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Abstract

Stunting has been negatively associated with children’s development. We examined the range of 

height by testing hypotheses: 1) height is positively associated with children’s development, with 

associations moderated by inflammation and 2) home environments characterized by nurturance 

and early learning opportunities are positively associated with children’s development over time 

and attenuate associations with height. Data included 513 infants (mean age 8.6 months) and 316 

preschoolers (mean age 36.6 months) in rural India from a randomized controlled trial of multiple 

micronutrient powders. Measures included height (height-for-age z-scores based on WHO 

standards), inflammation (C-reactive protein concentration >5 mg/L), nurturance (HOME 

Inventory), child development (Mullens Scales of Early Learning), and inhibitory control 

(preschoolers). Linear mixed effects models accounting for repeated measures, clustering, and 

confounders were used to assess associations between height and child development over time 

(infants: enrollment, 6- and 12-months; preschoolers: enrollment and 8-months). Moderating 

effects of inflammation and nurturance were tested with interaction terms. Among infants and 

preschoolers, height and nurturance were positively associated with all domains of child 

development over time, with the exception of inhibitory control. Among preschoolers, in the 

presence of inflammation, height was not associated with child development. Among infants, but 

not preschoolers, a nurturant home environment attenuated significant associations between height 

with fine motor and receptive language development. The mechanisms associated with children’s 
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development over time are multi-factorial and include direct and indirect associations among 

nutrition, health, and the home environment, as supported by the Nurturing Care Framework.
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The first 1000 days, from conception to age 24 months, are a foundational period for early 

growth and development with life-span extensions to adult health and well-being (Hanson & 

Gluckman, 2014; Victora et al., 2008). Although less attention has been focused on the 

second 1000 days (age 2–5 years), early brain development continues at a rapid rate and 

experiences during this period influence children’s life-course developmental trajectories 

through adulthood (Black, Perez-Escamilla, & Fernandez Rao, 2015). Early physiological 

processes related to maternal and child health and nutrition form the origins of children’s 

development and of non-communicable diseases (Hanson & Gluckman, 2014), giving rise to 

the recommendation that investigations of children’s early development consider children’s 

health and nutrition (Shonkoff, 2010). The integration of health into children’s development 

is consistent with the bioecological theory of human development, which establishes the 

conceptual framework for the time-dependent interactions influenced by genetics and 

environmental conditions that underlie children’s development (Bronfenbrenner & Morris, 

2006). Nutritional deficiencies and inflammatory processes have been associated with 

deficits to children’s growth and health, and potentially to their development (Harper, 

Mutasa, Prendergast, Humphrey, & Manges, 2018). At the same time, there is strong 

evidence that maternal nurturance, characterized as a home environment with responsive 

parenting and opportunities for early learning, can promote children’s early development 

through direct processes (Black et al., 2017; Britto et al., 2017). Based on bioecological 

theory, nurturance may also operate through indirect processes by attenuating the effects of 

threats, such as nutritional deficiencies.

Nutritional Deficiencies

Nutritional deficiencies along with stress and other adversities during early life can create 

disparities that disrupt children’s growth and developmental trajectories, compromising their 

future health, educational attainment, psychosocial well-being, and economic productivity 

(Black, et al., 2017). Stunting (length-for-age measured at 2 standard deviations below the 

World Health Organization (WHO)-established median) prior to age 24 months has been 

associated with poor school performance (Sudfeld et al., 2015), reduced economic income 

during adulthood (Hoddinott, Alderman, Behrman, Haddad, & Horton, 2013), and both low 

birth weight and poor cognitive performance in the subsequent generation (Victora, de Onis, 

Hallal, Blossner, & Shrimpton, 2010; Walker, Chang, Wright, Osmond, & Grantham-

McGregor, 2015). Although the association between stunting and child development has 

been demonstrated across multiple sites and study designs (Machin, Day, & Green, 2007; 

Miller, Murray, Thomson, & Arbour, 2016; Sudfeld, et al., 2015), there is no consensus on 

the mechanisms linking stunting and children’s development (Perkins et al., 2017). Possible 
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mechanisms include neurological, hormonal, infection, stress, and functional isolation, as 

well as combinations or interactions among mechanisms. The lack of consensus regarding 

mechanisms is further complicated by the diversity of child development measures and 

metrics, variability in the samples and in the timing of stunting, and inconsistent inclusion of 

confounders. However, based on the consistency of the associations across multiple 

countries, stunting prior to age 24 months is accepted globally as an indicator of risk to 

children’s well-being (de Onis & Branca, 2016). Using stunting and poverty as proxies, 

estimates from 141 low and middle-income countries (LMIC) indicate that 43% of the 

world’s children under age 5 years (249 million children) are at risk for not reaching their 

developmental potential (Black, et al., 2017; Lu, Black, & Richter, 2016). The economic 

consequences from lost developmental potential are estimated at approximately a quarter of 

average adult income per year (Richter et al., 2017). These negative consequences can 

undermine the well-being not only of individuals, but of entire societies, and have made the 

prevention of stunting and the promotion of children’s development urgent targets among 

multiple international agencies (Chan, Lake, & Hansen, 2017).

Inflammation

Recent evidence, including a special section in Pediatrics (Kutlesic, Brewinski Isaacs, 

Freund, Hazra, & Raiten, 2017), has drawn attention to gaps in the intersection of nutrition, 

inflammation, and neurodevelopment, particularly in low- and middle-income countries 

(LMIC). Chronic inflammation resulting from infectious and noninfectious causes during 

infancy may impact early neurological development (Krebs, Lozoff, & Georgieff, 2017). 

Inflammation is part of the healing process in response to pathogens that may result from 

multiple sources, including stress and lack of hygienic conditions. An observational study in 

an urban slum in Bangladesh found that biomarkers of inflammation (C-reactive protein 

(CRP) and soluble CD14) were negatively related to children’s performance on the Bayley 

Scales of Infant and Toddler Development (BSID) prior to 24 months of age (Jiang et al., 

2017). Unhygienic conditions, such as poor sanitation with fecal-oral bacteria exposure, may 

lead to environmental enteropathy (EE), a subclinical, asymptomatic abnormality of the 

small intestine, characterized by villous atrophy, malabsorption, and inflammation 

(Humphrey, 2009). EE is not well understood or easily measured, but may compromise 

nutritional status and interfere with nutritional absorption (Korpe & Petri Jr, 2012). The gut 

becomes hyperpermeable, interfering with nutrient absorption, facilitating the translocation 

of microbes, and triggering metabolic changes of the immune response (Prendergast & 

Kelly, 2012). Thus, EE may increase the risk for both stunting and poor child development 

(Humphrey, 2009; Ngure et al., 2014). Chronic inflammation related to EE has been 

associated with stunting among infants in Zimbabwe (Prendergast et al., 2014) and a recent 

study in Tanzania found that biomarkers of gastrointestinal function (citrulline, antibodies to 

lipopolysaccharide, and flagellin) were negatively associated with children’s cognitive 

development at 15 months, but a biomarker of chronic inflammation (CRP) was not 

(Etheredge et al., 2018). Subclinical enteropathogens measured from non-diarrhea stools 

have been associated with poor cognitive development in a multi-site study among children 

in LMIC at 24 months, (Murray-Kolb & MAL-ED Network Investigators, 2018). In the 

MAL-ED study, the association between enteropathogens and poor cognitive development 
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was mediated through anemia, illustrating the potential interplay between inflammation and 

nutrition. Several studies have found associations between diarrhea and child development 

(Guerrant et al., 1999; Lorntz et al., 2006; Niehaus et al., 2002; Tarleton et al., 2006). 

However, a re-analysis of these studies with length-for-age in the model found no direct 

associations between diarrhea and cognition, (Fischer-Walker et al., 2012), illustrating the 

complex associations among inflammation, nutritional status, and child development, and 

the need to examine the mechanisms among infants and preschoolers.

Maternal nurturance

Maternal nurturance, operationalized as parent-child interactions that are responsive, 

emotionally supportive, and developmentally stimulating and appropriate (Black & Aboud, 

2011), promotes children’s early development (Black et al., 2016). Neuroscientific evidence 

has shown that maternal nurturance during early childhood provides protection from the 

detrimental effects of low socioeconomic status on early brain development (Luby, 2015). 

Maternal nurturance is facilitated by maternal education, which has been positively related 

to children’s health and development in LMIC (Walker, Chang, Vera-Hernandez, & 

Grantham-McGregor, 2011). Higher education enables mothers to manage household 

resources and provide the protection, nurturance, and early learning opportunities that 

children need for healthy growth and development (Bornstein & Putnick, 2012).

Multiple studies in LMIC have shown positive associations between the quality of the home 

environment, often measured by local adaptations to the HOME inventory, a measure of 

maternal responsiveness (Bradley et al., 1989), and children’s development (Britto, et al., 

2017). Parenting interventions can positively impact the quality of responsive parenting, 

measured by the HOME, raising the possibility that children’s development is mediated 

through the home environment (Aboud & Yousafzai, 2015; Britto, et al., 2017), a suggestion 

consistent with bioecological theory. The home environment has been shown to mediate the 

effects of poverty on children’s development in LMIC (Hamadani, Nahar, Huda, & Tofail, 

2014; Rubio-Codina, Attanasio, & Grantham-McGregor, 2016), and to mediate the impact 

of a parenting intervention on children’s development in Pakistan (Obradović, Yousafzai, 

Finch, & Rasheed, 2016). We identified only one study that examined whether the home 

environment can offset the negative associations between stunting and child development. 

That study, from Vietnam, found that a high-quality home environment protected 24-month-

old children from a negative association between stunting and child development (Nguyen et 

al., 2017). We did not locate any studies that examined whether the home environment can 

offset children’s development related to stunting over time, thereby measuring development 

at multiple time points and adjusting for associated factors, and focusing exclusively on 

health, nutrition, and home environment.

Study Location

The current study was conducted in India, selected because India has the second largest 

population of children under age 6 in the world, including over 117,586 children in the rural 

areas and 41,204 children in the urban areas, and a prevalence of stunting estimated at 38% 

among children under age 5 years (National Family Health Survey-4, 2015–16). Water, 
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sanitation and hygiene are major public health concerns in India, in spite of recent economic 

growth. Based on a 2017 UNICEF report, up to 44% of the population in India practice open 

defecation (UNICEF, 2018), a practice that has been associated with stunting (Spears, 

Ghosh, & Cumming, 2013). The prevalence of households with improved sanitation 

facilities1 is estimated at 48% overall and 37% in rural areas (National Family Health 

Survey-4, 2015–16). Thus, rural India is an ideal site to examine how stunting, 

inflammation, and the home environment relate to children’s development over time.

This longitudinal investigation examines how height, inflammation, and the home 

environment relate to child development scores over time among infants and preschoolers in 

rural India. The study tests two hypotheses: 1) height is positively associated with children’s 

development over time, moderated (worsened) by inflammation and 2) a home environment 

characterized by nurturance and early learning opportunities is positively associated with 

children’s development over time and attenuates the associations with height. These 

hypotheses enhance our understanding of the complex roles that height, inflammation, and 

nurturance play related to child development over time among infants and preschoolers in 

LMIC.

Methods

This is a secondary data analysis of a randomized controlled trial designed to assess the 

impact of micronutrient powders (MNP) and early childhood development interventions on 

child development, growth, anemia, and micronutrient status in rural India (Project Grow 

Smart) (Fernandez-Rao et al., 2014).

Setting

The study, Project Grow Smart, was conducted in 26 villages in the Nalgonda district in the 

state of Telangana in India. Telengana, the newest state in India, was separated from Andhra 

Pradesh in 2014. In the rural districts where the study was conducted, approximately 85% of 

the residents are Hindu and 13% are Muslim, 52% of the women age 15–49 are literate, 

most households have electricity (97%), but only 39% have improved sanitary facilities 

(National Family Health Survey-4, 2015–16). Among children under age 5 years, rates of 

stunting are 33%, underweight 47%, and wasting 53% (Challa & Challa, 2015). The study 

site was selected because the prevalence of anemia among preschoolers was above 70% 

(International Institute for Population Sciences and Macro International, 2007; National 

Nutrition Monitoring Bureau, 2003) with inadequate intake of several micronutrients among 

infants and toddlers (Vazir et al., 2013). In addition, the Integrated Child Development 

Services (ICDS), the government program in India that provides food, preschool education, 

and primary healthcare to children under 6 years of age and their mothers, was not 

distributing either micronutrient supplementation or fortified foods in this district. Ethical 

approval was obtained from the Institutional Ethical Committee of the National Institute of 

Nutrition (NIN), Hyderabad, India and the Institutional Review Board of the University of 

Maryland School of Medicine, Baltimore, Maryland. Permission from village leaders and 

1Flush to piped sewer system, flush to septic tank, flush to pit latrine, ventilated improved pit (VIP)/biogas latrine, pit latrine with 
slab, twin pit/composting toilet, which is not shared with any other household.
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the Department of Women’s Development and Child Welfare was obtained before study 

initiation. Household demographic surveys were conducted in 26 villages located within one 

hour of the National Institute of Nutrition to determine the eligibility of children and 

government-sponsored preschools (Anganwadi Centers). Each participating village had a 

field site that was used for evaluations.

Participants and procedure

Eligibility included age 6–14 months for infants and 29–49 months for preschoolers, and 

parents who intended to remain in the area for the following year. Exclusionary criteria for 

both infants and preschoolers included chronic morbidities, developmental delays, or 

physical disabilities. Upon maternal consent, children were enrolled in the study. Children 

with severe anemia (hemoglobin <7 g/dL) were referred to a local hospital and excluded 

from the study. The study design of the infant and preschool components differed slightly; a 

detailed description has been provided elsewhere (Fernandez-Rao, et al., 2014).

Infants were identified from the village demographic surveys conducted in all 26 villages. 

Of the 551 infants aged 6–14 months assessed for eligibility, 29 were ineligible and nine 

refused to participate leaving a sample of 513 infants.

Preschoolers were recruited from participating preschools. Preschools had to have an 

enrollment of at least 15 children per preschool and agree to add point-of-use fortification 

(MNP or placebo) to the midday meal. Of the 46 government-sponsored preschools located 

within the study area, 10 did not meet enrollment criteria and 22 were selected using a 

computer-generated randomization procedure. All invited preschools agreed to participate. 

We recruited preschoolers from the 22 government-sponsored preschools enrolled in the 

project. Of the 336 preschoolers who were assessed for eligibility, 14 were ineligible and 

one refused to participate leaving 321 preschoolers.

Interventions

Infants were randomized, using a computer-generated randomization procedure, into 2 by 2 

design (MNP vs. placebo powders and early learning intervention vs. control), with a mid-

line follow-up at six months and end-line at twelve months. All groups received nutrition 

education. Preschoolers were randomized, using a computer-generated randomization 

procedure, into MNP or placebo powders groups nested within high- and low- preschool 

quality groups (as described in the ‘Preschool quality’ section below); they were followed 

with end-line at eight months, to align with the academic year. Both trials yielded significant 

reductions in rates of anemia; small, but significant improvements in certain domains of 

child development; and no significant effects on weight or height.

Micronutrient/placebo powders—MNP were formulated based on recommendations 

from the WHO (World Health Organization, 2012) and the Indian Council of Medical 

Research (Indian Council of Medical Research, 2010). 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 (Fernandez-Rao, et al., 2014).
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For the infant component, individual sachets of 0.5 g of MNP or placebo powders were 

delivered to mothers every other week. Mothers were trained to mix MNP into the first bites 

of the infant’s food on a daily basis (1 sachet per day). For the preschool component, bulk 

packages of 200g were provided to government-sponsored preschools. The preschool staff 

were trained to mix the MNP or placebo powders into the midday meal.

Early learning—The infant early learning intervention was delivered every other week, 

along with the sachets. The intervention promoted responsive parenting by including age-

appropriate play and communication activities for parents and infants, using a flip chart, 

demonstrations, modeling, and coaching. Materials used were adapted from the WHO’s 

Care for Child Development Module (World Health Organization, 2012) and the Pakistan 

Early Development Study (Yousafzai, Rasheed, Rizvi, Armstrong, & Bhutta, 2014). The 

intervention was delivered by study staff (trained local mothers) in participants’ homes. 

Participants in the control condition did not receive an intervention. There was no early 

learning intervention in the preschool component.

Preschool quality—Government-sponsored preschools were classified based on the 

quality of early learning opportunities and interactions between teachers and students. The 

Early Childhood Environment Rating Scale-Revised (ECERS-R) (Harmes, Clifford, & 

Cryer, 1998) was used as a template and modified for the government-sponsored preschools. 

Items from the HOME inventory (Bradley, et al., 2003) were incorporated into the new tool. 

The final version of the modified tool yielded a 109-item observation scale (Fernandez-Rao, 

et al., 2014). A four-hour assessment was conducted in each preschool by two evaluators, 

who completed independent observations. The inter-rater reliability, based on intra-class 

correlation (ICC) exceeded 0.92. A median-split across schools was used to classify 

preschools into high vs. low quality. The nested design ensured that equal numbers of high- 

and low- quality preschools were in the MNP and placebo powders groups.

Measures

Child development

The Mullen Scales of Early Learning (MSEL) were used to evaluate child development 

(Mullen, 1995). MSEL are appropriate for children from birth to age 68 months. The tool 

has excellent psychometric properties and has been used in LMIC (Koura et al., 2013; 

Miller, Chan, Comfort, & Tirella, 2005). Among infants, MSEL yields scores in five 

domains including gross motor, visual reception, fine motor, expressive language, and 

receptive language. Among preschoolers, MSEL measures four domains: visual reception, 

fine motor, receptive and expressive language. Gross motor refers to large muscle skills such 

as sitting, standing and walking; fine motor refers to touching and using hands; visual 

reception refers to recognizing similarities and differences; receptive language refers to 

understanding; and expressive language refers to making sounds and speaking. In the 

absence of domain-specific evidence associated with stunting, we examined all five domains 

among infants and four domains among preschoolers. Raw scores were converted into age-

adjusted t scores (mean = 50, SD = 10) based on the MSEL standardization sample since 

there were no standardized data for India.
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Among preschoolers, inhibitory control was added to the child development battery 

evaluated to test children’s ability to follow instructions and inhibit responses related to size 

and color, based on a protocol developed by Dowsett and Livesey (2000). Test materials 

included shapes (square and circle) that varied in size (small and large) and color (white and 

black). Trials of sorting and selecting were presented in a game-like format. Success and 

failure scores were recorded and summed. Raw scores, unadjusted by age, were used in the 

analysis.

The evaluation team included 5 local psychologists, supervised by a doctoral level 

psychologist. All child development measures were modified by the psychology team by 

adding local pictures and translating instructions to Telugu (Fernandez-Rao, et al., 2014). 

The validity of the tools was tested with local children. A pilot test was conducted to ensure 

that tools were appropriate for the study population and evaluators were reliable in 

administration and scoring. Training was reviewed prior to each round of testing. Inter-rater 

reliability based on ICC exceeded 0.90. All measures were assessed at enrollment, 6-month 

and 12-month follow-up in the infant component and at enrollment and 8-month follow-up 

in the preschool component.

Child hemoglobin

At enrollment, two mL of non-fasting blood was collected from each child’s ante-cubital 

vein into a heparinized vacutainer. Blood was transported to the National Institute of 

Nutrition in thermally insulated boxes containing ice. Plasma was separated and stored in 

aliquots at −20°C. The same day, a commercial kit (HemoCor-D, Coral Systems; Tulip 

Group, Alto Santacruz, India) was used to perform hemoglobin analysis in whole blood. The 

laboratory and its personnel were under external quality assurance for micronutrient 

estimations (VITAL-EQA program and Centers for Disease Control and Prevention, Atlanta, 

Georgia, USA). Anemia was defined as hemoglobin <11g/dL based on WHO guidelines1.

Child anthropometry

Anthropometry was measured at enrollment by two trained anthropometrists, following a 

standardized protocol. Child weight was measured at enrollment using a calibrated digital 

scale to 0.1kg (Seca, Birmingham, UK). Weight represents a measure of acute 

undernutrition, whereas height represents a measure of chronic undernutrition. Therefore, 

weight was used to describe the sample, but not included in the analyses.

Among infants, length was measured using an infantometer to measure crown-to-heel length 

to the nearest 0.1 cm. Among preschoolers, height was measured with a portable stadiometer 

to the nearest 0.1 cm (both from Galaxy Scientifics, India). Length and height were 

measured two times and repeated until both measurements agreed within 0.2 cm.

Using the average of the two closest measurements, length-for-age z-scores (LAZ) and 

height-for-age z-scores (HAZ) were calculated using WHO standards (World Health 

Organization, 2007). Weight-for-age, weight-for-height, and height-for-age, were converted 

to z-scores (WAZ, WHZ, HAZ, respectively) using WHO standards (Furlong et al., 2016). 

Underweight, wasting, and stunting were defined as <−2 WAZ, WHZ, and HAZ, 

respectively. Throughout this report, the terms height and HAZ refer to length and LAZ 

Black et al. Page 8

Dev Sci. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



among infants and height and HAZ among preschoolers. It is likely that chronic 

undernutrition impacts the entire height-for-age distribution (Perumal, Bassani, & Roth, 

2018). Because limiting analyses to stunted vs. not stunted may mask the effects of changes 

in HAZ that do not reach the defined threshold, we used continuous measures of HAZ in the 

analyses.

Child Inflammation

C-reactive protein (CRP) from the blood draw at enrollment was used as an indicator of 

systemic inflammation. CRP is an acute-phase protein produced by the liver in response to 

inflammation. CRP levels rise rapidly in response to infectious or inflammatory disease 

states. CRP from whole blood was analyzed using a human CRP assay kit (Alpha Diagnostic 

International, San Antonio, TX, USA) with a minimum detectable limit of 10 ng/mL and 

assay range of 100–10 000 ng/mL. CRP higher than 5 mg/L is indicative of current 

inflammation (World Health Organization, 2014). Prior investigations have been inconsistent 

in using either continuous CRP or categorical CRP > 5 mg/L (Jiang, et al., 2017 Etheredge, 

et al., 2018). We used continuous CRP and graphed significant interactions with CRP > 5 

mg/L vs CRP<=5 mg/L for interpretation.

Household asset index

A 27-item questionnaire developed for India and recommended in LMIC (Filmer & 

Pritchett, 2001) was used to assess economic resources based on family ownership of 

household assets. Assets included type of house, water source, electrification, furniture, 

telephone/mobile, etc. Scores were weighted by relative significance of asset owned and 

ranged from −0.2 to 8.3. High scores indicate more economic resources.

Maternal education

Demographic data, including maternal education, were collected at enrollment. Mothers 

reported the number of years of schooling. Maternal education was classified as low literacy 

(primary education or below) and high literacy (beyond primary education).

Maternal nurturance in the home environment

The Home Observation for the Measurement of the Environment (HOME) inventory was 

used to assess maternal nurturance at enrollment. The HOME inventory measures the quality 

of early learning opportunities in the home environment (Bradley, Caldwell, & Corwyn, 

2003). For the infant, the Infant-Toddler version was used; it includes 45 Yes/No questions 

and six scales (Emotional and Verbal Responsivity, Avoidance of Restriction and 

Punishment, Organization of Environment, Provision of Appropriate Play Material, Maternal 

Involvement with Child, and Opportunities for Variety in Daily Stimulation). For 

preschoolers, a modified Early Childhood version adapted for India (Mohite, 1992; Black et 

al., 2007; Jones et al., 2017) was used; it includes 55 items and eight scales (Learning 

Materials, Language Stimulation, Physical Environment, Responsivity, Academic 

Stimulation, Modeling, Variety, and Acceptance). These tools were revised by altering and 

deleting items that were not culturally appropriate (Fernandez-Rao, et al., 2014). Instructions 

were translated to Telugu and pilot tested among local children. Scores were summed with 
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high scores indicating higher quality of nurturance in the home environment. Inter-rater 

reliability based on ICC exceeded 0.90.

Statistical analysis—Descriptive analyses on selected sample characteristics were 

conducted (Table 1). We examined changes over time in the standard MSEL domain scores 

and inhibitory control by conducting repeated measures ANOVA, followed by paired 

comparisons from enrollment to 6-month and 6-month to 12-month follow-up for infants 

and enrollment to 8-month follow-up for preschoolers, adjusted for covariates and using 

Bonferroni correction (Tables 2a and 2b, Figure 1).

For hypothesis testing, continuous measures were used for HAZ, inflammation (CRP), and 

the home environment (HOME) at enrollment. Linear mixed effects models accounting for 

repeated measures and clustering within preschools/villages were used to assess the 

association between enrollment HAZ and child development scores over time (enrollment, 

6- and 12-month follow-up for infants and enrollment and 8-month follow-up for 

preschoolers). Multivariate models were built separately for infants and preschoolers 

adjusting for child, maternal, household, and intervention variables: child age, maternal 

literacy, household assets, randomization group (MNP vs. placebo powder). For infants, 

models also included early learning intervention vs. control and for preschoolers, models 

included preschool quality (high vs. low). Since baseline anemia was significantly related to 

only one outcome measure (inhibitory control in preschoolers), baseline anemia was 

adjusted for in the models with inhibitory control only.

We tested whether the associations between HAZ and outcome differed over time by 

including interaction terms between HAZ and time in models. Interaction terms were not 

significantly different suggesting that the association between HAZ and outcome was 

constant over time. Interaction terms were removed and time was included in the models to 

account for the differences in child development scores over time. To estimate the 

association between HAZ at enrollment and child development over time, multivariate 

models were fitted and estimates of main effects were reported (Table 3).

To assess whether inflammation (CRP) moderates the relation between height and child 

development, interactions between enrollment CRP and HAZ were included in separate 

models for infants and preschoolers. Results were stratified by inflammation (CRP > 5 vs. 

CRP ≤ 5mg/L) following significant or marginally significant interactions (Figures 2a, 2b, 

and 2c) (Cohen, Cohen, West, & Aiken, 2003). Analyses were repeated after removing non-

significant interaction terms from remaining models to assess main effects of CRP (Table 4).

To assess whether the home environment moderates the relation between HAZ and child 

development, interactions between enrollment HOME scores and height were included in 

separate models for infants and preschoolers. Results were stratified following significant or 

marginally significant interactions. Stratified results were plotted and shown in graphs at 

differing levels of HOME scores (mean −1 standard deviation (SD), mean, and mean + 1 

SD) (Figures 3a and 3b) (Cohen et al., 2003). Analyses were repeated after removing non-

significant interaction terms from remaining models to assess main effects of the home 

environment (Table 5).
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Analyses were conducted using SAS 9.4 (Cary, NC). Significance level was at p<0.05 and 

marginal significance at p<0.10 for interactions.

Results

A total sample of 513 infants (aged 6–14 months) and 321 preschoolers (aged 29–49 

months) were enrolled in this study. Among infants, 47% were girls, 20% stunted, 66% 

anemic, 19% underweight, 10% wasted, 15% had CRP>5 mg/L, mean age at enrollment was 

8.6 months (SD= 2.2), and 25% of mothers were at the low literacy level (Table 1). Among 

preschoolers, 52% were girls, 41% stunted, 48% anemic, 46% underweight, 20% wasted, 

10.3% had CRP>5 mg/L, mean age at enrollment was 36.6 months (SD=5.7), and 44% of 

mothers were at the low literacy level.

Among infants, from enrollment to the 6-month follow-up, standard scores on the MSEL 

declined significantly in visual reception, fine motor, receptive language, and expressive 

language and increased in gross motor, adjusting for covariates. From the 6-month to the 12-

month follow-up, standard scores did not change significantly in visual reception, fine 

motor, gross motor, and expressive language domains. There were significant gains in 

receptive language (Table 2a, Figure 1a).

Among preschoolers, from enrollment to the 8-month follow-up, standard scores on the 

MSEL significantly increased in inhibitory control, and significantly decreased in receptive 

language, with no significant change in visual reception, fine motor, and expressive language 

(Table 2b, Figure 1b).

Height at enrollment and child development over time

Among infants, HAZ at enrollment was significantly positively associated with all domains 

of child development over time, adjusting for covariates (Table 3). Among preschoolers, 

HAZ at enrollment was significantly positively associated with all domains of child 

development and with inhibitory control over time (Table 3).

Height and inflammation in relation to child development over time

Among infants, there were no significant interactions between HAZ and inflammation. After 

removing interactions, CRP was not related to any child development domains (Table 4).

Among preschoolers, the HAZ-by-inflammation interaction was marginally significant for 

visual reception (p=0.078), and significant for fine motor (p=0.046) and receptive language 

(p=0.009). Patterns were similar across the three domains. In the absence of inflammation, 

HAZ was positively related to visual reception (b=2.75, SE=0.51, p<0.01), fine motor 

(b=4.24, SE=0.61, p<0.01), and receptive language (b=1.82, SE=0.35, p<0.01). In the 

presence of inflammation, relations between HAZ and each domain were non-significant 

and the slopes were negative (Figures 2a, 2b, and 2c). After removing the interactions, there 

were no direct relations between CRP and either expressive language or inhibitory control 

among preschoolers (Table 4).
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Height and home environment in relation to child development over time

Among infants, the HAZ by HOME interaction was marginally related to fine motor 

(p=0.058) and significantly related to receptive language development (p=0.015). In the 

context of HOME scores at the mean or below (1 SD below the mean), HAZ was 

significantly related to fine motor (mean: b=1.30, SE=0.36, p<0.01 and below the mean: 

b=0.80, SE=0.26, p<0.01). In contrast, in the context of high HOME scores (1 SD above the 

mean), HAZ was not significantly related to fine motor scores. There was a similar pattern 

with among receptive language. In the context of HOME scores at the mean or below (1 SD 

below the mean), HAZ was significantly related to receptive language (mean: b=0.48, 

SE=0.23, p=0.03 and below the mean: b=1.04, SE=0.31, p<0.01). In contrast, in the context 

of high HOME scores (1 SD above the mean), HAZ was not significantly related to 

receptive language scores (Figures 3a and 3b). After removing the interactions, HOME 

scores were significantly related to visual reception (b=0.27, SE=0.06, p<0.01) and 

expressive language (b=0.25, SE=0.1, p<0.01), but not to gross motor (Table 5).

Among preschoolers, there were no significant interactions between HAZ and the HOME 

scores for any child development domains (all ps>0.10). After removing the interactions, 

HOME scores were significantly related to visual reception (b=0.24, SE=0.06, p<0.01), fine 

motor (b=0.24, SE=0.08, p<0.01), receptive language (b=0.16, SE=0.04, p<0.01), and 

expressive language (b=0.20, SE=0.06, p<0.01), but not to inhibitory control (Table 5).

Discussion

Consistent with bioecological theory (Bronfenbrenner & Morris, 2006), this study highlights 

the importance of considering children’s health, nutrition, and home environment in 

evaluating child development over time among both infants and preschoolers. The study has 

four major findings. First, the associations documented previously in both cross-sectional 

and longitudinal studies in LMIC between stunting (or HAZ) and child development 

(Sudfeld, et al., 2015) (Hoddinott, et al., 2013) (Miller, et al., 2016), apply to associations 

between HAZ and child development scores among both infants and preschoolers over time. 

Second, non-specific inflammation, measured from the biomarker, CRP, is not clearly 

associated with child development among infants or preschoolers. In the presence of 

inflammation, there is no evidence of an association between height and child development, 

although the slope is negative. Third, a home environment characterized by high maternal 

nurturance and early learning opportunities attenuates the relation between HAZ and visual 

reception and fine motor scores among infants. The home environment is positively 

associated with multiple domains of child development scores over time, among both infants 

and preschoolers. Finally, the patterns of children’s development and relations with height, 

inflammation, and the home environment vary between infants and preschoolers, illustrating 

the importance of timing in studies of children’s early development.

Height and Child Development

HAZ had a positive relation to multiple domains of infant and preschooler development over 

time, even after adjusting for a broad range of child, maternal, household, and intervention 

variables. These findings confirm previous findings that stunting is negatively related to 
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children’s development in LMIC (Black, et al., 2015; Sudfeld, et al., 2015; Walker, et al., 

2011), including a recent meta-analysis among almost 60,000 preschool-age children from 

fifteen LMIC that reported associations between stunting and multiple domains of child 

development, based on caregiver report (Miller et al., 2016). Conducting the analyses with a 

continuous measure of HAZ has shown that the associations between height and children’s 

development are not limited to the extremes of stunting, as previously suggested (Perumal et 

al., 2018). Thus, this study reinforces recommendations for strategies to promote healthy 

growth and prevent slowdowns in height acceleration throughout the distribution, not only at 

the extreme of stunting.

Globally, the prevalence of stunting has decreased significantly from an estimated 39.7% in 

1990 to 26.7% in 2010 and is expected to reach 21.8% in 2020 (de Onis, Blossner, & 

Borghi, 2012), with an estimated 156 million children under the age of 5 stunted in 2015 

(UNICEF, 2017). At least part of the decrease in the prevalence of stunting may be attributed 

to the economic growth that has occurred over the same time period (Alderman, Haddad, 

Headey, & Smith, 2014). The prevalence of stunting is higher in LMIC (often exceeding 

30%), compared to high-income countries, suggesting that poverty plays an important role in 

stunting, as it does in compromising child development (Lu, et al., 2016). In high-income 

countries, including the United States, the prevalence of stunting has been stable since 1990 

at 6.0%, is expected to remain stable through 2020 (de Onis, et al., 2012), and is not 

associated with children’s development.

The WHO Multicentre Growth Reference Study (de Onis, 2006) found that children from 

multiple countries (Norway, Oman, Brazil, India, Ghana, and the United States) born to 

middle-income, non-smoking women, and breastfed according to the WHO guidelines grew 

along similar weight and length trajectories for the first two years of life. These findings 

illustrate that in the context of a healthy background and recommended feeding practices, 

children’s weight and length grow along similar trajectories without significant differences 

in linear growth.

Recognizing that stunting often begins prenatally (Victora, et al., 2010) and continues 

throughout the first 2 years of a child’s life, nutritional efforts to prevent or reduce stunting 

have been directed toward pregnant women and infants and have included dietary 

diversification, provision of nutrient rich food, food fortification, and micronutrient 

supplementation. However, efforts have met with limited success, prompting consideration 

of additional causes of stunting beyond undernutrition (Dewey, 2016). In addition to poor 

maternal health/nutrition and suboptimal infant and young child feeding practices, important 

causes of stunting include infectious diseases and subclinical infections (both of which cause 

inflammation), as well as underlying causes such as poverty, food insecurity, and inadequate 

care practices. Additional efforts to prevent stunting may consider strategies to prevent or 

reduce inflammation (Prendergast, et al., 2014).

Inflammation

The negative (although non-significant) association between HAZ and visual reception, fine 

motor, and receptive language in the context of inflammation among preschoolers suggests 

that inflammation may have an unidentified indirect association with child development. 
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This possibility is consistent with findings that inflammation (EE) was associated with child 

development through anemia (Murray-Kolb & MAL-ED Network Investigators, 2018) and 

that diarrhea was not associated with child development once length-for-age was included in 

the model (Fischer-Walker, et al., 2012). Thus, additional research related to inflammation 

and child development is warranted, ensuring that indicators of nutrition, such as stunting or 

HAZ, along with other potential confounders are included in the models.

Nurturant home environment

Among infants, a nurturant home environment attenuated the association between HAZ and 

both fine motor and receptive language development. These findings are consistent with a 

recent study from Vietnam showing that a high quality home environment protected stunted 

children from low child development scores (Nguyen, et al., 2017). Among infants in both 

studies, there were non-significant associations between stunting (or HAZ) and child 

development in the context of a high quality home environment. These findings illustrate the 

multifactorial aspects of early child development, suggesting that in the context of a home 

characterized by nurturance and learning opportunities, children can acquire fine motor and 

receptive language skills, perhaps through play with objects and responsive social 

interactions, in spite of having low HAZ or being stunted. Opportunities for play and 

responsive social interactions may also be an explanation for the positive associations 

demonstrated in this study between a nurturant home environment and infants’ visual 

reception and expressive language over time.

These findings are also consistent with studies showing that a high quality, nurturant home 

environment mediates the association between poverty and children’s development through 

age 3½ years in Colombia (Rubio-Codina, et al., 2016) and age 5 years in Bangladesh 

(Hamadani et al., 2014), the association between a responsive caregiving intervention and 

children’s cognitive development at age 4 in Pakistan (Obradović, et al., 2016), and the 

association between maternal depressive symptoms and children’s development at 12 

months in Bangladesh (Black et al., 2007). Taken together, the evidence supports 

recommendations for integrated programming that incorporates both stunting prevention and 

promotion of responsive caregiving and early learning in the home environment.

Among preschoolers, a nurturant home environment was positively associated with all 

domains on the MSEL (visual reception, fine motor, receptive language, and expressive 

language), but a nurturant home environment did not mitigate the associations between HAZ 

and low child development scores. Possible explanations are the high rate of stunting among 

the preschoolers (41%), suggesting ongoing nutritional deprivation, and the need for more 

intensive opportunities for early learning and responsive interactions.

The finding of positive associations between the home environment and multiple domains of 

child development among both infants and preschoolers is consistent with the bioecological 

model (Bronfenbrenner & Morris, 2006) and illustrates the importance of a nurturing home 

and early learning opportunities regardless of children’s nutritional status (Britto, et al., 

2017; Shonkoff, 2010).
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One explanation for the absence of an association between the home environment and 

infants’ gross motor development may be the canalization that occurs during infancy as 

children are acquiring time-dependent developmental skills, such as gross motor skills (Fox, 

Levitt, & Nelson, 2010). The absence of a relationship between a nurturant home 

environment and inhibitory control over time among preschoolers was unexpected, based on 

findings that nurturant caregiving during infancy has been shown to be positively associated 

with executive functioning during children’s preschool years (Bernier, Carlson, Deschênes, 

& Matte-Gagné, 2012). Skills in inhibitory control increased over time and were associated 

with children’s height and anemia (which was adjusted in the analyses), suggesting a role 

linking nutritional status with inhibitory control.

Developmental patterns

The examination of developmental patterns found more variability in developmental scores 

across domains among infants than among preschoolers, consistent with variability in timing 

and the emergence of developmental skills (Fox et al., 2010). The finding that nurturance 

and early learning in the home could attenuate associations between children’s height and 

some domains of development during infancy, but not during the preschool period suggests 

that preschoolers may need more intensive early learning opportunities. Many caregivers in 

LMIC are providing developmental opportunities involving preschoolers, as shown in a 

representative sample from over 163,000 three- and four-year-old children from 63 countries 

(McCoy et al., 2018). Almost three-quarters of the preschool-age children experienced at-

home learning opportunities (e.g., reading, counting, drawing), one-third attended center-

based early childhood care and education programming, and slightly under one-quarter 

experienced neither.

Implications and future directions

The findings have both scientific and programmatic implications. From a scientific 

perspective, development over time during both infancy and preschool years is 

independently associated with children’s early health and nutrition as well as with maternal 

nurturance and opportunities for learning in the home environment. These behavioral 

findings support the neuroscientific changes to the hippocampus associated with maternal 

nurturance (Luby, 2015). Young children who reach their developmental potential are better 

prepared to take advantage of schooling and to follow a life-course trajectory with health, 

economic, and social capital benefits in adulthood, as demonstrated by effective early 

interventions with long-term follow-up (Grantham-McGregor & Smith, 2016).

From a programmatic perspective, the prevention of stunting is likely to enhance children’s 

development. However, if the goal is to promote early child development, the prevention of 

stunting is not enough. As data from this study and others have shown, children need home 

environments that support maternal nurturance and access to early learning. What is needed 

to achieve these goals is a comprehensive framework of Nurturing Care that incorporates 

health, nutrition, responsive caregiving, early learning, and child protection (Black, et al., 

2017). Recommendations include integrated interventions and cross-sectoral collaborations 

that incorporate the domains of Nurturing Care and are scaled up to include programs and 

national policies (Richter, et al., 2017). In spite of the enthusiasm for early opportunities and 
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for integrated interventions, there have been few evaluated trials or programs, illustrating the 

difficulties in scaling and sustainability (Grantham-McGregor, Fernald, Kagawa, & Walker, 

2014). For example, a recent follow-up report from Colombia on a psychosocial intervention 

that had been successfully incorporated into a cash transfer program with positive effects on 

children’s development and home environment at ages 2.5—3.5 years found no effects on 

children’s cognition and behavior, or on the home environment at age 4.5–5.5 years 

(Andrew et al., 2018). These findings illustrate that implementation research and 

partnerships with implementing partners may be necessary to achieve lasting findings and to 

scale integrated interventions.

Future directions include investigations of timing, individual differences, and mechanisms 

that enable children to acquire developmental skills under adverse conditions, such as 

ongoing nutritional deficiencies. This study found differences in developmental patterns 

between infants and preschoolers. Although the home environment was positively associated 

with children’s development over time across both age ranges, the mitigating effects of the 

home environment were more apparent during infancy than during preschool years. While 

the high rates of stunting among preschoolers may be a factor, additional attention to threats, 

such as inflammation, and to the quality of interactions and opportunities within the home 

environment warrant investigation. Our measure of inflammation, CRP, is an acute phase 

indicator of systemic inflammation, which rises and falls rapidly, and may be a result of 

infection. An indicator of enteric inflammation may be more informative in understanding 

how inflammation relates to development in childhood. Additional within-person aspects of 

children, such as gender or temperament, and of the caregivers may also contribute to our 

understanding of mechanisms driving early development and underlying variability across 

developmental domains. Although center-based early childhood care and education 

programming is increasing in LMIC (McCoy et al., 2018), little is known about the 

immediate or long-term impact of these programs on children and families. Finally, 

translating analyses conducted with continuous variables into clinically relevant cut points, 

such as stunting, may enhance interpretability and inform programmatic recommendations.

Methodological Considerations

There are several methodological considerations to be addressed in interpreting the findings. 

First, CRP was measured once, at enrollment, meaning that we could not examine the 

possibility of chronic or repeated bouts of acute infection or inflammation. We used the 

continuous range of CRP in the analyses, followed by the recommended cut-point of CRP 

>5 mg/L to define inflammation. However, others have found associations between 

inflammation and child development using other cut-points (median split, Jiang, et al., 

2017), raising the possibility that other cut-points could be considered. Second, the children 

in this sample also experienced high rates of underweight and wasting, measures of acute 

nutritional status. We focused on stunting because it is a measure of chronic undernutrition, 

is strongly related to child development over time, and is the focus of global policies and 

reporting. Future investigations are needed to examine how patterns of weight loss and 

recovery relate to children’s development. Third, the limited sample size reduced our power 

to detect small effects. In addition, we accepted a marginal significance level for 

interactions, with findings that should be replicated. Finally, the child development measures 
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were not validated for children in India. However, we used the age-appropriate version of the 

same domains of child development for infants and preschoolers (MSEL), administered by 

an Indian team of masters-level psychologists who were trained and supervised by a doctoral 

level psychologist. In addition, we conducted several pilot studies to ensure that children 

could understand the items and all analyses were conducted within the Indian samples.

This study fills several critical gaps in our understanding of how height, inflammation, and 

the home environment relate to child development scores over time. First, the study was 

conducted among two samples, infants and preschoolers, thus extending beyond the first 

1000 days, to the second 1000 days (ages 2–5), an age group that has often been ignored 

(Black, et al., 2015). Second, child development scores were examined over 12 months 

among infants and over 8 months among preschoolers, thereby incorporating either two or 

three measures for each child. Third, the analysis adjusted for potential confounders at the 

child, maternal, and household level, thereby increasing the plausibility of the findings. 

Finally, the design enabled us to study how mechanisms among height, inflammation, and 

the home environment relate to specific domains of child development over time, while 

adjusting for prior influences.

Conclusion

As the current study has shown, the mechanisms contributing to longitudinal advances in 

children’s development are multi-factorial, including children’s health and nutrition, as well 

as maternal nurturance and early learning opportunities in the home environment. This 

perspective is consistent with the Nurturing Care Framework (Black, et al., 2017), 

suggesting that support for child development consider the policies and programs that are 

necessary to enable families to provide the nurturance and opportunities that children require 

to reach their developmental potential (Richter, et al., 2017). The recognition that 

development during the infancy and preschool years is part of a life-course trajectory from 

the first 1000 days through adulthood and into the next generation illustrates the importance 

of attention to the modifiable factors of early child development, including prevention of 

stunting, better understanding of inflammation, and promotion of a home environment that 

includes maternal nurturance and early learning opportunities (Black, et al., 2017). The 

Sustainable Development Goals support these recommendations by calling for the 

elimination of malnutrition and the assurance that children have early access to pre-primary 

educational opportunities (United Nations, 2015). Current findings support the Sustainable 

Development Goals and illustrate that the pathways to success and well-being for entire 

societies are through investments in the health, nutrition, and development of young children 

and their families.
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Research Highlights

• Height and nurturance are positively associated with child development 

among infants and preschoolers in rural India.

• Among infants and preschoolers, a nurturant home environment is positively 

associated with child development over time. Among infants only, a nurturant 

home environment attenuates associations between height and child 

development.

• Inflammation is not associated with child development among either infants 

or preschoolers. Among preschoolers, in the presence of inflammation height 

is not associated with child development.

• Mechanisms contributing to early child development are multi-factorial 

supported by the Nurturing Care Framework, which encompasses nutrition, 

health, and a nurturant home environment.
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Figure 1. Child developmental scores over time.
1a. Infants: enrollment through 6- and 12-months.

1b. Preschoolers: enrollment through 8-months.
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Figure 2. Adjusted mean change in child development by HAZ, moderated by inflammation 
(CRP>5) among preschoolers.
2a. Visual reception.

2b. Fine Motor.

2c. Receptive language.
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Figure 3. Adjusted mean change in child development by HAZ, moderated by nurturance among 
infants.
3a. Fine Motor.

3b. Receptive language.
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Table 1.

Sample characteristics at enrollment

Infants (n=513) Preschoolers (n=321)

Child

Female sex, n (%) 241 (47.0) 166 (51.7)

Age (months), mean (SD) 8.6 (2.2) 36.6 (5.7)

Stunted, n (%) 100 (19.5) 130 (40.6)

Height-for-age z score, mean (SD) −1.1 (1.1) −1.8 (1.0)

Anemic, n (%) 316 (66.4) 151 (47.8)

Underweight, n (%) 97 (18.9) 147 (45.9)

Wasted, n (%) 50 (9.8) 64 (20.0)

HOME score, mean (SD) 23.8 (3.7) 25.1 (8.5)

Inflammation (CRP>5 mg/L), n (%) 78 (15.2) 33 (10.3)

CRP concentration, median (IQR) 0.6 (2.7) 0.0 (1.7)

Randomized to multiple micronutrient powders intervention, n (%) 262 (51.1) 170 (53.0)

Randomized to early learning intervention, n (%) 256 (49.9)

Attended high quality preschool, n (%) 158 (49.2)

Mother

Low literacy, n (%) 128 (25.0) 143 (44.5)

Household

Household assets, mean (SD) 3.7 (1.5) 3.0 (1.5)
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