.4). Effect sizes are small ranging from -0.09 to 0.25. 

Among infants aged 10-14 months, there was a significant difference in expressive 

language scores between the group with iron deficiency and no anemia and the group 

with normal iron status (MD= -4.65, SE=2.3, p=0.047) with a medium effect size of -

0.61. There were no differences in other developmental domains across exposure groups 

in this age group. 

 

Sensitivity Analyses 

After combining two iron deficiency groups into one, there were no differences in 

developmental scores comparing the normal iron group to the iron deficiency group 

across age group (Appendix: Table A). Effect sizes were small to medium, ranging from 

-0.42 to 0.32 with no significant effect sizes. 

After including those with anemia and no iron deficiency (n=71), there was a weak but 

significant correlation between iron levels and hemoglobin concentration (r=0.147, 

p=0.001) (Appendix: Figure N). There was no significant interaction between iron 

deficiency and anemia; there were marginal interaction terms for fine motor (p= 0.085) 

and expressive language (p=0.067) (Appendix Table B).  
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Table 3.4. Stratified adjusted† associations between baseline iron status and child 

development using linear mixed effects models (N=402) 

 

 

Using the sample including infants with anemia and no iron deficiency and a two-level 

exposure group (normal iron status vs. iron deficiency regardless of anemia), there was 

no significant interaction between age and any child development outcomes. There was 

no Cross-sectional association between iron deficiency and any child development 

domains using the pooled sample (Table 3.5). Stratified models found that among infants 

aged 6-9 months, those with normal iron status had significantly higher gross motor 

scores compared to their counterparts with iron deficiency (MD= -2.22, SE= 1.1, 
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p=0.045) with a small effect size of -0.24 (Table 3.6). There were no differences in other 

development scores across age groups. The largest effect size was -0.31 for the difference 

in expressive language scores comparing the normal group to the iron deficiency group, 

but this effect size was not statistically significant. 

 

Table 3.5. Adjusted† associations between baseline iron status and child development using 

linear mixed effects models (N=473) 
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Table 3.6. Stratified adjusted† associations between baseline iron status and child 

development using linear mixed effects models (N=473) 

 

DISCUSSION 

Findings from this study support that iron deficiency was related to low gross motor 

scores among infants 6-9 months cross-sectionally after accounting for the possibility of 

collider-stratification and ascertainment biases. There was no association between iron 

deficiency and other domains of child development, including visual reception, fine 

motor, receptive language, expressive language, and socio-emotional. Age modified the 

association between iron deficiency and socio-emotional development. 

Iron deficiency and child development 

Findings from this study show that iron deficiency is related to the gross motor domain 

among younger participants (6-9 months). This result is consistent with previous 

observational studies of infants aged 9-months from China, Ghana, and USA that found 

that infants who were iron sufficient had higher gross motor milestone scores, compared 
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to infants with iron deficiency.50 Shafir and colleagues found similar results in an 

African-American sample of infants aged 9- to 10- months.122 However, a recent cross-

sectional study that used baseline data of a randomized controlled trial of 6-month old 

infants living in South Africa found no association between iron deficiency and 

psychomotor development (locomotor and eye-hand coordination).53 There are several 

differences between the study conducted in South Africa and the current study. First, the 

current study had iron status information on 92% of the original sample while the study 

in South Africa had iron data on 65% of their study sample. Over 72% of our sample had 

iron deficiency while only 16% of the South African sample had iron deficiency. Third, 

tools to assess child development differed across studies: Mullen Scales of Early 

Learning vs. Kilifi Developmental Inventory. The Kilifi Developmental Inventory yields 

two developmental domains: locomotor development and eye-hand coordination.53 

Therefore, methodological differences may account for inconsistent findings regarding 

gross motor or locomotor among very young infants. 

The lack of association between iron deficiency and child development among infants 10-

14 months and all domains except gross motor among infants aged 6-9 months after 

accounting for the possibility of collider-stratification and ascertainment biases is 

consistent with the conclusion of a micronutrient supplementation trial conducted in 

Nepal among children four to 17 months.65 Meanwhile numerous randomized trials found 

that iron supplementation increased developmental scores.55,57 Inconsistencies of these 

findings may be due to methodological differences across studies, including measures to 

characterize iron status, tools to assess child development, setting, and sample size. 
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In the primary analysis, infants aged 10-14 months with iron deficiency without anemia 

had significant lower expressive language scores compared to their counterparts with 

normal iron levels; there was no difference between infants with iron deficiency and 

anemia and those with normal iron status. A similar trend was reported when assessing 

motor development of infants with varying iron status using the Infant Neurological 

International Battery and the motor quality factor of the Bayley Behavioral Rating Scale; 

infants with iron deficiency without anemia had significantly lower scores compared to 

infants with normal iron status.122 In this study, when the two iron deficiency groups were 

combined into one group (iron deficiency, regardless of anemia), the association between 

iron deficiency and expressive language did not remain. This suggested the presence of 

collider-stratification bias.  This type of bias occurs when stratification on a variable 

(e.g., anemia) that is an effect of the exposure (iron deficiency) and shares an unmeasured 

common cause (e.g., lead) with the outcome (child development) may lead to biased 

associations between the exposure (iron deficiency) and outcome (child 

development).120,123 

Investigation of moderating factors 

The fact that age was an effect measure modifier of the association between iron 

deficiency and socio-emotional in the primary analysis but was not a moderator for other 

child development domains may be the result of the absence of age-adjusted t scores for 

the Behavior Observation Inventory of the Bayley Scales of Infant and Toddler 

Development, tool used to measure socio-emotional development. However, the 

modifying effect did not remain when two-level exposure group was used in the whole 

sample. 
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Consistent with previous research,37 this study found that socio-economic factors 

(household assets, maternal education, or home environment) did not moderate the 

association between iron deficiency and child development during infancy. However, a 

significant moderation later in life (at age 19 years) has been reported.37 A follow-up 

study of participants of the current study may provide a better insight into moderating 

factors. Although household assets did not moderate the association of interest, they were 

identified as the sole confounding factor in this study. This finding is consistent with 

previous studies that showed that household economic resources were associated with 

both micronutrient deficiencies124 and child development125,126. 

Limitations and strengths 

This study has several limitations. First, discrepancies between primary analyses (with 

three-level exposure group) and sensitivity analyses (with two-level exposure group) may 

suggest that there is a possibility for collider-stratification bias.  Sensitivity analyses with 

two-level exposure group tested the robustness of the study findings and found no 

association between iron deficiency and child development. Second, there was a 

possibility for ascertainment bias when excluding participants with anemia and no iron 

deficiency. Sensitivity analyses were performed to compare our primary findings and 

results from a sample that included participants with anemia and no iron deficiency. 

Although findings from both analyses were somewhat similar (no association), there was 

a significant difference in gross motor scores between normal and iron deficiency groups 

among infants aged 6-9 months using the sample with participants with anemia and no 

iron deficiency. Third, as with any cross-sectional analysis, temporality cannot be 

established. It was therefore not possible to know if iron deficiency preceded 
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developmental scores measured. Fourth, socio-emotional scores had a ceiling effect. 

Although several transformations were performed to correct the model fit, residuals from 

these models still departed from normality. Therefore, raw scores were fitted. Fifth, as 

with any observational study, there is a possibility for residual confounding.  

This study has several strengths. First, venous blood draws were successfully performed 

on the study sample allowing the characterization of iron status using multiple biomedical 

measures, which increase accurate classification of iron status. Second, the study 

investigates iron deficiency using categorization of the iron continuum (normal vs. iron 

deficiency without anemia vs. iron deficiency with anemia). Third, standardized tools 

were used to assess child development; these tools help achieving objective evaluation of 

outcomes. 

Public health implications 

Adequate motor development during infancy is associated with increased opportunities to 

explore the environment and self-independence, which promote the development of other 

domains.50,127 It is therefore necessary to implement interventions aiming to reduce 

undernutrition during early childhood to allow optimal gross development among very 

young children.  

Sources of dietary iron was inadequate in this sample. Almost all participants were fed 

breastmilk (97%); however, the prevalence of maternal anemia was over 40%. In 

addition, 88% of infants were receiving complimentary foods, and the median number of 

iron-containing foods consumed the previous week was one. A study conducted in this 

setting found that infants consumed very low quantities of animal-source foods.91 This 
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highlights the need for dietary diversity. Recommendations include scaling-up food 

fortification, interventions targeting behavior changes, and ensuring food availability and 

affordability. The recent Lancet Early Childhood Development emphasized the 

importance of providing not only adequate nutrition, but also learning opportunities to 

achieve optimal early childhood development.45 

 

Conclusions 

In this rural sample of infants with very high prevalence of iron deficiency, iron 

deficiency was related to low gross motor scores among infants aged 6-9 months. There 

were no associations between iron deficiency and other child development domains. 

Child sex, child age, maternal education, household assets, and the home environment did 

not moderate the association of interest. As motor development in infancy promotes 

development in other domains, there is a need to reduce micronutrient deficiencies by 

promoting dietary diversity in a population that consumes low quantities of animal-

source foods and has a high prevalence of maternal anemia. Given the cross-sectional 

nature of this study, further longitudinal investigations accounting for temporality are 

needed to confirm these findings. 
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CHAPTER IV. ASSOCIATION BETWEEN IRON DEFICIENCY AND CHILD 

DEVELOPMENT: A LONGITUDINAL STUDY 

 

ABSTRACT 

Background: Iron deficiency may have detrimental effects on the brain development of 

very young children. This study aimed to investigate the association between iron 

deficiency at enrollment (ages 6-14 months) with or without anemia and child 

development over 12 months among infants living in rural India and to assess whether 

this association differs by child age and sex, maternal education, home environment, and 

household assets. 

Methods: This longitudinal analysis uses data from a randomized controlled trial of 

multiple micronutrient powder and early learning. Children aged 6-14 months and their 

mothers were recruited from 22 villages in the state of Telangana, India. Blood samples, 

demographic factors, and dietary information were collected at enrollment. Child 

development was assessed at enrollment (ages 6-14 months), 6-month follow-up (12-20 

months) and 12-month follow-up (18-26 months) using the Mullen Scales of Early 

Learning and the Behavior Observation Inventory of the Bayley Scales of Infant and 

Toddler Development yielding scores in gross/fine motor, visual reception, 

receptive/expressive language, and socio-emotional domains. Linear mixed effect models 

accounting for repeated measures and village-level clustering were used, and interaction 

terms were added separately in models to test for the moderating effects of child age and 

sex, maternal education, home environment, and household assets. The moderating 
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effects of the parent study interventions (multiple micronutrient powders and early 

learning) were tested. Mean differences (MD) and standardized effect sizes (Cohen’s d) 

for the difference in developmental scores between exposure groups were computed. 

Sensitivity analyses were performed to account for the possibility of collider-stratification 

bias and ascertainment bias. 

Results: 402 infants were included in this analysis: 44% were girls, the mean age was 8.7 

months, 60% were iron deficient and anemic, 25% iron deficient with no anemia, and 

15% had normal iron status at enrollment. As age moderated the exposure-outcome 

association in the primary analysis, findings were stratified by age groups (6-9 months 

and 10-14 months). Household assets moderated the association between iron deficiency 

and fine motor in the 10-14 month age group (p for interaction=0.016); therefore this 

result was estimated at different levels of household assets (mean – standard deviation, 

mean, and mean + standard deviation). Child sex, maternal education, and home 

environment did not moderate the exposure-outcome associations of interest. The parent 

study interventions did not moderate the association between iron deficiency and child 

development but were added in adjusted models. After accounting for the possibility of 

collider-stratification bias and ascertainment bias, infants with iron deficiency at ages 6-

14 months had lower scores in gross motor (MD= -2.82, SE= 1.21, p=0.020, d= -0.25), 

visual reception (MD= -2.00, SE= 0.85, p=0.019, d= -0.25), and expressive language 

(MD= -1.61, SE= 0.82, p=0.049, d= -0.21) at ages 12-20 months, compared to infants 

with normal iron levels. There were no differences at ages 6-14 months and 18-26 

months nor any differences in other development domains. In homes with low household 

assets (mean – standard deviation), infants aged 10-14 months with iron deficiency had 
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lower fine motor scores compared to their counterparts with normal iron status (MD= -

4.59, SE= 1.75, p=0.009). At average and high household assets (mean and mean + 

standard deviation), there was no difference in fine motor scores across exposure groups 

among infants aged 10-14 months. 

Conclusions: Iron deficiency at enrollment was associated with lower scores in gross 

motor, visual reception, and expressive language at 6-month follow-up. Household assets 

moderated the association between iron deficiency at ages 6-14 months and fine motor 

over 12 months among infants 10-14 months. Nutritional interventions promoting 

adequate food intake for pregnant women, mothers of very young children, and young 

children are needed in rural villages in India. 
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BACKGROUND 

Iron is an essential mineral required for a variety of metabolic processes, including 

oxygen transport and enzymatic systems.1 Iron status is considered a continuum from 

iron deficiency anemia, to iron deficiency without anemia, normal iron status, and finally 

iron overload.2 Iron deficiency without anemia and iron deficiency anemia occur as the 

result of an imbalance between iron intake and the metabolic demands for iron.1,2 Iron 

deficiency is the leading cause of anemia with approximately 50% of anemia cases being 

attributable to iron deficiency worldwide6 and 75% among children under five years of 

age living in India.89,90 

Iron demand is high among children aged 6-24 months.128 Therefore, children under 24 

months of age are the most vulnerable to iron deficiency because of rapid growth: 

increasing bone mass10 and brain development.11 During early childhood, brain activity 

accounts for 60% of the body’s energy consumption and requires an adequate supply of 

nutrients.12 The effects of iron deficiency in infancy on the period of rapid brain 

development may be less reversible than its effects later in life.13,14 

Early child development refers to the brain development and function in early childhood; 

it consists of multiple domains (motor, socio-emotional, and cognitive).27 Early child 

development influences health, emotional wellbeing, and productivity throughout life.28 

School readiness, a predictor of education level achieved, is influenced by children’s 

cognitive abilities, behavior and interactions with peers and others (socio-emotional 

domain), and writing capacity (motor domain).30 Long-term effects of poor child 

development include 26% loss of adult earning, which affects both individuals and 

nations.129 If not properly addressed, poor child development perpetuates the cycle of 
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poverty and sustainable development may not be achieved, especially in low- and 

middle-income countries.29,129 

There have been inconsistent findings regarding the association between iron deficiency 

and child development very early in life. Earlier studies found that infants with iron 

deficiency were at risk of poor development, which may have short- and long-term 

impacts on neurocognitive and neurophysiologic outcomes.13 Few studies conducted with 

infants had a follow-up time of 12 months and over. A randomized controlled 

randomized trial of iron supplementation of children 6-59 months living in Tanzania 

found that iron supplementation improved language and motor development after 12 

months of intervention.79 Meanwhile, a cluster-randomized trial conducted in Colombia 

among children 12-24 months concluded that micronutrient supplementation had no 

significant effect on child development outcomes (cognitive, receptive and expressive 

language, and fine and gross motor) after 18 months of intervention.130 Recent reviews 

and meta-analyses48,59,60,131 highlighted the need for further investigations. 

The selection of potential confounding and moderating factors was informed by the 

socio-ecological model and a directed acyclic graph (DAG). Child (age, sex, diet, and 

diarrhea status), maternal (anemia, education, and depression), and household (assets, 

food insecurity, and home environment) were covariates in this study. Several factors 

have been suggested as potential moderators of the association between iron deficiency 

and child development. Parental socioeconomic status during infancy has been identified 

as a moderating factor in the association between iron deficiency during infancy and 

child development at 19 years of age.37 In addition, it has been suggested that the effect 

of iron deficiency on child development may differ by age as outcomes may be worse 
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when iron deficiency starts earlier during infancy.11 Sex differences in brain development 

during childhood have also been identified.107  

The current longitudinal study aimed to investigate the association between iron 

deficiency with or without anemia at ages 6-14 months and changes in child development 

over 12 months among children under three years of age living in rural India and to 

determine if this association differs by child age and sex, household assets, maternal 

education, and home environment. 

 

METHODS 

This is a longitudinal analysis of data collected in a randomized controlled trial (Project 

Grow Smart) conducted at the National Institute of Nutrition in India and registered at 

ClinicalTrials.gov (NCT01660958). Ethical approval was obtained from the Institutional 

Ethical Committee of National Institute of Nutrition and the Institution Review Board of 

the University of Maryland School of Medicine. 

 

Setting 

Twenty-two villages in the Nalgonda district in the state of Telangana participated in 

Project Grow Smart after obtaining approval from village leaders. The setting was 

selected because the prevalence of anemia among children under age 5 years was above 

70%90,94 with low micronutrient intake among children under age 2 years.91 
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Participants 

Using village 

demographic surveys, 

trained village-level 

workers recruited 

infants from 

households after 

obtaining written 

consent. Eligibility 

criteria included 

infants: 1) aged 6 to 14 

months, 2) without 

chronic diseases or 

developmental disabilities, and 3) without severe anemia (hemoglobin <7 g/dL). Children 

with severe anemia were referred for medical evaluation and treatment. Five hundred and 

thirteen infant-mother dyads were recruited in Project Grow Smart (Figure 4.1). Thirty 

seven had missing hemoglobin information; three had missing values for both serum 

ferritin and sTfR measures. After excluding those with anemia without iron deficiency, 

the sample for the primary analysis was 402 at enrollment. Thirty seven participants 

(9.2%) were lost to follow-up at 6-month follow-up, and an additional 10 participants 

were lost to follow-up at 12-month follow-up (total attrition=11.7%). 

 

  

 

473 with biomarker 

measures 

402 participants  

(Enrollment) 

355 participants  

(12-month follow-up) 

40 with missing 

hemoglobin data or both 

serum ferritin and STfR  

71 with anemia without ID 

37 lost to follow-up 

Figure 4.1. Study Flow Chart 

365 participants  

(6-month follow-up) 

10 additional lost to 

follow-up 

513 recruited in 

Project Grow Smart 
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Measures 

Outcome measures 

All outcome measures were pilot tested and validated or moderated to be appropriate for 

India.88 Evaluation was conducted by trained psychologists. Inter-rater reliability was 

calculated (>0.95).88 

Cognitive and motor development: the Mullen Scales of Early Learning were used to 

measure children’s cognitive and motor development. This tool is appropriate for 

children from birth to age 68 months, has excellent psychometric properties and has been 

used in low- and middle-income countries in Africa and Latin America.92,93 It examines 

development in five areas: Gross/Fine Motor, Visual Reception, and 

Receptive/Expressive Language. Internal consistency from the Mullen’s validation 

sample exceeds 0.80 for all subscales except Visual Reception (0.79) and Fine Motor 

(0.75).114 Trained psychologists administered developmental assessment. Inter-rater 

reliability was tested before each wave of data collection and exceeded 0.85 (based on 

ICC). Raw scores were converted into standardized age-adjusted t scores (mean = 

50, standard deviation = 10) based on the standardization sample. 

Socio-emotional development: the Behavior Observation Inventory of the Bayley Scales 

of Infant and Toddler Development, Version III, was used to measure child socio-

emotional development. The Bayley validation study reported an average reliability of 

0.90.115 The tool was administered to caregivers. Raw score were converted to t scores 

(mean = 50, standard deviation = 10). 
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Exposure measures 

A trained phlebotomist collected a 2-ml non-fasting blood sample from each infant and 

mother. Blood was transported to the laboratory at the National Institute of Nutrition in 

Hyderabad, India daily in thermally insulated boxes containing ice packs; plasma was 

separated and stored in aliquots at − 20°C until analysis. Quality assurance practices were 

followed. Detailed description was previously published.71 

Hemoglobin analysis was done in whole blood, on the same day of blood collection, 

using a commercial kit (HemoCor-D, Coral Systems; Tulip Group, Alto Santacruz, 

India). A sandwich ELISA was used to measure serum ferritin concentrations, as 

previously described.94 The serum ferritin assay was standardized with purified human 

liver ferritin that was diluted to 1 μg/ml in buffered bovine serum albumin which was 

calibrated against International Standard 94/572 (National Institute for Biological 

Standards and Controls, South Mimms, UK). The assay sensitivity was 1 ng/ml and 

reported recoveries were above 90 %. Soluble transferrin receptor was analyzed using a 

sandwich ELISA kit with a minimum detectable dose of 0·5 nmol/l (R&D Systems, Inc., 

Minnesota, MN, USA). 

Following the World Health Organization guidelines,20 hemoglobin cut-off of <11g/dL 

was used for anemia among infants. A ferritin cut-off of <12 μg/l was used for iron 

deficiency95 in addition to soluble transferrin receptor, which is relatively not affected by 

inflammation. To correct for inflammation-related increase in ferritin levels, a factor of 

0.67 was used when C-reactive protein was higher than 5 mg/l.96 In the absence of a 

universally accepted cut-off for soluble transferrin receptor, the frequency distribution of 

soluble transferrin receptor values of participants with no anemia, no iron deficiency and 
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no inflammation (based on C-reactive protein <5 mg/l), and the mean values were 

obtained and used as the cut-off.97 The ferritin concentrations were log-transformed and 

serum transferrin receptor-ferritin index (mg/μg) values were computed in the same 

group as an indicator of iron stores. A cut-off of 2·5 mg was established for soluble 

transferrin receptor and the mean serum transferrin receptor-ferritin index of 1·9 mg/μg 

was used to categorize iron deficiency. Based on the above cut-offs, Table 4.1 provides 

definitions of normal iron and hemoglobin levels, anemia, and iron deficiency with or 

without anemia. 

Table 4.1.   Definition of deficiencies of iron deficiency and anemia 
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Potential moderators 

The potential moderating effects of child age and sex, and parental socioeconomic factors 

(maternal education, home environment, and household assets) were tested as these 

factors were suggested as potential moderators of the association between iron deficiency 

and child development.37,11,107 

Child age was reported in months and entered in models as a continuous variable. Ages 

ranged from 6 to 14 months. Since developmental stages in early childhood are achieved 

within three to four months ranges, 114 stratification of these findings was performed 

using 6-9 months and 10-14 months age groups. 

Child sex (boy or girl) was reported at enrollment. 

Maternal education was collected at enrollment. Number of years of schooling were 

reported. Maternal education was categorized into two groups: primary education and 

below vs. secondary education and above. 

 Home environment was assessed at enrollment using the HOME Inventory Scale, the 

Infant-Toddler version.100  This tool measures the quality and quantity of stimulation and 

parent responsiveness in the home environment through 45 items. It yields the following 

subscales: emotional responsivity of mother, avoidance of restriction, organization of 

environment, appropriate play material, maternal involvement, and daily stimulation. It 

was assessed during a home visit at a time when the mother and child were in the home 

and awake. The tool was revised to ensure that it was culturally appropriate; instructions 

were translated in the local language. It was pilot-tested among local children. Inter-rater 

reliability was > 0.92 and internal consistency for the total HOME score is as high as 
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0.80.116 Sum scores of all the items were used. In the absence of culturally-appropriate 

cut-offs to define high (vs. low) home interactions, empirical cut-offs previously used in 

the literature117 and in this sample69 were determined. Home scores were categorized as 

top quartile vs. bottom three quartiles.69,117 

Household assets were quantified using a questionnaire, developed for India and other 

low- and middle-income countries,101 assessing family ownership of 27 household assets 

was used to determine economic resources at enrollment. Assets included type of house, 

source of lighting/drinking water, livestock, furniture (mattress, chair, table, etc.), 

appliances (refrigerator, pressure cooker, sewing machine, television, radio, etc.), type of 

transportation (car, bicycle, motorcycle, etc.) and so on. Scores were weighted by relative 

significance of assets owned, and an index was created. Higher scores indicate more 

economic resources at enrollment. 

Project Grow Smart interventions were delivered as a 2 x 2 factorial design. Children 

were randomized into the multiple micronutrient (or placebo) arm and the early learning 

(or control) arm. There was a possibility that our associations of interest differed by 

Project Grow Smart interventions.  

The early learning intervention promoted responsive parenting by including age-

appropriate play and communication activities for parents and infants. The WHO’s Care 

for Child Development Module132 and the Pakistan Early Development Study133 were 

used to create materials for this intervention. Intervention was delivered by study staff in 

participants’ homes every other week. Participants in the control arm did not receive the 

early leaning intervention.  
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The multiple micronutrient powder (MNP) intervention consisted of individual sachets of 

0.5 g of MNP or placebo delivered to mothers, who were trained to mix powders into the 

first bites of the infant’s food daily. Study staff delivered sachets every other week. MNP 

formulations were based on recommendations from WHO134 and the Indian Council of 

Medical Research135. The formulation for MNP included iron, folic acid, zinc, and 

vitamins A, C, B12, and B2, and formulation for the placebo included only vitamin B2. 

 

Potential confounding factors 

Potential confounding variables were identified through the literature and a directed 

acyclic graph. 

Child diarrhea was reported by caregivers on a monthly basis during home visits. The 

following question was asked to caregivers: “did your child have diarrhea in the past 14 

days?” Possible answers were yes or no. 

Child diet: A food frequency questionnaire,91 modified for India, was administered to 

assess child’s dietary intake at enrollment. Questions were asked to determine whether 

child consume particular type of foods during the last week; scores were 1 for yes or 0 for 

no. Because iron status is associated with dietary intake of iron-containing foods, a sum 

score or iron-rich foods was created for this analysis. Iron-rich foods included vegetables 

(e.g. amaranth and green leafy vegetables), meat (e.g. mutton, liver and fish) fortified 

foods, and legumes (e.g. dhal). The number of iron-rich foods consumed the previous 

week ranged from 0-9. 
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Maternal anemia: Mothers of infants enrolled in the study provided blood samples at 

enrollment, and hemoglobin concentration was determined. To determine maternal 

anemia, the following WHO cut-offs20 were used: anemia is hemoglobin concentration 

<12 g/dL for non-pregnant women or hemoglobin <11 g/dL for pregnant women. 

Maternal depression was assessed using the Center for Epidemiologic Studies 

Depression Scale (CESD).108 This was a 20-item questionnaire with response values for 

each question ranging from 0 to 3. The total CESD score is computed as a sum of all 20 

questions; higher scores indicate more depressive symptoms. In the absence of specific 

cut-offs for the Indian population, a total score of 16 or more was considered as having 

depressive symptoms, while scores less than 16 were considered as low depressive 

symptoms of no clinical significance.108 Maternal depression was categorized as high vs. 

low depressive symptoms. 

Household food insecurity: The Household Food Insecurity Access Scale was used to 

measure household food insecurity. It is a 9-item standardized questionnaire, which has 

been used globally and in India.109 It has demonstrated an acceptable internal consistency 

(Cronbach’s α = 0.80 to 0.91).118,119 Food insecurity is defined by the endorsement of one 

item or more. Food insecurity was categorized as food insecure vs. food secure. 
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Statistical analysis 

To describe sample characteristics, bivariate analyses between covariates and exposure 

were conducted. P-values accounting for clustering at the village level using random-

intercept ordinal logistic regression models were reported (Table 4.2). 

Less than 1% of participants had missing data on covariates. Because only two 

participants had missing maternal hemoglobin information, no imputation was 

performed. A maximum likelihood approach was used to handle missing outcome 

variables in the data set.136 Sensitivity analyses were run to check patterns of missingness 

by comparing the children lost to follow-up at 12-month follow-up to those who 

completed the study (Appendix aim 2: Table A). 

Linear mixed effects models accounting for clustering within individuals and recruitment 

sites (random intercepts for repeated measures and recruitment sites) were used to assess 

whether iron deficiency at enrollment with no anemia or iron deficiency with anemia was 

associated with changes in child development over 12 months. Normality of residuals 

were checked to determine the goodness-of-fit of linear mixed effects models. Residuals 

for gross motor, visual reception, fine motor, receptive and expressive language did not 

depart from normality. As residuals for socio-emotional outcome departed from 

normality because the variable has a ceiling effect, multiple transformations (square root, 

logarithm, inverse and their ‘reflect’ versions) were performed; however, none of these 

transformations improved the model fit. Therefore, the socio-emotional outcome was not 

transformed.  

To assess effect measure modification, models were fitted with interaction terms between 

exposure and the potential moderator. There were no significant moderating effects of 
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Project Grow Smart interventions; therefore, findings were not stratified. Although 

Project Grow Smart interventions did not moderate our exposure-outcome of interest, 

they were added in adjusted models. Child age was a moderator in the association 

between gross motor, receptive language or socio-emotional and exposure groups. 

Therefore results were stratified by age groups: 6-9 months and 10-14 months. When the 

moderating effect of age was tested in adjusted models, age was a moderator in the 

association between iron deficiency at enrollment and gross motor (p=0.030) and socio-

emotional (p=0.025). Therefore, these associations were further estimated at specific age 

categories: Mean-SD, mean, and mean + SD (Figures 4.2 and 4.3). Household assets 

moderated the association between exposure and visual reception or fine motor. 

Interactions between exposure and household assets were tested for visual reception or 

fine motor within each age group. Household assets did not moderate the association 

between exposure and child development among infants aged 6-9 months. Among infants 

aged 10-14 months, there was a significant interaction between exposure and household 

assets (p=0.016) in the fine motor domain, but no interaction with visual reception (p= 

0.11). Therefore, the association between exposure and fine motor among infants aged 

10-14 months was estimated at levels of household assets: mean - standard deviation, 

mean, and mean + standard deviation. As a result, Figure 4.4 shows a graphical 

representation of fine motor as a function of iron deficiency and household assets among 

infants aged 10-14 months. Because interaction terms between exposure groups and time 

were not significant, Figures 4.2-4.4 show pooled time points. Interaction with the home 

environment was tested within stratum of age group as it was marginally significant in 

the whole sample, but the interaction term was not significant (p-values >0.10).  
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A DAG was created with the software DAGitty137 to identify potential confounding 

factors. Confounding variables adjusted for included factors that yielded a change in 

estimate (between the crude and adjusted) of ≥10% in adjusted analysis. Child age, 

maternal anemia, and household assets were associated with exposure and outcomes and 

yielded a change in estimate ≥10%, they were therefore adjusted for in final models. 

Maternal anemia was controlled for in all adjusted models. Household assets were also 

controlled for in all models except fine motor among 10-14 months as household assets 

moderated this association. Adjusted results were stratified by age group (6-9 months and 

10-14 months). Means, mean differences (MD), and standard errors (SE) were reported. 

Between-group estimate comparisons were performed at enrollment, 6-month, and 12-

month follow-up (Tables 4.4-4.6). P-values for within-group comparisons were also 

reported: enrollment vs. 6-month follow-up, 6-month follow-up vs. 12-month follow-up, 

and enrollment vs. 12-month follow-up (Tables 4.4-4.6). 

Standardized effect sizes (Cohen’s d) for the difference in developmental scores 

comparing children with normal iron status to children with iron deficiency (e.g., normal 

vs. iron deficiency without anemia or normal vs. iron deficiency with anemia) were 

computed and presented in Tables 4.5 and 4.6. The conventional Cohen’s d 

classification is as follows: small effect (Cohen’s d=0.2), medium effect (Cohen’s d=0.5) 

and large effect (Cohen’s d=0.8).110 

Several sensitivity analyses were performed to assess the robustness of the primary 

findings. First, iron deficiency groups (iron deficiency with and without anemia) were 

combined, and the association between iron deficiency using a two-level exposure group 

(normal iron status and iron deficiency regardless of anemia) and child development was 
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assessed (Appendix aim 2: Tables B and C). Because there was a significant interaction 

between iron deficiency and household assets (p=0.0037) for the fine motor domain 

among infants aged 10-14 months, findings for this domain were estimated at levels of 

household assets (Appendix aim 2: Figure A). This analysis aimed to investigate the 

possibility of collider-stratification bias: stratifying on anemia may lead to biased 

estimates in the presence of unmeasured common causes of anemia and child 

development.120 Second, interaction terms between anemia and iron deficiency was tested 

using all participants with iron measures, including those with anemia and no iron 

deficiency (total sample= 473) (Appendix aim 2: Table D). The inclusion of participants 

who were excluded from primary analysis helped address the possibility of ascertainment 

bias, which arises when an inadequate definition is used to determine eligible population 

leading to a study sample that is not representative of the population.121 This analysis 

helped determine whether stratifying on anemia is necessary when assessing the 

association between iron deficiency and child development. Third, the association 

between iron deficiency at enrollment and changes in child development was tested in 

this sample of 473 participants using a two-level exposure group to account for the 

possibility of both collider-stratification and ascertainment biases. As there was no 

interaction with age, Table 4.7 shows adjusted findings in the pooled sample; household 

assets did not moderate the association between iron deficiency and domains of child 

development. Findings were also stratified by age groups (6-9 months vs. 10-14 months) 

(Appendix aim 2: Tables E and F), and interaction with household assets was tested 

within age groups. As there was a significant interaction between iron deficiency and 

household assets (p=0.040) for the fine motor domain among infants aged 10-14 months, 
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findings for this domain were estimated at different levels of household assets (Appendix 

aim 2: Figure B). Because micronutrient supplementation provided to infants throughout 

the study period may have influenced their iron status, findings were stratified by MNP 

(Appendix aim 2: Tables G and H). 

Analyses were conducted using SAS 9.4 (SAS Institute Inc., Cary, NC) and RStudio112. 

Significance level was at p<0.05 and marginal significance at p<0.10. 

 

RESULTS 

Sample characteristics 

Forty-four percent of participants were girls, and the mean age was 8.7 months (Table 

4.2). Sixty percent had iron deficiency and anemia, 25% had iron deficiency with no 

anemia, and 15% had normal iron status. Eleven percent reported diarrhea episodes, and 

the median number of iron-rich foods consumed weekly was one. Twenty percent of 

mothers had depressive symptoms, 41% had anemia, and 76% attended secondary 

education and beyond. Ten percent of homes were food insecure. 

Infants with iron deficiency and anemia were less likely to be girls (38.8%), compared to 

proportion of girls with normal iron status or iron deficiency without anemia (52% in 

both groups). Infants with iron deficiency with anemia were more likely to have mothers 

with anemia, compared to infants with normal iron status or with iron deficiency without 

anemia (51.2% vs. 25.0% vs 26.7%, respectively, p<0.01). Infants with normal iron 

status were more likely to be in homes with higher assets, compared to children with iron 

deficiency without anemia or with iron deficiency with anemia (4.2 vs. 3.7 vs. 3.6, 
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respectively, p=0.04). Children with normal iron levels were less likely to be randomized 

in the early learning intervention, compared to children with iron deficiency without 

anemia and to children with iron deficiency with anemia (33.3% vs. 47.0% vs. 55.8%, 

respectively, p=0.006). There was a marginal association between child age and iron 

status (p=0.056). There were no differences in the number of iron-rich foods consumed, 

maternal depression, maternal education, household food insecurity, and home 

environment. 

 

Table 4.2. Baseline characteristics of study participants by iron status (n=402) 
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Distribution of study participants and outcome variables 

Table 4.3 shows the distribution of study participants across exposure group and time 

point. The distribution is also stratified by age groups.  

 
Table 4.3. Distribution of participants across exposure group at different time points 

 

 

Association between iron deficiency and child development 

Unadjusted models 

In unadjusted models (Table 4.4), infants with iron deficiency with anemia had 

significantly lower receptive language scores at enrollment compared to infants with 

normal iron status (MD= -2.43, SE=1.16, p=0.036), and infants with iron deficiency 

without anemia had marginally lower scores compared to those with normal iron status 

(MD= -2.16, SE=1.30, p=0.097). At enrollment, infants with iron deficiency with no 

anemia had significantly lower expressive language scores compared to infants with 

normal iron status (MD= -2.59, SE=1.22, p=0.034).  There was no difference in receptive 

or expressive language scores by exposure groups at 6-month and 12-month follow-ups.  
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Table 4.4. Unadjusted association between iron deficiency and domains of child 

development using linear mixed effects models (N=402) 
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Infants with iron deficiency without anemia had lower gross motor scores at 6-month 

follow-up compared to infants with normal iron status (MD= -5.03, SE=1.89, p=0.008). 

At 6-month follow-up, infants with iron deficiency with anemia had significantly lower 

visual reception scores compared to infants with normal iron status (MD= -2.84, 

SE=1.19, p=0.017), and infants with iron deficiency without anemia marginally lower 

scores compared to those with normal iron status (MD= -2.45, SE=1.34, p=0.067). There 

was no difference in gross motor and visual reception scores by exposure groups at 

enrollment and at 12-month follow-up. 

Comparison of infants with normal iron and infants with iron deficiency did not show 

significant differences in fine motor and socio-emotional scores. 

Adjusted models among infants aged 6-9 months 

Findings were stratified by age group: 6-9 months vs. 10-14 months (Tables 4.5 and 

4.6). After adjusting for maternal anemia, household assets, MNP and early learning 

interventions, infants aged 6-9 months with iron deficiency with no anemia had lower 

gross motor scores at 6-month follow-up, compared to infants with normal iron status 

(MD= -6.10, SE=2.20, p=0.006) with a medium effect size of -0.57; there was no 

difference in gross motor scores by exposure groups at enrollment and 12-month follow-

up (Table 4.5). At 6-month follow-up, visual reception scores were lower among infants 

with iron deficiency with no anemia (MD= -4.19, SE=1.59, p=0.009, Cohen’s d= -0.52) 

and iron deficiency with anemia (MD= -2.89, SE=1.38, p=0.037, Cohen’s d= -0.35), 

compared to infants with normal iron status; there was no difference in visual reception 

scores by exposure groups at enrollment and 12-month follow-up. 
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Table 4.5. Adjusted association between iron deficiency and domains of child development 

among infants 6-9 months using linear mixed effects models (n=250)  
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Among infants aged 6-9 months, there were no differences in fine motor, receptive 

language, expressive language, and socio-emotional across exposure at any time points. 

 

Adjusted models among infants aged 10-14 months 

Among infants aged 10-14 months (Table 4.6), infants with iron deficiency with no 

anemia had significantly lower expressive language scores at enrollment compared to the 

group with normal iron levels (MD= -4.46, SE=2.09, p=0.034); the effect size was 

medium  (Cohen’s d= -0.66). There was no difference in expressive language across 

exposure groups at 6- and 12-month follow-up.  

Infants with iron deficiency without anemia and infants with iron deficiency with anemia 

had significantly higher gross motor scores at 12-month follow-up, compared to infants 

with normal iron levels (MD= 9.75, SE=4.05, p=0.017, d=0.78 and MD= 7.40, SE=3.75, 

p=0.050, d=0.59, respectively), with no differences at enrollment and 6-month follow-up. 

Effect sizes were medium to large. 

There were no differences in visual reception, receptive language, and socio-emotional 

domains across exposure groups at enrollment, 6-month follow-up, and 12-month follow-

up (all p-values>0.10). 
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Table 4.6. Adjusted association between iron deficiency and domains of child development 

among infants 10-14 months using linear mixed effects models (n=152) 
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Effect measure modification 

In adjusted models, age was a moderator in the associations between iron deficiency and 

gross motor (p=0.030) or socio-emotional development (p=0.025). At 6.5 months of age, 

infants with iron deficiency without anemia had significantly lower gross motor scores 

compared to infants with normal iron status (MD= -4.86, SE= 1.75, p= 0.0057); there was 

no difference between infants with iron deficiency and anemia and infants with normal 

iron status (Figure 4.2). At age 8.75 months and above, there were no differences across 

exposure groups (all p-values> 0.10). There were no differences in socio-emotional 

scores at various categories of age comparing infants with iron deficiency to infants with 

normal iron levels (all p-values> 0.10); there was a significant differences between 

infants with iron deficiency and anemia and those with iron deficiency without anemia 

(p=0.008) (Figure 4.3). 

Household assets moderated the association between iron deficiency and visual reception 

or fine motor. As results were stratified by age groups, interaction between exposure and 

household assets were tested for visual reception and fine motor. Household assets was a 

moderator in the association between iron deficiency and fine motor among infants aged 

10-14 months (p=0.02), but not among infants aged 6-9 months (p=0.30). Household 

assets did not moderate the association between iron deficiency and visual reception 

within stratum of age (p-values>0.10). 

Among infants aged 10-14 months, association between iron deficiency and fine motor 

was estimated at different levels of household assets (Figure 4.4). At household assets 

equal 2.44 (mean - standard deviation), infants with iron deficiency with no anemia 

(MD= -9.34, SE=4.13, p=0.024) and iron deficiency with anemia (MD= -10.74, SE=3.89, 
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p=0.006) had lower fine motor score compared to the normal iron status group. At 

average level of household assets (mean=3.88), infants with iron deficiency with anemia 

(MD= -4.16, SE=2.16, p=0.055) had marginally lower fine motor score compared to the 

normal iron status group; there was no significant difference between the group with 

normal iron status and those with iron deficiency without anemia (MD= -3.53, SE=2.28, 

p=0.12). At household assets equal 5.32 (mean + standard deviation), there was no 

difference in fine motor scores across exposure groups. 

 

Within groups differences 

There were within group changes in visual reception, fine motor, and expressive language 

scores from enrollment to 12-month follow-up across all exposure groups (Table 4.4). 

These changed mainly occurred between enrollment and 6-month follow-up as suggested 

by the lack of within-group differences in most development domains from 6-month to 

12-month follow-up. 
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Mean differences of gross motor scores by exposure group at different categories of age 
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Mean differences of socio-emotional scores by exposure group at different categories of age 
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Mean differences of fine motor scores by iron deficiency at different levels of household 

assets 
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Effect sizes 

There were significant effects sizes comparing iron deficient groups to the normal iron 

status group in gross motor and visual reception among infants 6-9 months and in gross 

motor and expressive language among infants 10-14 months (Tables 4.5 and 4.6). These 

effect sizes ranged from -0.57 to -0.35 (small to medium) among infants aged 6-9 months 

and from -0.66 to 0.78 (medium to large) among infants 10-14 months. The highest effect 

was in gross motor comparing participants with iron deficiency with no anemia to the 

group with normal iron status (d= 0.78) at 12-month follow-up among infants 10-14 

months, followed by expressive language comparing the group with iron deficiency and 

no anemia to the group with normal iron status (d= -0.66) at enrollment in the same 

sample. 

 

Sensitivity Analyses 

Comparison between participants lost to follow-up and those retained 

A comparison of participants who completed the study and those who were lost to 

follow-up showed that both groups differed by maternal depressive symptoms, household 

assets, and randomization to the early learning intervention (Appendix aim 2: Table A). 

Infants who were lost to follow-up were more likely to have mothers with high 

depressive symptoms (34% vs. 19%, p=0.029) and to come from home with higher 

economic resources (means household assets: 4.5 vs. 3.6, p=0.022), but less likely to be 

randomized in the early learning interventions (36% vs. 52%, p=0.047), compared to 
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those who were retained. There were no differences in child factors, exposure group, or 

outcome variables between participants retained in the study to those lost to follow-up. 

Using two-level exposure in the primary sample 

Analyses with two-level exposure groups showed that among infants aged 6-9 months, 

there were no differences in child development scores across exposure groups at 

enrollment (Appendix aim 2: Table B). Infants aged 6-9 months with iron deficiency 

had significantly lower visual reception scores at 6-month follow-up compared to their 

counterparts with normal iron status (MD= -3.31, SE=1.32, p=0.013, d= -0.42). At 6-

month follow-up, there were no differences in other child development domains across 

exposure groups. There were no differences in child development scores between infants 

with normal iron status and infants with iron deficiency at 12-month follow-up. 

Among infants aged 10-14 months, there were no differences in developmental scores 

between participants with normal iron status and those with iron deficiency at enrollment 

and 6-month follow-up (Appendix aim 2: Table C). At 12-month follow-up, infants 

with iron deficiency had significantly higher scores in gross motor compared to infants 

with normal iron status (MD= 8.16, SE= 3.65, p=0.026, d= 0.65). In homes with low 

household assets (mean – standard deviation), infants with iron deficiency had lower fine 

motor scores compared to infants with normal iron status (MD= -10.48, SE= 3.86, 

p=0.007) (Appendix aim 2: Figure A). At average household assets (mean), infants with 

iron deficiency had marginally lower fine motor scores compared to infants with normal 

iron status (MD= -3.97, SE= 2.11, p=0.061). In home with high household assets (mean + 

standard deviation), there was no difference in fine motor scores across exposure groups 

among infants aged 10-14 months. 
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Interaction between anemia and iron deficiency 

When participants with anemia and no iron deficiency were included in the analysis, and 

interactions terms between iron deficiency and anemia were tested, no significant 

interactions between iron deficiency and anemia at enrollment were found across all 

developmental domains (Appendix aim 2: Table D). 

Using two-level exposure in the sample including infants with anemia and no iron 

deficiency 

When participants with anemia and no iron deficiency were included in the analysis, 

there was no association between iron deficiency and child development at enrollment 

and 12-month follow-up (Table 4.7). At 6-month follow-up, infants with iron deficiency 

had lower scores in gross motor (MD= -2.82, SE= 1.21, p=0.020, d= -0.25), visual 

reception (MD= -2.00, SE= 0.85, p=0.019, d= -0.25), and expressive language (MD= -

1.61, SE= 0.82, p=0.049, d= -0.21), compared to infants with normal iron status. 
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Table 4.7. Adjusted association between iron deficiency and domains of child development 

using linear mixed effects models (n=473) 
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Among infants aged 6-9 months, there were no significant differences in developmental 

domains comparing infants with iron deficiency to those with normal iron status at 

enrollment (Appendix aim 2: Table E). At 6-month follow-up, infants with iron 

deficiency had significantly lower gross motor scores (MD= -3.15, SE= 1.37, p= 0.022, 

d= -0.28) and visual reception scores (MD= -2.84, SE= 0.99, p= 0.004, d= -0.35), 

compared to those with normal iron status. There were no differences in other 

developmental domains at 6-month follow-up. At 12-month follow-up, there was no 

significant differences in child development between infants with normal iron status and 

those with iron deficiency; there was a marginal significance for the socio-emotional 

domain. Infants with iron deficiency had socio-emotional scores that were marginally 

higher than those of children with normal iron status at 12-month follow-up (MD= 2.19, 

SE= 1.26, p= 0.083, d= 0.21). 

Among infants aged 10-14 months, those with iron deficiency had marginally lower 

scores in expressive language at enrollment compared to those with normal iron status 

(MD= -2.47, SE= 1.38, p= 0.074, d= -0.37); there was no difference in other development 

domains across exposure groups at enrollment (Appendix aim 2: Table F). At 6-month 

follow-up, infants with iron deficiency had marginally lower receptive language scores 

compared to those with normal iron status (MD= -2.72, SE= 1.56, p= 0.081, d= -0.36); 

there was no difference in other development domains at 6-month follow-up. At 12-

month follow-up, there was no differences in child development domains across exposure 

groups. In homes with low household assets (mean – standard deviation), infants with 

iron deficiency had lower fine motor scores compared to infants with normal iron status 

(MD= -4.59, SE= 1.75, p=0.009) (Appendix aim 2: Figure B). At average and high 
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household assets (mean and mean + standard deviation), there was no difference in fine 

motor scores across exposure groups among infants aged 10-14 months. 

 

DISCUSSION 

This study had two major findings. First, iron deficiency at enrollment was associated 

with gross motor, visual reception, and expressive language at 6-month follow-up after 

accounting for the possibility of collider-stratification and ascertainment biases. Second, 

the association between iron deficiency at enrollment and changes in fine motor varies by 

household assets among infants 10-14 months.  

 

Association between iron deficiency at enrollment (ages 6-14 months) and child 

development scores over 12-months 

Infants with iron deficiency had lower scores in gross motor, visual reception, and 

expressive language at 6-month compared to infants with normal iron status, with no 

significant differences at enrollment and 12-month follow-up. There were no differences 

in other development domains. Similar patterns were found when using the early learning 

composite score114, general cognitive factor created from visual reception, fine motor, 

and receptive and expressive language scores. Iron deficiency at enrollment was 

associated with lower early leaning composite score at 6-month follow-up with a small 

effect size comparing the group with iron deficiency to the group with normal iron status 

of -0.29. 
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Previous studies found evidence supporting an association between iron deficiency early 

in life and children’s cognitive, motor, and socio-emotional development: infants with 

iron deficiency are at risk of low scores on standard measures of child development.55-57 

These studies were trials of iron therapy or supplementation that showed an improvement 

in child development scores after treatment. The current study uses data from a 

micronutrient and early learning trial. The lack of significance of interaction terms with 

parent study interventions suggested that our associations of interest did not differ by 

micronutrient intervention nor early learning intervention. 

It is worth noting that iron deficiency at enrollment was associated with child 

development at 6-month follow-up, but not at enrollment or 12-month follow-up. Cross-

sectional studies reported mixed findings. Some studies found an association between 

iron deficiency and child development; 50,122 meanwhile other studies found no 

association.53 Follow-up studies also reported inconsistent findings regarding iron status 

or the effect of iron supplementation during infancy and long-term child development. In 

a sample of 560 Thai children aged 9 years who participated in an iron and zinc 

supplementation trial during infancy, the effects of iron/zinc supplementation on 

cognitive performance was assessed 8 years after treatment.67 There were no significant 

differences in cognitive performance in school-age children who received iron 

supplementation during infancy compared to the placebo group. Another follow-up study 

of 1,018 eleven to seventeen years old Chilean adolescents who received iron 

supplementation during infancy investigated the associations between iron deficiency in 

infancy and socio-emotional problems in adolescence.68 Iron deficiency during infancy 
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was associated with increased internalizing, externalizing, and social problems in 

adolescence as reported by adolescents and their parents.  

Interestingly, almost all child development domains measured by the Mullen Scales of 

Early Learning showed either similar or lower development scores among children with 

iron deficiency compared to those with normal iron levels at all time point (except 

receptive language at 12-month follow-up). However, the socio-emotional scores were 

higher among children with iron deficiency at 6- and 12-month follow-up; these findings 

should be interpreted with caution because this variable did not meet model assumptions 

as described in the statistical analysis section. The inconsistency of findings over time 

(some domains are associated with iron deficiency at one point and not others) along with 

the variation in findings (association of iron deficiency with lower development scores at 

one time point but with higher scores at another) may suggest that study findings may not 

be informative. 

 

Household assets as a moderator 

Household assets moderated the association between iron deficiency and fine motor 

among infants 10-14 months with no moderating effects in other domains of child 

development or in younger infants (6-9 months). The fact that the household economic 

resource is a moderator in one age group but not in the youngest group is consistent with 

findings that showed that parental socio-economic status moderated the association 

between iron deficiency that occurred during infancy and cognitive development later in 

life (19 years of age) but not during infancy.37 Therefore, household economic resources 

may be a moderating factor in the association between iron deficiency and child 
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development among older infants (but not among younger infants). This finding is 

consistent with previous studies that found that wealth was associated with child 

development, and the effects of wealth on child development increased with child age in 

low- and middle-income countries, including India.125,126 

The current study showed that in average and high household assets (mean and mean + 

standard deviation), there was no difference in fine motor scores across exposure groups 

among infants 10-14 months. However, in households with low assets, infants with iron 

deficiency had lower fine motor scores compared to infants with normal iron status. A 

possible explanation is that in economically disadvantaged environments, there may not 

be resources to help children attenuate the effects of iron deficiency on child 

development.37  

 

Limitations and strengths 

The current study has several limitations. First, discrepancies between primary analyses 

and sensitivity analyses suggest the possibility for collider-stratification bias. This type of 

bias occurs when stratification on a variable (e.g., anemia) that is an effect of the 

exposure (iron deficiency) and shares an unmeasured common cause (e.g., lead) with the 

outcome (child development) may lead to biased associations between the exposure (iron 

deficiency) and outcome (child development).120,123 Twenty eight participants had high 

serum ferritin levels (>30 µg/L)95 but had moderate anemia (hemoglobin between 7 and 

9.9g/dL)20; this supports that there are causes other than iron deficiency that lead to 

anemia in this sample. Second, there was a possibility for ascertainment bias when 
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excluding participants with anemia and no iron deficiency. Sensitivity analyses were 

performed to account for the possibility of this bias by including participants with anemia 

and no iron deficiency. Third, this longitudinal study assessed iron deficiency at 

enrollment; however, iron status may have changed over the study period due to dietary 

intake or randomization to the micronutrient arm of the parent study. Adequate iron 

intake as well as iron therapy improves iron status.138 Biomarkers of iron status may 

improve as the result of iron therapy within days, but it may take three to six months to 

replenish iron stores and have iron levels back to the normal range.138,139 Main results of 

Project Grow Smart found a reduction of iron deficiency prevalence at 12-month follow-

up among infants randomized in the MNP intervention compared to those in the placebo 

group (57% vs. 91%, respectively). As a result, randomization to any parent study 

interventions (micronutrient fortification and early learning intervention) was tested for a 

potential moderating effect: no intervention moderated the association of interest. 

Micronutrient and early learning interventions were adjusted for in models. Fourth, there 

were few differences between those retained in the study and those lost to follow-up; this 

may suggest that missingness in the study was not completely at random. However, there 

were no differences in exposure groups or outcome measures between both groups 

suggesting that findings of this study might be less likely to have been affected by loss to 

follow-up. Fifth, socio-emotional scores had a ceiling effect. Although several 

transformations were performed to correct the model fit, residuals from these models still 

departed from normality. Therefore, raw scores were fitted. Sixth, as with any 

observational study, there is a possibility for residual confounding.  
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This study has several strengths. First, venous blood draws were successfully collected 

allowing the classification of iron status using multiple biomedical indices, which 

increase proper characterization of iron status. Second, standardized tools to measure 

child development were used repeatedly throughout the study period, and these tools 

have excellent psychometric properties. Third, the study population is a community 

sample allowing the generalization of these results to similar rural settings in India. 

Fourth, the retention rate was high (88%). Fifth, data was collected systematically as part 

of a randomized controlled trial.  

 

Public health implications 

Optimal nutrition and learning opportunities in early childhood are necessary for children 

to achieve their full potential.45 This study population suffered from nutritional 

deficiencies (both micronutrients and macronutrients) with prevalence of iron deficiency 

among infants as high as 72% at enrollment and 20% for stunting. Maternal anemia was 

43% suggesting that both infants and mothers did not receive diets that met their 

physiological needs.  As younger infants iron status (6 month old and below) depends on 

maternal iron levels,2,9 there is an urgent need for nutritional interventions that promote 

adequate food intake for pregnant women, mothers of very young children, and young 

children in this rural setting. 

Conclusions 

Iron deficiency at enrollment was associated with lower scores in gross motor, visual 

reception, and expressive language at 6-month follow-up. Household assets moderated 
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the association between iron deficiency at enrollment and fine motor among infants 10-14 

months. Nutritional interventions promoting adequate food intake for pregnant women, 

mothers of very young children, and young children are needed in rural villages in India. 

Further longitudinal studies are needed to investigate how changes in iron status relate to 

child development over time.  

  



118 
 

CHAPTER V. ASSOCIATION BETWEEN IRON DEFICIENCY AND CHILD 

DEVELOPMENT OVER 12-MONTH PERIOD: A COHORT STUDY 

 

ABSTRACT 

Background: The first years of life are periods of rapid brain development and set the 

stage for health and well-being throughout the life course. Iron deficiency may have 

negative impacts on the brain development of very young children, and multiple episodes 

of iron deficiency may worsen this effect. The current study tested the following 

hypotheses: (1) infants with iron deficiency had lower developmental scores at 

enrollment and 12-month follow-up; (2) associations between iron deficiency and child 

development differed by child age, child sex, maternal education, household assets and 

the home environment; (3) infants with chronic iron deficiency had lower developmental 

scores at 12-month follow-up.  

Methods: This cohort study used data from a randomized controlled trial of multiple 

micronutrient powders and early learning. Children aged 6-14 months and their mothers 

were recruited from 22 villages in the state of Telangana, India and followed up for 12 

months (ages 18-26 months). Demographic factors were collected at enrollment. Blood 

samples and dietary information were collected at enrollment and 12-month follow-up.  

Iron deficiency was defined as having serum ferritin < 12 µg/L and/or soluble transferrin 

receptor > 2·5 mg/L and/or serum transferrin receptor-ferritin index > 1·9 mg/µg. 

Chronic iron deficiency was defined as having iron deficiency at both enrollment and 12-

month follow-up. Child development was assessed at enrollment and 12-month follow-up 
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using the Mullen Scales of Early Learning and the Behavior Observation Inventory of the 

Bayley Scales of Infant and Toddler Development yielding scores in gross/fine motor, 

visual reception, receptive/expressive language, and socio-emotional domains. Linear 

mixed effect models accounting for repeated measures and village-level clustering were 

used to assess the associations between iron deficiency at ages 6-14 months and at ages 

18-26 months and child development at same time points. Linear mixed effect models 

accounting for village-level clustering were used to assess the associations between 

chronic iron deficiency and child development at 12-month follow-up. Interaction terms 

were added separately in models to test for the moderating effects of child age and sex, 

maternal education, home environment, and household assets. The moderating effects of 

the parent study interventions (multiple micronutrient powders and early learning) were 

tested. Mean differences (MD) and standardized effect sizes (Cohen’s d) for the 

difference in developmental scores between exposure groups were computed. Sensitivity 

analyses were performed to account for the possibility of collider-stratification bias and 

ascertainment bias. 

Results: 402 infants were included in the primary analysis: 44% were girls, the mean age 

was 8.7 months, 60% were iron deficient and anemic, 25% iron deficient with no anemia, 

and 15% had normal iron status at enrollment. Fifty-six percent of children were 

chronically iron deficient. Child age, child sex, maternal education, household assets, 

home environment, multiple micronutrient powders, and early learning did not moderate 

associations of interest. After accounting for the possibility of collider-stratification bias 

and ascertainment bias, there was no association between iron deficiency and child 

development at enrollment and at 12-month follow-up. Infants with chronic iron 



120 
 

deficiency had marginally lower scores in fine motor at 12-month follow-up compared to 

infants who did not have chronic iron deficiency (MD= -1.75, SE=0.95, p=0.066, 

Cohen’s d= -0.18); there were no significant differences in other child development 

domains. 

Conclusions: There was no significant association between iron deficiency and child 

development at enrollment and at 12-month follow-up. Child sex, child age, maternal 

education, household assets, and home environment did not moderate associations 

between in iron deficiency and child development.  There were no significant 

associations between chronic iron deficiency and any development domains at 12-month 

follow-up. As prevalence of iron deficiency and anemia was high among children and 

their mothers (over 40%), public health interventions are necessary to ensure adequate 

nutrition for very young children and pregnant mothers in this population. Further 

longitudinal studies using multiple time points are needed to account for the variation in 

iron levels over shorter periods of time. 
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BACKGROUND 

Child development refers to the sequence of changes in motor, language, cognitive, and 

socio-emotional skills that happen during childhood.27 This process results from genetic 

factors as well as environmental factors, including experiences in early life.70 Acquisition 

of skills for academic, behavioral, socio-emotional, and economic achievements is an 

indication that children are reaching their developmental potential.45 The first years of 

life are critical because it is a period of rapid brain development,11 which sets the stage 

for health and well-being throughout the life course. 

Recent estimates showed that 43% of children under age 5 (249.4 million) are at risk of 

not attaining their developmental potential due to poverty and stunting.44 Proportions are 

highest in South Asia (above 50%). Multiple factors negatively influence child 

development in low- and middle-income countries, including inadequate stimulation and 

learning opportunities, chronic malnutrition, micronutrient deficiencies, infections, 

maternal depression, and other environmental factors.70 Sustainable development in low- 

and middle-income countries can only be achieved through promoting optimal child 

development, which results in academic and economic accomplishments.45  

Iron deficiency has been reported as a risk factor for poor child development.70 In animal 

models, early iron deficiency has been shown to alter brain cell metabolism and anatomy, 

and signal transmission in the brain leading to behavioral alterations and cognitive 

impairments.13,30,33 Iron deficiency early in life has a negative impact on brain processes 

and behavioral abnormalities that may not be reversible even after treatment.14  
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Iron status of newborns and very young infants (4-6 months of age) depends on maternal 

iron status during pregnancy2,9 and on dietary intake from 4-6 months after birth2. 

However, anemia remains a major public health issue among pregnant women living in 

low- and middle-income with a prevalence that reaches up to 53% in South Asia; 140 this 

influences their abilities to pass on adequate iron stores to their babies. In addition, 

cultural feeding practices in rural India are characterized by low dietary diversity with 

low consumption of animal-source foods.91 Consequently, maternal anemia and dietary 

practices in India may prevent very young children from having iron levels within normal 

ranges, especially during the first years of life when children are transitioning from 

breastfeeding to family foods.  

As there are few studies that investigated the association between changes in iron status 

and child development.13,46 In a sample of 196 Chilean infants aged 12 months who 

participated in a 3-month randomized trial of oral iron treatment, infants who had iron 

deficiency and anemia for 3 months or greater had significantly lower scores in motor 

and mental development, compared to infants who had iron deficiency and anemia for 

less 3 months.61 A recent study assessing duration of iron deficiency and its association 

with child development at nine months of age found that infants with normal iron status 

at birth and at nine months had higher locomotion scores than infants with ID at either 

birth or nine months and those with iron deficiency at both time points (birth and nine 

months).141 Additional randomized controlled trials assessing the effect of iron 

supplementation on child development with follow-up times greater than 6 months 

showed inconsistent findings.79,130 Previous studies suggested that potential moderators of 

the association between iron deficiency and child development were parental 
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socioeconomic status,37 age,11 and sex.107  Informed by the socio-ecological model, 

confounding factors and moderators were selected at the child (age, sex, diet, and 

diarrhea), maternal (anemia, education, depression), and household (home environment, 

food insecurity, and assets) levels.  

The current study tested the following hypotheses: (1) infants with iron deficiency at ages 

6-14 months and ages 18-26 months had lower developmental scores at the same time 

points than infants who did not have iron deficiency; (2) associations between iron 

deficiency and child development differed by child age, child sex, maternal education, 

household assets and the home environment; (3) infants with chronic iron deficiency had 

lower developmental scores at ages 18-26 months compared to infants who did not have 

chronic iron deficiency.  

 

METHODS 

This was an open cohort142: participants who did not have biomarker measurements or 

anemia without iron deficiency at enrollment were excluded from the analytic sample at 

enrollment; however, they were included in the analytic sample at 12-month follow-up if 

they had biomarker data and did not have anemia and not iron deficiency at 12-month 

follow-up. The study used data of a randomized controlled trial (Project Grow Smart) 

conducted at the National Institute of Nutrition in India and registered at 

ClinicalTrials.gov (NCT01660958). Ethical approval was obtained from the Institutional 

Ethical Committee of National Institute of Nutrition and the Institution Review Board of 

the University of Maryland School of Medicine. 
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Setting 

Twenty-two villages in the Nalgonda district in the state of Telangana participated in 

Project Grow Smart after obtaining approval from village leaders. The setting was 

selected because the prevalence of anemia among children under age 5 years was above 

70%90,94 with low micronutrient intake among children under age 2 years.91 

Participants 

Using village demographic surveys, trained village-level workers recruited infants from 

households after obtaining written consent. Eligibility criteria included infants: 1) aged 6 

to 14 months, 2) without chronic diseases or developmental disabilities, and 3) without 

severe anemia (hemoglobin <7 g/dL). 

Children with severe anemia were 

referred for medical evaluation and 

treatment.  

Five hundred and thirteen infant-

mother dyads were recruited in 

Project Grow Smart (Figure 5.1). For 

the first hypothesis, 40 participants 

were excluded because they had 

missing hemoglobin information or 

missing values for both serum ferritin 

and sTfR measures. After excluding 

those with anemia without iron 

deficiency, the sample for the first 
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hypothesis was 402 at enrollment. Eighty were excluded at 12-month follow-up because 

of missing blood data or having anemia without iron deficiency. Eighty-five participants 

who were excluded from enrollment analysis because of missing blood data or anemia 

without iron deficiency were added at 12-month follow-up. Consequently the analytic 

sample at 12-month follow-up was 405 participants. For the third hypothesis, all those 

with iron measures at enrollment were included (Figure 5.2). We excluded participants 

who did not have 

iron measures at 

12-month follow-

up (n=51), leaving 

an analytic sample 

of 422 participants. 

 

Measures 

Outcome measures 

All outcome measures were pilot tested and validated or modified to be appropriate for 

India.88 Evaluation was conducted by trained psychologists. Inter-rater reliability was 

calculated (>0.95).88 Outcome measures were collected at enrollment and 12-month 

follow-up. 

Cognitive and motor development: the Mullen Scales of Early Learning were used to 

measure children’s cognitive and motor development. This tool is appropriate for 

children from birth to age 68 months, has excellent psychometric properties and has been 
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used in low- and middle-income countries in Africa and Latin America.92,93 It examines 

development in five areas: Gross/Fine Motor, Visual Reception, and 

Receptive/Expressive Language. Internal consistency from the validation sample exceeds 

0.80 for all subscales except Visual Reception (0.79) and Fine Motor (0.75).114 Inter-rater 

reliability was tested before each wave of data collection and exceeded 0.85 (based on 

ICC). Raw scores were converted into standardized age-adjusted t scores (mean = 

50, standard deviation = 10) based on the standardization sample. 

Socio-emotional development: the Behavior Observation Inventory of the Bayley Scales 

of Infant and Toddler Development, Version III, was used to measure child socio-

emotional development. The Bayley validation study reported an average reliability of 

0.90.115 The tool was administered to caregivers. Raw scores were converted to t scores 

(mean = 50, standard deviation = 10). 

For the first hypothesis, outcome measures were scores in child development domains 

(gross motor, visual reception, fine motor, receptive language, expressive language, and 

socio-emotional) at enrollment and 12-month follow-up. For the third hypothesis, scores 

in child development domains at 12- month follow-up were used.  
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Exposure measures 

A trained phlebotomist collected a 2-ml non-fasting blood sample from each infant and 

mother at enrollment and 12-month follow-up. Blood was transported to the laboratory at 

the National Institute of Nutrition in Hyderabad, India daily in thermally insulated boxes 

containing ice packs; plasma was separated and stored in aliquots at − 20°C until 

analysis. Quality assurance practices were followed. Detailed description was previously 

published.71 

Hemoglobin analysis was done in whole blood, on the same day of blood collection, 

using a commercial kit (HemoCor-D, Coral Systems; Tulip Group, Alto Santacruz, 

India). A sandwich ELISA was used to measure serum ferritin concentrations, as 

previously described.94 The serum ferritin assay was standardized with purified human 

liver ferritin that was diluted to 1 μg/ml in buffered bovine serum albumin which was 

calibrated against International Standard 94/572 (National Institute for Biological 

Standards and Controls, South Mimms, UK). The assay sensitivity was 1 ng/ml and 

reported recoveries were above 90 %. Soluble transferrin receptor was analyzed using a 

sandwich ELISA kit with a minimum detectable dose of 0·5 nmol/l (R&D Systems, Inc., 

Minnesota, MN, USA). 

Following the World Health Organization guidelines,20 hemoglobin cut-off of <11g/dL 

was used for anemia among infants. A ferritin cut-off of <12 μg/l was used for iron 

deficiency95 in addition to soluble transferrin receptor, which is relatively not affected by 

inflammation. To correct for inflammation-related increase in ferritin levels, a factor of 

0.67 was used when C-reactive protein was higher than 5 mg/l.96 In the absence of a 

universally accepted cut-off for soluble transferrin receptor, the frequency distribution of 
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soluble transferrin receptor values of participants with no anemia, no iron deficiency and 

no inflammation (based on C-reactive protein <5 mg/l), and the mean values were 

obtained and used as the cut-off.97 The ferritin concentrations were log-transformed and 

serum transferrin receptor-ferritin index (mg/μg) values were computed in the same 

group as an indicator of iron stores. A cut-off of 2·5 mg was established for soluble 

transferrin receptor and the mean serum transferrin receptor-ferritin index of 1·9 mg/μg 

was used to categorize iron deficiency. Based on the above cut-offs, Table 5.1 provides 

definitions of normal iron and hemoglobin levels, anemia, and iron deficiency with or 

without anemia. 

Table 5.1.   Definition of deficiencies of iron deficiency and anemia 

 

For the first hypothesis, iron deficiency was determined at enrollment and 12-month 

follow-up. For the third hypothesis, exposure groups were categorized into four groups: 
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chronic iron deficiency, 

corrected iron deficiency, 

acquired iron deficiency, 

and normal iron status 

(Figure 5.3). Chronic iron 

deficiency was defined as 

having iron deficiency at 

enrollment and 12-month 

follow-up. Corrected iron 

deficiency was iron deficiency at enrollment but not at 12-month follow-up. Acquired 

iron deficiency was defined as having normal iron levels at enrollment but iron 

deficiency at 12-month follow-up. The group with normal iron status had normal iron 

levels at both enrollment and 12-month follow-up.  

 

Potential moderators 

The potential moderating effects of child age and sex, and parental socioeconomic factors 

(maternal education, home environment, and household assets) were tested as these 

factors were suggested as potential moderators of the association between iron deficiency 

and child development.37,11,107 

Child age was reported in months and entered in models as a continuous variable. Ages 

ranged from 6 to 14 months. Since developmental stages in early childhood are achieved 

within three to four months ranges, 114 stratification of these findings was performed 

using 6-9 months and 10-14 months age groups. 
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Child sex (boy or girl) was reported at enrollment. 

Maternal education was collected at enrollment. Number of years of schooling were 

reported. Maternal education was categorized into two groups: primary education and 

below vs. secondary education and above. 

 Home environment was assessed at enrollment using the HOME Inventory Scale, the 

Infant-Toddler version.100  This tool measures the quality and quantity of stimulation and 

parent responsiveness in the home environment through 45 items. It yields the following 

subscales: emotional responsivity of mother, avoidance of restriction, organization of 

environment, appropriate play material, maternal involvement, and daily stimulation. It 

was assessed during a home visit at a time when the mother and child were in the home 

and awake. The tool was revised to ensure that it was culturally appropriate; instructions 

were translated in the local language. It was pilot-tested among local children. Inter-rater 

reliability was > 0.92 and internal consistency for the total HOME score is as high as 

0.80.116 Sum scores of all the items were used. In the absence of culturally-appropriate 

cut-offs to define high (vs. low) home interactions, empirical cut-offs previously used in 

the literature117 and in this sample69 were determined. Home scores were categorized as 

top quartile vs. bottom three quartiles.69,117 

Household assets were quantified using a questionnaire, developed for India and other 

low- and middle-income countries,101 assessing family ownership of 27 household assets 

was used to determine economic resources at enrollment. Assets included type of house, 

source of lighting/drinking water, livestock, furniture (mattress, chair, table, etc.), 

appliances (refrigerator, pressure cooker, sewing machine, television, radio, etc.), type of 

transportation (car, bicycle, motorcycle, etc.) and so on. Scores were weighted by relative 
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significance of assets owned, and an index was created. Higher scores indicate more 

economic resources at enrollment. 

Project Grow Smart interventions were delivered as a 2 x 2 factorial design. Children 

were randomized into the multiple micronutrient (or placebo) arm and the early learning 

(or control) arm. There was a possibility that our associations of interest differed by 

Project Grow Smart interventions. Micronutrient and early learning interventions may 

change iron levels over time and affect child development.  

The early learning intervention promoted responsive parenting by including age-

appropriate play and communication activities for parents and infants. The WHO’s Care 

for Child Development Module132 and the Pakistan Early Development Study133 were 

used to create materials for this intervention. Intervention was delivered by study staff in 

participants’ homes every other week for 12 months. Participants in the control arm did 

not receive the early leaning intervention.  

The multiple micronutrient powder (MNP) intervention consisted of individual sachets of 

0.5 g of MNP or placebo delivered to mothers, who were trained to mix powders into the 

first bites of the infant’s food daily. Study staff delivered sachets every other week. MNP 

formulations were based on recommendations from WHO134 and the Indian Council of 

Medical Research135. The formulation for MNP included iron, folic acid, zinc, and 

vitamins A, C, B12, and B2, and formulation for the placebo included only vitamin B2. 

Along with the sachets, the staff provided information on iron-rich food for infants and 

young children. 
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Potential confounding factors 

Informed by the socio-ecological model, potential confounding variables were identified 

through the literature and a directed acyclic graph (DAG). 

Child diarrhea was reported by caregivers on a monthly basis during home visits. The 

following question was asked to caregivers: “did your child have diarrhea in the past 14 

days?” Possible answers were yes or no. In this analysis, diarrhea statuses at enrollment 

and at 12-month follow-up were used to determine our association of interest at these two 

time points. 

Child diet: A food frequency questionnaire,91 modified for India, was administered to 

assess child’s dietary intake at enrollment and 12-month follow-up. Questions were asked 

to determine whether child consume particular type of foods during the last week; scores 

were 1 for yes or 0 for no. Because iron status is associated with dietary intake of iron-

containing foods, a sum score or iron-rich foods was created for this analysis. Iron-rich 

foods included vegetables (e.g. amaranth and green leafy vegetables), meat (e.g. mutton, 

liver and fish) fortified foods, and legumes (e.g. dhal). The number of iron-rich foods 

consumed the previous week ranged from 0-9 at enrollment and from 0-11 at 12-month 

follow-up. 

Maternal anemia: Mothers of infants enrolled in the study provided blood samples 

through finger stick at enrollment and 12-month follow-up. Hemoglobin concentration 

was determined. To determine maternal anemia, the following WHO cut-offs20 were 

used: anemia is hemoglobin concentration <12 g/dL for non-pregnant women or 

hemoglobin <11 g/dL for pregnant women. 
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Maternal depression was assessed using the Center for Epidemiologic Studies 

Depression Scale (CESD)108 at enrollment and 12-month follow-up. This is a 20-item 

questionnaire with response values for each question ranging from 0 to 3. The total 

CESD score is computed as a sum of all 20 questions; higher scores indicate more 

depressive symptoms. In the absence of specific cut-offs for the Indian population, a total 

score of 16 or more was considered as having high depressive symptoms, while scores 

less than 16 were considered as low depressive symptoms.108 Maternal depression was 

categorized as high vs. depressive symptoms. 

Household food insecurity: The Household Food Insecurity Access Scale was used to 

measure household food insecurity at enrollment. It is a 9-item standardized 

questionnaire, which has been used globally and in India.109 Validation studies have 

reported an acceptable internal consistency (Cronbach’s α = 0.80 to 0.91).118,119 Food 

insecurity is defined by the endorsement of one item or more. Food insecurity was 

categorized as food insecure vs. food secure. 

 

Statistical analysis 

Sample characteristics across the three exposure groups were compared using generalized 

linear mixed effects models accounting for clustering at the village-level with a 

multinomial distribution and cumulative logit link (Table 5.2). 

Less than 1% of participants had missing data on covariates. Because only two 

participants had missing maternal hemoglobin information, no imputation was 

performed. A maximum likelihood approach (using available data from to compute 

maximum likelihood estimates) was used to handle missing outcome variables in the data 
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set.136 Sensitivity analyses were run to patterns of missingness by comparing the children 

who had blood data (hemoglobin and iron measures) at enrollment and 12-month follow-

up to those who had missing blood data at 12-month follow-up (Appendix aim 3: Table 

A). 

Linear mixed effects models accounting for clustering within individuals and recruitment 

sites (random intercepts) were used to assess whether iron deficiency with no anemia or 

iron deficiency with anemia was associated with child development at enrollment and 12-

month follow-up. To assess the association between chronic iron deficiency and child 

development at 12-month follow-up, linear mixed effects models with a random effect 

for site of recruitment were used. Normality of residuals were checked to determine the 

goodness-of-fit of linear mixed effects models. Residuals for gross motor, visual 

reception, fine motor, receptive and expressive language did not depart from normality. 

As residuals for socio-emotional outcome departed from normality because the variable 

has a ceiling effect, multiple transformations (square root, logarithm, inverse and their 

‘reflect’ versions) were performed; however, none of these transformations improved the 

model fit. Therefore, the socio-emotional outcome was not transformed.  

To be consistent with previous analyses (cross-sectional and longitudinal analyses of 

baseline iron deficiency and child development), interactions terms between exposure 

and child sex, child age, maternal education, household assets, or home environment 

were tested. Significant interactions were defined as p<0.05. There were no significant 

interactions with potential moderators. In addition, interaction terms with Project Grow 

Smart interventions were tested. For the visual reception domain, there was a significant 

interaction between multiple micronutrient intervention (p=0.038) and exposure and 
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marginal significant interaction with early learning (p=0.053). When these interaction 

terms were tested in adjusted models, there were no longer significant (all ps>0.10). 

Therefore, findings were not stratified by Project Grow Smart interventions. Since there 

were no significant interactions between iron deficiency and Project Grow Smart 

interventions, MNP and early learning interventions were controlled for as covariates in 

adjusted models to account for any residual confounding. 

A DAG was created with the software DAGitty137 to identify potential confounding 

factors (Appendix aim 3: Figure A). Based on DaGitty, the minimal sufficient 

adjustment sets were child age, child sex, child diet, child diarrhea status, maternal 

anemia, maternal education, maternal depression, household food insecurity, and 

household diet. Child diarrhea, child diet, maternal anemia, and maternal depression at 

enrollment and at 12-month follow-up, as well as child age, child sex, maternal 

education, household food insecurity, and household assets at enrollment were 

confounding variables assessed.  To fit parsimonious models, only variables that yielded 

a change in estimate (between the crude and adjusted) of ≥10% in adjusted analysis were 

included in final models.  Maternal anemia and household assets were met the 

requirements to be included in the final model.  

Between-group estimate comparisons were performed at enrollment and 12-month 

follow-up (Tables 5.3-5.5). Means, mean differences (MD), and standard errors (SE) 

were reported. 

Standardized effect sizes (Cohen’s d) for the difference in developmental scores 

comparing children with normal iron status to children with iron deficiency (e.g., normal 

vs. iron deficiency without anemia or normal vs. iron deficiency with anemia) were 
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computed and presented in Table 5.4. The conventional Cohen’s d classification is as 

follows: small effect (Cohen’s d=0.2), medium effect (Cohen’s d=0.5) and large effect 

(Cohen’s d=0.8).110 

Multiple sensitivity analyses were performed to assess the robustness of the primary 

findings. First, to account for the possibility for collider stratification bias and 

ascertainment bias, analyses were run with dichotomous exposure (normal iron status vs. 

iron deficiency, regardless of the anemia status or chronic iron deficiency vs. non-chronic 

iron deficiency) using all participants with iron measures, including those with anemia 

and no iron deficiency (Tables 5.6 and 5.7). Collider-stratification occurs when 

stratification on anemia may lead to biased estimates in the presence of unmeasured 

common causes of anemia and child development.120 Ascertainment bias is a type of 

selection bias that occurs when an inadequate definition is used to determine eligible 

population leading to a study sample that is not representative of the population.121 . 

Findings from the first objective were further stratified by age group (6-9 months vs. 10-

14 months) (Appendix aim 3: Tables B and C). A table comparing developmental 

scores at 12-month follow-up across participants with normal iron without anemia, iron 

deficiency with no anemia, anemia, and iron deficiency with anemia was provided in the 

appendix (Appendix aim 3: Table D). Because micronutrient supplementation provided 

to infants throughout the study period may have influenced their iron status, findings 

were stratified by MNP (Appendix aim 3: Tables E-H). 

Analyses were conducted using SAS 9.4 (SAS Institute Inc., Cary, NC) and RStudio112. 

Significance level was at p<0.05 and marginal significance at p<0.10. 
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RESULTS 

Sample characteristics 

At enrollment, forty-four percent of participants were girls, and the mean age was 8.7 

months (Table 5.2). Sixty percent had iron deficiency and anemia, 25% had iron 

deficiency with no anemia, and 15% had normal iron status. Eleven percent reported 

diarrhea episodes, and the median number of iron-rich foods consumed weekly was one. 

Twenty percent of mothers had high depressive symptoms, 41% had anemia, and 76% 

attended secondary education and beyond. Ten percent of homes were food insecure. 

Infants with iron deficiency and anemia were less likely to be girls (38.8%), compared to 

proportion of girls with normal iron status or iron deficiency without anemia (52% in 

both groups). Infants with iron deficiency with anemia were more likely to have mothers 

with anemia, compared to infants with normal iron status or with iron deficiency without 

anemia (51.2% vs. 25.0% vs 26.7%, respectively, p<0.01). Infants with normal iron 

status were more likely to be in homes with higher assets, compared to children with iron 

deficiency without anemia or with iron deficiency with anemia (4.2 vs. 3.7 vs. 3.6, 

respectively, p=0.03). Children with normal iron levels were less likely to be randomized 

in the early learning intervention, compared to children with iron deficiency without 

anemia and to children with iron deficiency with anemia (33.3% vs. 47.0% vs. 55.8%, 

respectively, p=0.002). There were no differences in the number of iron-rich foods 

consumed, maternal depressive symptoms, maternal education, household food 

insecurity, and home environment. 
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Table 5.2. Baseline characteristics of study participants by iron status (n=402) 

 

 

Association between iron deficiency and child development at ages 6-14 months and 

at ages 18-26 months 

Unadjusted models 

In unadjusted models, infants with iron deficiency and anemia had lower receptive 

language scores at ages 6-14 months compared to infants with normal iron status (MD= -

2.46, SE= 1.23, p=0.047, d= -0.29). At ages 6-14 months, infants with iron deficiency 

without anemia had lower expressive language scores compared to infants with normal 

iron status (MD= -2.62, SE= 1.26, p= 0.039, d= -0.34) (Table 5.3). There were no 

differences in gross motor, visual reception, fine motor, and socio-emotional scores 
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between normal iron status and iron deficiency groups at ages 6-14 months. At ages 18-

26 months, infants with iron deficiency and anemia had lower fine motor scores (MD= -

2.63, SE= 1.27, p= 0.039, d= -0.28) and expressive language scores (MD= -2.08, SE= 

1.04, p= 0.046, d= -0.27), compared to infants with normal iron status. At ages 18-26 

months, there were no differences in gross motor, visual reception, receptive language 

and expressive language between normal iron status and iron deficiency groups. 
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Table 5.3. Unadjusted association between iron deficiency and child development at ages 6-

14 months and ages 18-26 months using linear mixed effects models
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Adjusted models 

After controlling for maternal anemia, household assets, and randomization to MNP and 

early leaning interventions, there were no significant associations between iron 

deficiency and child development at ages 6-14 months and at ages 18-26 months (Table 

5.4). At ages 6-14 months, infants with iron deficiency and anemia had marginally lower 

receptive language scores, compared to infants with normal iron status (MD= -2.22, SE= 

1.38, p=0.076, d= -0.26). Infants with iron deficiency without anemia had marginally 

lower expressive language scores at ages 6-14 months, compared to infants with normal 

iron status (MD= -2.37, SE=1.27, p=0.064, d= -0.30). At ages 18-26 months, infants with 

iron deficiency and anemia had marginally lower scores in visual reception (MD= -1.85, 

SE= 1.11, p=0.097, d=-0.22), fine motor (MD= -2.20, SE= 1.33, p=0.099, d= -0.22), and 

expressive language (MD= -2.00, SE= 1.09, p= 0.069, d= -0.25), compared to infants 

with normal iron status.  

 

Association between chronic iron deficiency and child development at ages 18-26 

months 

Infants with chronic iron deficiency had significantly higher socio-emotional scores at 

ages 18-26 months, compared to infants with normal iron status (MD= 4.01, SE= 1.72, 

p= 0.020, d= 0.37) (Table 5.5). There were no significant differences in gross motor, 

visual reception, fine motor, receptive language, and expressive language comparing 

infants with chronic iron deficiency to infants with normal iron status, those with 

corrected or acquired iron deficiency.  
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Table 5.4. Adjusted association between iron deficiency and child development at ages 6-14 

months and ages 18-26 months using linear mixed effects models   
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Table 5.5. Adjusted association between chronic iron deficiency and domains of child 

development at ages 18-26 months using linear mixed effects models 

 

 

  



144 
 

Sensitivity analyses 

Comparison between infants with both iron measures and those with missing iron 

measure at ages 18-26 months 

A comparison of participants who had iron measures at ages 6-14 months and ages 18-26 

months and those who had missing iron measure at ages 6-14 months showed that both 

groups differed by maternal depressive symptoms, household assets, and randomization 

to the early learning intervention (Appendix aim 3: Table A). Infants who had missing 

iron measure at ages 18-26 months were more likely to have mothers with high 

depressive symptoms (33% vs. 19%, p=0.038), more likely to come from homes with 

higher economic resources (mean household assets: 4.6 vs. 3.6, p= 0.009), and less likely 

to be randomized to the early learning intervention (33% vs. 52%, p=0.011), compared to 

those who had iron measures at ages 6-14 months and ages 18-26 months. There were no 

differences in child factors or outcome variables between participants who had both iron 

measures to those who had one measure.  

Association between iron deficiency and child development at ages 6-14 months and ages 

18-26 months using two-level exposure in the sample including infants with anemia and 

no iron deficiency  

When participants with anemia and no iron deficiency were included in the analysis (total 

sample= 473 at ages 6-14 months), there was no significant association between iron 

deficiency and child development at ages 6-14 months and ages 18-26 months (Table 

5.6). 
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Table 5.6. Adjusted association between iron deficiency and child development at ages 6-14 

months and ages 18-26 months using linear mixed effects models and two-level exposure 

group 
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When findings were stratified by age group, among infants aged 6-9 months at 

enrollment, those with iron deficiency 12 months later had higher socio-emotional 

development scores at ages 18-21 months compared to infants with normal iron status 

(MD= 2.92, SE= 1.43, p= 0.041, d= 0.21); there were no differences in any other 

development domains in this age group (Appendix aim 3: Table E). Iron deficiency was 

not significantly associated with child development at ages 10-14 months nor ages 22-26 

months (Appendix aim 3: Table F). 

 

Association between chronic iron deficiency and child development at ages 18-26 months 

using a two-level exposure group 

When using development scores at ages 18-26 months, there was no statistically 

significant difference in development scores comparing infants with chronic iron 

deficiency to infants who did not have chronic iron deficiency (Table 5.7). Infants with 

chronic iron deficiency had marginally lower fine motor scores at ages 18-26 months 

(MD= -1.75, SE=0.95, p=0.066, d= -0.18), compared to infants who did not have chronic 

iron deficiency.  

 

 

  



147 
 

Table 5.7. Adjusted association between chronic iron deficiency and domains of child 

development at ages 18-26 months using linear mixed effects models and two-level exposure 

group 

 

 

DISCUSSION 

This study had three major findings. First, after accounting for the possibility of collider-

stratification bias and ascertainment bias, there was no significant association between 

iron deficiency and domains of child development at ages 6-14 months and ages 18-26 

months. Second, child sex, child age, maternal education, household assets, and home 

environment did not moderate associations between iron deficiency and domains of child 

development at ages 6-14 months and ages 18-26 months. Third, infants with chronic 

iron deficiency had marginally lower scores in the fine motor domain compared to infants 
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who did not have chronic iron deficiency; there were no differences in other child 

development domains. 

 

No association between iron deficiency and child development at ages 6-14 months 

and ages 18-26 months 

The current study found no association between iron deficiency and child development at 

ages 6-14 months and ages 18-26 months. This finding is consistent with a cluster-

randomized controlled trial conducted in Colombia among children 12-24 months that 

found that micronutrient supplementation had no significant effect on child development 

outcomes (cognitive, receptive and expressive language, and fine and gross motor) after 

18 months of interventions.130 Similarly, a study conducted among Chilean infants aged 6 

and 12 months found no differences in developmental scores after 6 months of iron 

supplementation.143 However, other randomized controlled trials that treated children 

with iron therapy for varying length of time found that increases in iron levels among 

those receiving iron treatment at the end of the study and there was no difference in 

developmental scores among those who received iron treatment compared to placebo at 

the end of the treatment period.63-66 Follow-up studies reported inconsistent findings 

regarding the effect of iron supplementation or iron status in infancy and long-term child 

development.67,68 In the light of these findings, it may be worth investigating whether 

iron deficiency alone has an impact on child development or whether the family socio-

economic status, nutritional practices, and environmental factors are main factors 

influencing child development in low-and middle-income countries. For instance, family 

socio-economic condition affects the quantity and quality of stimulation available in the 
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home environment,37 which in turn, may have an impact on child development during 

early childhood.100,130 

It is noteworthy that at ages 18-26 months, infants with iron deficiency had higher socio-

emotional scores compared to infants with normal iron levels (although not significant). 

In the stratified analyses, there was similar trends among younger infants. This finding 

should be interpreted with caution as socio-emotional scores were skewed and the final 

models had poor fit even though data transformation was attempted to improve model fit. 

 

No moderating factors of the association between iron deficiency and child 

development at ages 6-14 months and ages 18-26 months 

Child age, child sex, maternal education, household assets, and home environment did 

not moderate the association between iron deficiency and child development at ages 6-14 

months and ages 18-26 months. This finding is consistent with a previous study that 

concluded that parental socio-economic status (composite index with multiple domains, 

including marital status, education, employment, and occupational prestige) did not 

moderate the association between iron deficiency and cognitive development in early 

childhood, but there was a moderating at 19 years of age.37 A home-based intervention 

promoting mother-child interactions conducted in Chile among infants aged 6 and 12 

months found that the intervention improved cognitive and motor scores in infants with 

iron deficiency and anemia, and developmental trajectory was comparable to those 

without iron deficiency and anemia at 6- and ages 18-26 months.143 However, Project 

Grow Smart trial found no interaction between the multiple micronutrient and early 
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learning interventions at 12-month follow-up suggesting that associations between the 

early learning intervention and child development did not differ based on whether 

participants received the multiple micronutrient intervention. There were differences 

between both studies: age of participants (6 months vs. 6-14 months at ages enrollment), 

duration of postnatal iron deficiency at enrollment (≤ 6 months vs. ≥ 6 months), iron 

treatment (oral therapy vs. food fortification), and tools to assess child development 

(Bayley Scales of Infant Development vs. Mullen Scales of Early Learning). 

 

No significant association between chronic iron deficiency and child development 

Primary analyses found significant associations between chronic iron deficiency and fine 

motor, receptive language, and socio-emotional language. After accounting for the 

possibility for collider-stratification bias, there was no association between chronic iron 

deficiency and child development scores at ages 18-26 months. A previous study found 

that infants who were iron deficient at birth and nine months of age had lower gross 

motor scores at 9 months compared to infants with no iron deficiency.141 This apparent 

inconsistency may be due to the timing of iron status assessment (birth and 9-months of 

age vs. 6-14 months and 18-26 months of age), age of participants (newborns vs. infants 

aged 6-14 months), rates of iron deficiency (43% vs. 72% at enrollment), and child 

development assessment tools (Peabody Developmental Motor Scale, Infant Neurological 

International Battery and motor quality factor vs. Mullen Scales of Early Learning and 

Behavior Observation Inventory of the Bayley Scales of Infant and Toddler 

Development). 
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Limitations and strengths 

The current study has several limitations. First, there were possibilities for collider-

stratification and ascertainment biases. Additional analyses were performed with fewer 

exposure levels (iron deficiency vs. normal and chronic iron deficiency vs. non-chronic 

iron deficiency) including participants with anemia and no iron deficiency. Second, this 

analysis defined chronic iron deficiency based on blood measurements collected 12 

months apart; however, iron status may have changed over the study period. In order to 

account for changes in iron status due to Project Grow Smart intervention, randomization 

to micronutrient fortification was tested for a potential moderating effect. Although MNP 

did not moderate the association of interest, micronutrient intervention was adjusted for 

in models. Child diet was also assessed for confounding as a time-varying variable to 

account for diet at ages 6-14 months and at ages 18-26 months. Third, there were few 

differences between those who had blood samples at two time points (ages 6-14 months 

and ages 18-26 months) and those who did not have blood sample at ages 18-26 months; 

this may suggest that missingness in the study was not completely at random and may 

have introduce selection bias in the third hypothesis. As a result, the primary analysis was 

performed as an open cohort to allow participants who did not have blood sample at ages 

6-14 months but had blood data at ages 18-26 months to be included in the analysis. 

Fourth, socio-emotional scores had a ceiling effect. Although several transformations 

were performed to correct the model fit, residuals from these models still departed from 

normality. Therefore, raw scores were fitted. Fifth, as with any observational study, there 

is a possibility for residual confounding.  
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This study has several strengths. First, venous blood draws were successfully performed 

on the study sample allowing the characterization of iron status using multiple biomedical 

measures, which increase accurate classification of iron status. Second, the study allowed 

to investigate changes in iron status over a 12-month period (from infancy to 

toddlerhood). Third, standardized tools with excellent psychometric properties were used 

to assess child development; these tools help achieve objective evaluation of outcomes. 

Fourth, the study uses a community sample, which allows the generalization of findings 

to similar communities. Fifth, data was systematically collected as a randomized 

controlled trial.  

 

Public health implications 

Maternal anemia and household assets were the two factors associated with both child 

iron status and child development. Anemic mothers were more likely to have iron 

deficient infants. Iron deficiency in early infancy may happen as the result of low iron 

levels during pregnancy or intake2,9 of low quantity of iron-containing foods as it is 

common in this population91. Therefore, there is a need to ensure proper intake of iron-

rich foods among pregnant women and very young children. Family economic resources 

are related to the quality and quantity of foods available in the household as well as 

learning opportunities.30,124-126 Interventions to promote mother-child interactions are 

necessary to stimulate children and help them attain their developmental potential. 

Although there is no clear association between iron deficiency and child development at 

ages 6-14 months and ages 18-26 months in this sample, there is a need to prevent or 
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reduce undernutrition worldwide as 249 million children worldwide are at risk of not 

achieving their developmental potential due to stunting or poverty.44 Interventions that 

help with adequate nutrition by ensuring food availability and affordability are needed. 

 

Conclusions 

There was no significant association between iron deficiency and domains of child 

development at ages 6-14 months and ages 18-26 months. Child sex, child age, maternal 

education, household assets, and home environment did not moderate associations 

between iron deficiency and domains of child development. There were no significant 

associations between chronic iron deficiency and child development at ages 18-26 

months. Public health interventions are necessary to ensure adequate nutrition for very 

young children and pregnant mothers. Further longitudinal studies using multiple time 

points are needed to account for the variation in iron levels over time. 
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CHAPTER VI. DISCUSSION OF RESULTS 

Early child development is a major public health concern worldwide as it has long-term 

health and economic effects that extend beyond childhood. Iron deficiency is the most 

common micronutrient deficiency worldwide with the highest prevalence in low- and 

middle-income countries. Iron deficiency may impact brain development early in life and 

may have long-term consequences. This dissertation project aimed to investigate the 

relationship between iron deficiency and child development and to identify moderators of 

this association among very young children living in rural India using different 

epidemiologic designs and statistical methods. The ultimate goal was to inform 

interventions that aim to prevent health disparities, particularly in countries with a high 

prevalence of iron deficiency. Data were from a nutritional and early learning controlled 

trial that enrolled infants aged 6-14 months and their mothers and followed them up for 

12 months. 

 

Unexpected findings 

In order to account for the severity of iron deficiency, primary analyses were based on 

assessing iron status as a categorical continuum: normal iron status, iron deficiency 

without anemia and iron deficiency with anemia. These analyses yielded unexpected 

findings with infants with iron deficiency with no anemia having lower developmental 

scores than infants with iron deficiency and anemia in some developmental domains. 

These findings suggested the presence of collider-stratification bias. This type of bias 

occurs when stratification on a variable (e.g., anemia) that is an effect of the exposure 
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(iron deficiency) and shares an unmeasured common cause (e.g., lead) with the outcome 

(child development) may lead to biased associations between the exposure (iron 

deficiency) and outcome (child development).120,123 Therefore, final results were 

conducted using two-level exposure group (normal vs. iron deficiency).  

As the main focus of our final analyses was iron deficiency (regardless of anemia), 

participants with anemia and no iron deficiency were included in these models. 

Comparison groups were participants with iron deficiency and participants with normal 

iron status. 

 

Cross-sectional association between iron deficiency and child development  

Although there was a high prevalence of iron deficiency in our sample (72%), children’s 

iron status was no associated with developmental domains at one point in time in the 

pooled sample. These findings are consistent with several studies showing no association 

between iron status of infants and child development.53,65 However several randomized 

trials found that iron supplementation improve developmental scores among infants.55,57 

Discrepancies of findings may be due to methodological differences across studies, 

including measures to characterize iron deficiency, assessment tools for child 

development, study setting and participants, sample size, and analytic plan.   

Interestingly, stratified analyses found a significant difference in gross motor scores 

between infants with iron deficiency and their counterparts without iron deficiency 

among infants 6-9 months of age, but not among those aged 10-14 months. Numerous 

observational studies found that iron deficiency was associated with lower gross motor 
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scores among young infants (9-10 months) in different settings, including China, Ghana, 

and the United States.50,122  

 

Association between baseline iron deficiency and child development at three time 

points 

There were no significant associations between iron deficiency at infant ages 6-14 

months and any developmental domains at infant ages 6-14 months and at ages 18-26 

months; however, there was evidence that baseline iron deficiency was related to gross 

motor, visual reception, and expressive language at child ages 12-20 months. It is worth 

noting that infants with iron deficiency at infant ages 6-14 months had lower 

developmental scores on the Mullen Scales of Early Learning compared to infants with 

normal iron status most of the times. Because findings were not consistent across three 

time points and there were variations in findings, significant results should be interpreted 

with caution as it may suggest some randomness. 

 

Association between changes in iron deficiency and child development over 12 

months 

There was no association between iron deficiency at infant ages 6-14 months and ages 

18-26 months and child development at both time points. This finding is consistent with 

prior studies conducted among children in Chile and Colombia that found that 

micronutrient supplementation had no significant effects on child development.130,143 

However, multiple randomized controlled trials that treated children with iron therapy for 

varying length of time found increases in iron levels among those receiving iron 
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treatment at the end of the study and there was no difference in developmental scores 

among those who received iron treatment compared to placebo at the end of the treatment 

period.63-66 In light of these findings, it may be worth investigating whether iron 

deficiency alone has an impact on child development or whether the family socio-

economic status, nutritional practices, and environmental factors are main factors 

influencing child development in low-and middle-income countries. For instance, family 

socio-economic condition affects the quantity and quality of stimulation available in the 

home environment,37 which in turn, may have an impact on child development during 

early childhood.100,130 

 

Moderators of the association between iron deficiency and child development 

Child age, child sex, maternal education, home environment, and household assets did 

not moderate the association between iron deficiency and child development using two-

level exposure group in the pooled sample. A previous study supported no moderating 

effect of parental socio-economic factors during infancy, but a moderating effect was 

found at age 19 years.37  

 

Public health implications 

Almost all participants were fed breastmilk (97%) at enrollment; however, over 40% of 

mothers were anemic. A study conducted in this setting found that infants consumed very 

low quantities of animal-source foods.91 This highlights the need for dietary diversity. 
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Recommendations include scaling-up food fortification, interventions targeting behavior 

changes, and ensuring food availability and affordability. 

This study population suffered from nutritional deficiencies (both micronutrients and 

macronutrients) with prevalence of iron deficiency among infants as high as 72% at 

enrollment and 20% for stunting. Previous research highlighted the need to reduce 

undernutrition as 43% of children under the age of five years are at risk for not attaining 

their developmental potential due to stunting and poverty.44 Therefore, public health 

interventions should promote sufficient amount foods as well as adequate quality of food 

intake for pregnant women, mothers of very young children, and young children in rural 

settings in India and other low- and middle-income countries. 

Family economic resources were related to infant iron status and child development in all 

analyses. Previous studies have reported that family economic resources were related to 

the quality and quantity of foods available in the household as well as learning 

opportunities.30,124-126 To promote optimal child development, a nurturing care approach 

fostering health, nutrition, security and safety, responsive parenting, and early learning 

opportunities is needed.45 

 

Limitations and Strengths 

The current study has several limitations. First, the current study used secondary analyses 

of existing data that were not initially collected to address our questions of interest. 

Parent study interventions were tested for a potential moderating effect, and there was no 

moderating effect on the associations of interest. Interventions were adjusted for in final 
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models to account for residual confounding. Second, discrepancies between primary 

analyses (three-level exposure group: normal iron status, iron deficiency without anemia, 

and iron deficiency with anemia) and final analyses (two-level exposure group: normal 

iron status and iron deficiency regardless of anemia) suggested the possibility for 

collider-stratification bias. Third, socio-emotional scores had a ceiling effect. Although 

several transformations were performed to correct the model fit, residuals from these 

models still departed from normality. Therefore, raw scores were fitted. Fourth, as with 

any observational studies, there is a possibility for residual confounding. 

This study has several strengths. First, different study designs were used to investigate 

the association between iron deficiency and child development over a 12-month period 

among children under the age of three years. Second, venous blood draws were 

successfully collected on infants and their mothers at both enrollment and 12-month 

follow-up. This allowed adequate characterization of iron status using multiple 

biomarkers. Third, child development was measured using standardized tools 

administered three times over a 12-month period. Fourth, the study population 

represented a community sample recruited through demographic surveys. Fifth, data were 

systematically collected as part of a randomized controlled trial.  

 

Future directions 

The current study found that over 40% of the mothers enrolled in this study were anemic. 

Iron deficiency is the common cause of anemia worldwide; meanwhile nutritional factors, 

such as folate, vitamin B12 deficiencies, may also lead to anemia.144 This finding 
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highlight the burden of micronutrient deficiency in this population. The current dataset 

did not capture data on serum micronutrient levels among mothers, so future studies may 

collect blood samples from mothers to determine not only iron status, but also levels of 

other important micronutrient. Iron status of very young infants (birth until 4-6 months of 

life) is highly dependent on maternal iron levels during pregnancy.2,9 

Children were enrolled in the study at ages 6-14 months, and approximately three-

quarters were iron deficient at enrollment. It was impossible to determine timing (when 

iron deficiency actually started) or duration (how long children had iron deficiency). To 

better understand the effect of iron deficiency on child development, a recommendation 

is to enroll pregnant women and follow them up for several years after delivery. This 

approach will allow to evaluate iron levels of mothers during pregnancy, determine iron 

status of child at birth, to monitor both maternal and child iron levels for a longer period 

of time, and to assess whether iron deficiency at a particular age is associated with poor 

child development outcomes at that same age or later on in life. As there is a large 

proportion of children born in this region of India who are breastfed for 6 months and 

above (97% in this sample and 80% in a previous study145), it is necessary to follow up 

participants until they have completely transitioned to complimentary feeding. Having 

blood samples collected at multiple time points (short timeframe), as well as multiple 

measures of child development over the study period will allow researchers to examine 

changes in iron status and developmental trajectories in these children. 

Future studies should also collect data related to both iron deficiency and child 

development in order to permit proper assessment of the causal association of interest. 

Some factors to measure include maternal and child health conditions, maternal and child 
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dietary practices, and household sanitation and hygiene. For instance, absorption of 

dietary iron is complex as multiple factors, including interaction with other foods and 

type of iron (heme or non-heme), may affect the process.1,16,17 To evaluate quality of diet, 

the optimal tool should details about types of foods, foods consumed as well as timing, 

food amount, and cooking practices. 

 

Conclusions 

In this rural sample of infants with very high prevalence of iron deficiency, there was 

weak to no evidence of an association between iron deficiency and child development 

over a 12-month period. Meanwhile, there is a need to reduce micronutrient deficiencies 

among mothers and children by promoting dietary diversity in a population that 

consumes low quantities of animal-source foods91 and has a high prevalence of maternal 

anemia (over 40%). Child sex, child age, maternal education, household assets, and home 

environment did not moderate associations between iron deficiency and domains of child 

development in this young sample. In order to properly assess timing of iron deficiency 

as well as duration and their associations with child development, further studies need to 

enroll pregnant women and follow them up for several years (after complimentary 

feeding) and  collect multiple measures of iron status and child development throughout 

the study period. 

 

  



162 
 

APPENDIX AIM 1 

 

Table A. Stratified adjusted† associations between baseline iron status and child 

development at enrollment (N=402) 

 

 

Table B. Adjusted† association between iron deficiency and anemia and outcomes (N=473) 
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Figure A. Residuals for gross motor 

Figure B. Residuals for visual reception 
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Figures O-T. Three-dimensional scatterplots of the association between serum ferritin, 

hemoglobin level, and development scores at enrollment 
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Minimal sufficient adjustment sets for 

estimating the total effect of Iron 
deficiency on Child development: 
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 Maternal depression  

 Maternal education 

 

        Exposure 

    Outcome 

    Potential confounding variables 

  Ancestor of outcome 

Figure U. Directed Acyclic Graph 
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APPENDIX AIM 2 

 

Table A. Sensitivity analyses comparing participants lost to follow-up to those retained in 

the study at enrollment 
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Table B. Adjusted association between iron deficiency and domains of child development 

among infants 6-9 months (n=250) 
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Table C. Adjusted association between iron deficiency and domains of child development 

among infants 10-14 months (n=152)
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Mean differences of fine motor scores by exposure group at different levels of household 

assets 
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Table D. Assessing the interaction between iron deficiency and anemia 
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Table E. Adjusted association between iron deficiency and domains of child development 

among infants 6-9 months (n=306) 
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Table F. Adjusted association between iron deficiency and domains of child development among 

infants 10-14 months (n=167)
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Mean differences of fine motor scores by exposure group at different levels of household 

assets 
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Table G. Adjusted association between iron deficiency and domains of child development 

among infants randomized to placebo (n=233) 
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Table H. Adjusted association between iron deficiency and domains of child development 

among infants randomized to MNP (n=240) 
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Figure C. Directed Acyclic Graph (Aim 2) from DAGitty software
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APPENDIX AIM 3 

 

Table A. Sensitivity analyses comparing participants with both iron measures (enrollment 

and 12-month follow-up) to those with missing iron measure at 12-month follow-up 
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Table B. Adjusted association between iron deficiency and child development at ages 6-9 

months and ages 18-21 using linear mixed effects models and two-level exposure group 

among infants aged 6-9 months at enrollment 

 



187 
 

 

Table C. Adjusted association between iron deficiency and child development at ages 10-14 

months and ages 22-26 using linear mixed effects models and two-level exposure group 

among infants aged 10-14 months at enrollment 
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Table D. Adjusted† association between iron deficiency and anemia and outcomes at 12-

month follow-up (N=455)
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Table E. Adjusted association between iron deficiency and child development at ages 6-9 

months and ages 18-21 using linear mixed effects models and two-level exposure group 

among infants randomized to placebo 
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Table F. Adjusted association between iron deficiency and child development at ages 6-9 

months and ages 18-21 using linear mixed effects models and two-level exposure group 

among infants randomized to MNP 
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Table G. Adjusted association between chronic iron deficiency and domains of child 

development at ages 18-26 months using linear mixed effects models and two-level exposure 

group among infants randomized to placebo (n= 204) 
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Table H. Adjusted association between chronic iron deficiency and domains of child 

development at ages 18-26 months using linear mixed effects models and two-level exposure 

group among infants randomized to MNP (n=218) 
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Figure A. Directed Acyclic Graph (Aim 3) from DAGitty software
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