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ABSTRACT 

 

Title of Dissertation: Project Grow Smart: A Randomized Controlled Trial to Assess 

Effects of Multiple Micronutrient Fortification on Frequency of Diarrhea and Acute 

Respiratory Infection among Infants in Rural South India 

 

Nicholas A. Tilton, Doctor of Philosophy, 2016 

 

Dissertation Directed by: Maureen M. Black, PhD 

    Professor 

Department of Pediatrics, University of Maryland School of 

Medicine 

 

Background: Infant anemia leads to poor neurophysiologic development and contributes 

to intergenerational cycles of poverty in India and low/mid-income countries causing high 

financial burden to society. WHO recommends implementing Multiple Micronutrient 

Powder (MNP) fortification strategies in areas with anemia prevalence > 20% among 

infants aged 6–23 months. Prior MNP studies designed to improve infant nutritional status 

without increased morbidity (thought due in part to bacterial utilization of unabsorbed iron) 

have been employed with mixed results. 

Objectives: The primary objective of this dissertation was to (obj1) assess effects of daily 

MNP fortification vs. control powder on infant diarrhea and Acute Respiratory Infection 

(ARI) over time. Secondary objectives included (obj2) comparing frequency of highly 



 

  

severe morbidity in MNP vs. control (diarrhea/ARI+treatment – tx) and (obj3) assessing 

whether MNP morbidity impact differs by intervention compliance (% of powder sachets 

consumed).  

Methods: Project Grow Smart was a randomized, controlled, double-blinded trial of 

infants in the rural Nalgonda district of Andhra Pradesh, South India. Participants (6–13 

months) received either MNP or vitamin B2 control mixed with food daily for one year. 

Monthly morbidity questionnaires with 15-day recall were administered concurrently. 

Longitudinal binary-outcome regression was implemented to address study objectives 

using SAS 9.4. 

Results: 513 infants met inclusion criteria. Baseline demographic, growth, and 

biochemical measures were similar between MNP and control. Anemia at baseline was 

68% overall. Follow-up was 78% and didn’t differ between intervention groups. 

Comparing MNP vs. control, (obj1) no evidence of differences in diarrhea (OR=1.00, 

p=0.90) or ARI (OR=1.01, p=0.66) change over time was found. Similar MNP vs. control 

results emerged for diarrhea+tx (OR=0.99, p=0.78) and ARI+tx (OR=1.00, p=0.98) over 

time (obj2). Median compliance was 89.7% and did not differ between groups. Compliance 

> median did not modify MNP impact on diarrhea or ARI (obj3).   

Conclusions: Prior studies have shown harmful MNP impact on morbidity. Though Grow 

Smart’s sample size was insufficient for evidence of intervention safety, MNP led to lower 

anemia prevalence vs. control with trend towards non-impact on morbidity. Lower MNP 

iron dose, higher socioeconomic status, and lower baseline morbidity prevalence in study 

population may explain result differences between studies. 
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I. OVERVIEW AND OBJECTIVES 

A.  Introduction 

The average under-5 mortality rate throughout India stands currently at 46 per 1000 

live births (1).  Diarrhea and respiratory infection account for approximately half the 

number of child deaths in India, and the underlying cause of more than half these illnesses 

are attributed to undernutrition (2, 3).  While past efforts to address such problems in India 

have been focused on alleviating insufficient food intake, utilization of the food is 

dependent on adequate micronutrient levels in the diet.  Effectiveness of micronutrient 

supplementation and fortification strategies have been examined in recent studies in India 

and other low and middle income countries (LMIC) with mixed results.  

1. Community Involvement in the Clinical Trial.  

This study involved collaboration between investigators at the National Institute of 

Nutrition in Hyderabad, India (NIN), the Micronutrient Initiative (Ottawa, Ontario, 

Canada), the Mathile Institute for Human Nutrition (Dayton, OH), and the University of 

Maryland, School of Medicine (Baltimore, MD).  

The work conducted for this dissertation focused on the near-term outcomes of this 

newly designed multiple micronutrient powder (MNP) fortification formula (designed by 

the 4 groups in the consortium) to avert diarrhea and respiratory illness.  It was conducted 

as a randomized, double-blinded, controlled prevention trial to evaluate the effectiveness 

of food-fortification with MNP vs. control (both delivered as sachets containing powders 

to be mixed with food).  The eventual aims of the study are to evaluate the long-term 

neurocognitive issues related to iron-deficiency in infants and early childhood, but the 
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immediate aim was to determine the effectiveness of this MNP as a prophylaxis against the 

development of diarrheal and respiratory illness among infants in the rural Nalgonda 

District of Andhra Pradesh, India.  Infants were aged 6 to 12 months at enrollment. 

The level of micronutrient deficiency among infants in India, low bioavailability 

of iron and zinc in the Indian diet, and the WHO (4) and Indian Recommended Daily 

Allowance (RDA) (1) for each micronutrient by age were considered for the MNP’s 

formulation. It was produced in India according to established standards, with initial and 

ongoing stability testing performed in biochemical laboratories at NIN and the producing 

company. The MNP iron content varies by children’s age, based on safety norms and 

recommendations for young children at high risk for iron deficiency and anemia (5).  

Riboflavin (vitamin B2) served as a control because it binds to flavins in the electron 

transport chain (6), has not been associated with advanced child development, and has 

been a used as such in previous trials (7) and per WHO recommendations 

(http://www.who.int/nutrition/publications/guide_food_fortification_micronutrients.pdf) 

2. Site Selection.   

The region was chosen for the study for three key reasons, the first of which was that 

prevalence of iron and zinc deficiency was high (~75%) (8, 9). If zinc deficiency could be 

alleviated with fortification, children with low zinc levels at baseline may realize greater 

benefit from the intervention than those with normal levels. In a recent meta-analysis, 

however, Eichler found evidence only that hemoglobin and vitamin A levels in children 

increased as a result of MNP fortification, but not serum zinc levels (10).  Moreover, 

WHO guidelines indicate that MNP fortification programs should only target populations 



 

3 

 

at high-risk for micronutrient deficiencies 

(http://www.who.int/nutrition/publications/guide_food_fortification_micronutrients.pdf). 

 The second factor for selection of this site was that the government-sponsored 

program to deliver iron supplementation to children and pregnant and nursing mothers had 

not reached parts of the district (not atypical of many areas across rural India).  

Accessibility was another key factor and NIN had easy access to the district via 

highways. Furthermore, this site is typical of rural sites throughout India and, therefore, 

enhances the likelihood of generalizability.  Because the intervention is home-based and 

implemented through Village-Level Workers (VLWs), it is likely to be highly sustainable 

if found to be effective.  

Finally, village leaders within the district were contacted by study investigators at 

NIN to explain the trial and assess interest. It was agreed that the MNP fortificant (not the 

vitamin B2 control) would be available to all participants following the trial. Household 

surveys were then conducted in each village to determine the number of potentially eligible 

children. Twenty-three villages had an adequate number of eligible children and agreed to 

participate.  Field sites were established in each participating village to conduct the 

evaluations. 

 

B. Research Questions, Hypotheses, and Specific Aims 

 

1. Research Question #1  

The current study was conducted as part of a parent study assessing the effect of 

food fortification with Multiple Micronutrient Powder (MNP) in promoting growth, 

cognitive development, and improved nutritional status in a randomized, double-blinded, 
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controlled trial conducted among infants in rural South India. Will the MNP show 

effectiveness in reducing frequency of diarrhea and acute respiratory infection (ARI) over 

the yearlong course of study? 

 

2. Research Question #2  

Compared to control, will infants receiving the MNP experience reduced frequency of 

more severe cases of diarrhea and ARI in which treatment was prescribed by healthcare 

providers? 

 

3. Research Question #3 

The study was designed and conducted with intention-to-treat (ITT) methodology. 

Distinction between more compliant participants (those who consumed a larger proportion 

of sachets provided) and less compliant participants is not made when conducting the 

analyses. However, because attrition and non-compliance could affect the outcome of the 

trial, a non-ITT analysis of the primary and secondary outcomes was planned. Does the 

compliance differ between MNP and control groups, and does it modify the effect of the 

MNP vs. control in reducing frequency of morbidity? 

 

C. Hypotheses  

The WHO recommends that the age an infant begins to eat solid food (~6 months) 

is the appropriate time to begin an intervention providing point-of-use MNP fortification 

powder in regions with anemia prevalence greater than 20% (11).  We hypothesized that 

the MNP with daily iron dose of 8 mg or 10 mg (dependent on child’s age) will not 

significantly increase incidence of diarrhea or acute respiratory infections. Recent 
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published MNP fortification studies (12-14) have shown increased morbidity as well as a 

detectable pathogenic shift in the gut microbiome from an iron dose of 12.5 mg among 

infants of the same age range as in the current study. Other recent MNP studies using iron 

doses of 8 mg have shown a lack of evidence of increased morbidity frequency caused by 

MNP vs. control (15-18).  Therefore, over the course of the study, we will not find a 

significant difference in odds of all diarrhea and ARI outcomes among infants assigned to 

MNP fortification compared to those assigned control.   

 

D. Specific Aims 

1. Specific Aim #1 

Design, construct and implement a global system for collection and 

organization of the data produced in all facets of the trial.  Select a type of database 

format available to all users, design this specific structure with a user-friendly, simple 

graphical user interface.  Customize the data cells to diminish errors or make them obvious, 

simplify quality control.  Instruct users in both major locations to enable ease of data input 

and data analysis   

 

2. Specific Aim #2 

Assess the effect of MNP fortification on frequency of diarrhea. Determine the 

frequency of all diarrhea outcomes reported during the recall periods among all infants 

enrolled in the study. Compare the longitudinal odds of diarrhea in the MNP fortification 

group to that among children in the control group. For a secondary analysis, compare 

frequency of diarrhea alone, diarrhea with maternal care-seeking behavior, and diarrhea 
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with prescription of treatment by a healthcare provider. No cases of hospitalization or death 

occurred, and were thus not included as outcomes. 

 

3. Specific Aim #3 

Assess the effect of MNP fortification on frequency of Acute Respiratory 

Infection (ARI).  Assess the frequency of all ARI outcomes reported during the recall 

periods among all infants enrolled in the study. Compare the longitudinal odds of ARI in 

the MNP fortification group to that among children in the control group. Secondarily, 

compare frequency of ARI alone, ARI with maternal care-seeking behavior, and ARI with 

prescription of treatment by a healthcare provider. 
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II. BACKGROUND AND SIGNIFICANCE 

A. Overview 

Provision of micronutrients to undernourished children and infants has been 

recognized as critical to avoid the dire long-term outcomes which have been characterized 

in terms of development in neurocognitive, behavioral and other anthropometric measures.  

Clinical trials over the past ~50 years have clarified certain issues and established some 

best practices for selected age groups.  As an example, for fortification to improve serum 

iron levels, data support intervention as early as possible (~6 months of age) to avoid 

neurological impairment.  For infants 0.5-2 years of age, the mean level for hemoglobin is 

12 g/dL (range 10.5-13.5 g/dl) (7).   In this study, infants with serum hemoglobin levels 

below 7 g/dl were excluded from this study and referred for specialized intervention due 

to the potential severe consequences of iron deficiency at that level. 

Along with iron deficiency in cases of under-nutrition, there are decrements in other 

micronutrients as well. Zinc is known to be central for immune function and its deficiency 

leads to increased susceptibility to a variety of pathogenic agents (4, 7).  Zinc has been 

characterized as affecting a host of aspects of immune function, including the skin barrier 

to ubiquitous effects in disease resistance and its essential role in the development of 

immunity.    There have been detailed studies of zinc’s role from a molecular biology 

prospective in immunity (17, 18).  In our current study, assessment of acute respiratory 

illness could be an indicator of compromised immune function and the inclusion of zinc 

gluconate in the MNP formulation was designed to counteract that occurrence.   
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The B complex vitamins, folic acid and cobalmin (B2 and B12, respectively), were 

included in the powder supplement based on the findings over the years which identified 

these vitamins as co-morbid deficiencies in under nutritional situations (4, 7). 

         

B. Mortality Rates Related to Undernutrition.   

Diarrhea and respiratory infections are responsible for half the mortality among 

children under 5 years of age in India (1).  Of these deaths, undernutrition can be attributed 

as the underlying cause in more than 50% of the cases (2, 3).  India and other LMIC have 

been chosen as sites for a number of clinical trials focused on alleviating insufficient food 

intake.  The effectiveness of micronutrient supplementation and fortification strategies 

have had mixed results which could relate to compliance with use of the products by young, 

less-educated mothers.  Our team adopted the thesis that buy-in at the level of the local 

public health structure and at the community level offered the best hope of being able to 

implement a meaningful clinical trial and improve the odds of valid conclusions.    

  

C. Iron Deficiency in Infants and Complications of Undernutrition 

In a 2012 review, Ramakrishnan examined twelve studies involving multiple 

micronutrient interventions and morbidity outcomes (diarrhea and respiratory illness) 

among children in LMIC where micronutrient deficiencies are common (19). Eight of these 

showed no significant effect of the interventions vs. control, and two showed beneficial 

effects on both diarrhea and respiratory illness while two showed an effect only on diarrhea.  

In all of the four studies showing positive results, either MNP fortification powder or 
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fortified complementary foods were used. Of the eight showing no effect, only two 

employed a fortification strategy while the other six made use of oral supplements.   

Under-nutrition in general has led to concomitant deficiencies in micronutrients 

with iron and zinc being two critical metal ions with co-occurring decrements (4, 7).  

Clinical trials have studied if iron supplementation alters uptake of zinc, etc.  Furthermore, 

vitamin supplementation has been included in the majority of studies during the past 20 

years (20).   

Impaired immune development is one of the clinical manifestations of zinc 

deficiency (21), and zinc is of particular concern when considering morbidity and mortality 

in young children. While past studies have shown zinc in large doses to be effective in 

preventing diarrhea and respiratory infection (22, 23), more recent morbidity studies have 

not found evidence to suggest that existing MNP supplements or fortificants perform better 

than zinc alone (19, 24, 25).  Again, it becomes a circular observation that inadequate zinc 

levels also are associated with deficiencies of other micronutrients and not surprising that 

the potential benefit of zinc supplementation alone is lower than that of a zinc-containing 

MNP fortificants (2, 26).  Conversely, it is possible that provision of other micronutrients 

would interfere with the absorption and utilization of zinc (25).   

In areas with low consumption of animal source food and low dietary diversity, 

iron deficiency often occurs in combination with other micronutrient deficiencies, 

including zinc, vitamins A and C, and B-complex vitamins (27).  The problem starts in 

utero.  It was previously thought that the fetus iron stores were somewhat protected from 

iron deficiency in utero, but that has been found not to be the case (28, 29).  Not only are 

depleted stores of iron found generally in both the mother and fetus, but significant 



 

10 

 

differences were found in lower gestation duration with pre-term delivery and in low birth 

weight (30).   In a study characterizing reflexes and other developmental milestones in 

iron-deficient premature infants, the responses were less developed in those with iron 

deficiency anemia (31).  Full-term newborn infants of diabetic mothers are especially prone 

to iron deficiency and 8-month-old infants of diabetic mothers a) were found to have poorer 

recognition memory as measured by Event-Related Potential (the electrophysiological 

response to a stimulus to evaluate brain function), b) showed diminished cross-modal 

recognition memory (association of familiar objects, photos) (31, 32), and altered auditory 

recognition memory (33).  Effects were most prominent in those infants with low cord 

ferritin concentrations (33).  

Infants are at high risk for iron deficiency in general and the resultant IDA  (29, 

34).   Persistence of anemia in young children is associated with vulnerability to a number 

of serious illnesses and disorders.  Respiratory illness and diarrhea account for a great deal 

of morbidity and mortality of young children in developing countries.   A case-control 

study of respiratory illness in Kashmir, Northern India, compared children (3 to 23 months 

of age) brought to the hospital with fever and acute lower respiratory tract infections (cases) 

or with fever and non-respiratory illness (controls).   Iron-deficient anemia (<11 g/dL) 

occurred in 65% of the cases and 28% of the controls (35).    

 

D.  Effects of Early Iron Deficiency on Normal Development.    

A longitudinal study in Scotland related maternal iron status during pregnancy and 

childhood outcomes in the first 10 years of life in a subgroup of 157 mother–child pairs 

(observations started early in the pregnancy).  The results showed that reduced maternal 

http://en.wikipedia.org/wiki/Electrophysiology
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iron status during pregnancy was adversely associated with childhood wheezing, lung 

function and asthma, allergic rhinitis, and atopic dermatitis (36).   

Of additional concern are the reports showing that children anemic in infancy 

continue to have poorer cognition, school achievement, and more behavior problems into 

middle childhood (37) along with poorer motor and social-emotional function, as well as 

persisting neurophysiologic differences compared to non-anemic infants (28).   In some of 

the studies, there were potential confounding effects of poor socioeconomic backgrounds, 

which also could contribute explanations for certain of the decrements observed (38).  

Lozoff and colleagues (28) used case-control studies to show that full-term infants with 

iron-deficiency anemia (IDA), compared to infants with better iron status, had test scores 

6-15 points lower (average score was set at 100) relating to their mental development.  

Assessment of gross motor development and motor coordination showed significant 

decrements in 9 month-old infants (29), while another study in the UK found that low 

hemoglobin levels (in 8 month old infants) predicted poorer locomotor development 

assessed at 18 months of age (29, 39).    As one goes through the numerous examples of 

studies examining socio-emotional behavior, these decrements were consistently observed 

in infants with IDA, who were more wary, hesitant, solemn, unhappy, and kept closer to 

their mothers (40). 

 

E.  Animal Studies to Elucidate the Mechanisms for Neurocognitive Deficits. 

Animal studies have been carried out in an attempt to understand the process 

leading to decreased cognition for iron-deficient neonates.  Potential mechanisms relate to 

effects of iron deficiency during brain development on neuro-metabolism, myelination (the 
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process of coating neurons and the long shaft of the axons in a Schwann cell/myelin basic 

protein/lipid layer (41) and (http://www.ngidd.eu/public/myelinated.html), and 

neurotransmitter function (40).  The coatings of the neurons and axons have been shown 

to act as insulators and the thickness of the insulation is directly related to the increased 

velocity of an axon to conduct an impulse (41).   In view of the nature of the cognitive 

deficits in human infants with gestational perinatal iron deficiency, development of the 

hippocampus was suspected, since the types of dysfunctions seen relate more closely to 

that structure (42).  In rat studies the dam was fed a diet with insufficient iron and the 

resulting offspring were examined (days 7, 10 and 28 perinatal) for a series of key 

neurological metabolites in the hippocampus.  First of all, the iron deficient group showed 

a 60% lower iron concentration (Day 7) as well as decreases in neuroregulatory (43) 

molecules (glutamate, N-acetylaspartate, aspartate, γ-aminobutyric acid, 

phosphorylethanolamine) and neuroprotectants (44) (phosphocreatine and taurine 

concentrations).  The authors conclude that the neurochemical alterations indicate 

decrements in neurotransmission and myelination (31, 45, 46).  In continued studies, the 

group used animal models with 3 specific defects (iron availability, storage or transfer) to 

gain insights into the mechanisms of myelination and/or myelin composition.  There was 

decreased production in a key abundant myelin protein, proteolipid, and that situation 

resulted in hypomyelination and a decrease in myelin remaining in a close sheath for the 

axon (a deficit in compaction).  A dramatic finding was with a study of mice severely 

deficient in transferrin, the iron-binding plasma glycoprotein which transports iron to the 

liver, spleen and bone marrow; these are the stores of iron for its inclusion in key proteins 

(such as hemoglobin, etc).   Injection of transferrin from birth (necessary for mouse 
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survival) resulted in increased myelin proteins and the myelin iron content (44).  Another 

study focused on the effects of oligodendrocytes which wrap around multiple axons 

forming their thick protective sheath during the process of myelination 

(http://www.ngidd.eu/public/myelinated.html) and Berger and colleagues (41).  In studies 

of iron-deficient rats there was a lower content of cholesterol, proteolipid protein, and 

myelin basic protein 21 in the hippocampus.  The study used a single intracranial injection 

of apotransferrin and found a reversal of the iron deficiency (increased proliferating and 

undifferentiated cells in the corpus callosum which connects the two hemispheres of the 

cerebral cortex).  There also was an increase in the number of mature cells 

oligodendrocytes and in myelin formation (47). These studies demonstrate that myelin 

composition was affected by loss of iron homeostasis and point out the nature of the 

changes in myelin composition that may affect behavior.  Rescue of myelin deficits is likely 

to be needed at critical time periods early in the course of development. 

 

F. Iron Toxicity 

Despite these dramatic findings which have such far-reaching implications for a 

child, homeostasis becomes a critical issue.   Iron toxicity has serious side effects which 

are manifest to some extent according to the route by which the surplus iron occurs.  

Ingested excessive iron, such as with young children who access adult iron supplements, 

first saturates plasma transferrin, tissue ferritin and then proceeds to accumulate in the 

parenchymal cells of the liver.  Severe toxicity or poisoning occurs if iron is still in excess, 

since uptake then spreads to cardiac myocytes, and pancreatic acinar cells (48).   Death 

from iron poisoning is uncommon, but has occurred in children under 3 years of age who 

http://www.ngidd.eu/public/myelinated.html
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have taken 30-40 iron supplement tablets, although some deaths were reported with as few 

as 5 tablets (48).   The antidote developed to counteract these poisonings is the chelator 

deferoxamine.   

Patients who are getting repeated blood transfusions require careful attention to 

avoid the risk of iron toxicity.  However, iron released from erythrocyte catabolism, 

follows a somewhat different route with uptake primarily occurring in the 

reticuloendothelial system (RES) macrophages, prior to proceeding to the parenchymal 

cells of the liver (49).  Iron sequestration in RES macrophages provides a reasonably 

effective means to attenuate its toxic effects (48).  Iron toxicity occurs with generation of 

free radicals which cause strand breaks in DNA, lipid peroxidation, depolymerizes 

polysaccharides and can damage proteins.  Indeed, a number of enzymatic systems 

(superoxide dismutase, catalase, glutathione peroxidase, etc.) effectively neutralize free 

radicals, but iron, with its unique redox capabilities, leads to the generation of the extremely 

potent hydroxyl radical (50). 

Excessive iron intake in children (especially those who are not anemic) has been 

shown to increase the growth of the malaria parasite (51, 52).  As a result of large clinical 

trials in regions in which malaria is endemic, iron supplementation or fortification is 

recommended to be targeted only to children who are anemic or iron deficient (22, 51-54).   

The consequences of iron deficiency in infants and young children are so dire in terms of 

life-long health, that the risk is considered critical; however, the children need greater 

preventive care to avoid contracting malaria and other pathogenic agents.      

With these observations which predict such severe consequences for low iron or for 

toxic levels, various controlled clinical trials have been conducted to investigate a) when 
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during infant development would it be best to initiate supplementation to avoid side effects 

and improve effectiveness, b) dosage optimization to avoid toxicity,  c) in what form it was 

best to administer supplemental iron +/- other nutrients and d) what tests should be applied 

to best gauge effectiveness for the type of outcome targeted.  

G.  Clinical Trials Providing Iron Supplementation.  

Controlled clinical trials of iron supplementation in infants date back to the 1970s 

and those trials provide some basic information on which modern clinical trials have 

benefitted.  There are numerous reviews analyzing those past trials in order to extract the 

applicable information in light of the extensive more recent knowledge and our current 

understanding of key features needed in order to optimize iron supplementation.  A review 

by Fairchild  et al (55) analyzing the clinical trials carried out up to that time established a 

set of standards to enable selection of the trials providing reliable information (which seems 

intuitive with our current understanding).  Their guidelines were to a) define IDA by 3 

different criteria, b) calculate the sample size needed for adequate power, c) use blinded 

randomized intervention and control groups, d) establish measures defined as outcome(s) 

for effectiveness, and e) determine the reliability of measures over time and with multiple 

observers/sites.  All of these seem self-evident for design of clinical trials in our current 

level of studies.   

The dire consequences observed in infants and children characterized with anemia 

or IDA relate to neurologic, cognitive and social/behavioral development.  Research to 

understand and establish means to incorporate micronutrients successfully (without 

causing ancillary, serious illness) is an urgent and critical need.  Table 1 (reprinted with 

permission from Am J. Clin. Nutr.,Iannotti, et al 2006 (20)) shows a summary of  morbidity 
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and other outcomes of supplementation from major clinical trials around the year 2000-

2006.  The fourth column, “Dosage and duration”, shows the mix of studies using only iron 

supplements versus those studies which used multiple micronutrient approaches.  In a 

subsequent review  (19), Ramakrishnan concluded that MNP interventions improved 

hemoglobin concentrations and reduced anemia, as well as an improvement in linear 

growth compared to control or single nutrients.   Most current studies have followed the 

approach of using MNP fortification interventions (as opposed to oral supplementation) as 

is included in the WHO recommendations (56).  

In the Results column of Table 1, only 4 of the 15 studies found significant adverse 

events.  Sazawal and colleagues (22), conducted a very large study (>25,000) in Tanzania, 

administering iron and folic acid +/- zinc.  This study found greater risk of illness due to 

malaria and hospitalization from other illnesses in iron-replete children, while anemic 

children showed a reduced risk of adverse illnesses (also observed by Dewey and Dumellof 

(51, 52).   The study by Smith (57) in Gambia (213 children, 6 mo to 5 yr), also focused 

on malaria and showed increased in fever in the iron supplemented group.  However, the 

study by van der Hombergh (58) in Tanzania (100 children >30 mo) showed no effect of 

iron supplement on malarial parasitemia but they did find an increase in pneumonia and 

other infections.   A very large study in Nepal by Tielsch and colleagues (59), administered 

iron and folic acid +/- zinc and found no increase in dysentery or respiratory illness, but 

did find an increase in “other illnesses” in the iron/folic acid group.  
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In general, the outcomes reported from these diverse clinical trials included reduced 

frequency of respiratory infection, and diarrhea in the treatment group plus an increase in 

height and height-for-age z-score (HAZ) in the treatment group.  Hemoglobin, serum 

ferritin, and mean corpuscular volume were significantly improved in the treatment group 

versus the control group. 
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H. Dose considerations for MNP with iron fortification in infants.  

The incidence of diarrhea has been a side effect measured during clinical 

trials testing micronutrient supplementation and fortification in infants, and this is 

one of the major issues examined by the trials described in Table 1 and other 

reviews (20, 55, 56, 67).  A small, but detailed study in Kenya (12), characterized 

the changes in the gut microbiome which accompanied MNP fortification.  In this 

study of the 24 infants receiving the MNP, 27% required treatment for severe 

diarrhea compared to 6% of controls (p=0.09). Pathogenic gut organisms (Shigella, 

Clostridium, and others) also were found in significantly higher abundance in the 

MNP group vs. control.  Despite the small sample size for this study, the 

characterization of the microbiome provided information to enable some theories 

to be advanced.  The authors concluded that increased growth of pathogenic 

bacteria is due to its efficient utilization of unabsorbed iron (similar to the increase 

in malaria parasitemia).  In contrast, probiotic bacteria, such as lactobacillus, 

utilizes manganese (12), and is considered an anomaly for its lack of dependence 

on iron.  Clearly, for such a risk of serious side effects of pathogen-induced 

diarrhea, ARI and a more severe malarial infection, studies are essential to untangle 

the complexities of supplementation approaches which show improvement in 

anemia/iron concentration while minimizing those serious, pathogenic effects.  

Understanding the benefits and risks based on valid clinical observations enables 

design of new trials, such as the one in this dissertation.  

One of the primary goals of the parent study was to establish a 

dose/procedure to avoid toxicity and minimize risk of elevated morbidity to rectify 
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nutrient deficiencies.   Indeed, the resultant association of infant iron deficiency 

and developmental deficits in neurocognition contribute to the urgency to find a 

solution to identify and optimize fortifications.  The recent study in Kenya 

discussed above illustrates one of the problems critical in fortification studies, 

undesirable side effects. Because the mechanism is thought to involve bacterial 

utilization of unabsorbed iron, the possibility exists that lower doses of iron used in 

MNP fortification interventions may produce less harmful results.    

     

I.  Summary and Research Significance 

In summary, the conclusions from our own and those of past studies suggest 

that a) early intervention when the infant starts to eat some solid food is an optimal 

time frame to begin fortification b) the dosage of 12.5 mg iron can lead to a 

pathogenically imbalanced microbiome (12),  c) Micronutrients may be best 

administered with food (as a MNP fortificant), rather than as supplementary 

capsules, and d) the aim of this study is to determine that the fortificant provided 

did not contribute to diarrhea and respiratory illnesses, the key measurements which 

will enable further testing of this MNP to move forward into broad use and 

implementation in India and other areas of the world where undernutrition is 

common. The considerations for these features were established jointly with the 

collaborators. 
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III. RESEARCH DESIGN AND METHODS 

A. Study Considerations 

After ensuring that no governmental programs were distributing fortified food or 

MNP in the Nalgonda District, we selected 26 potential villages in the same general area. 

Study personnel met with village leaders to explain the trial and to assess their interest. The 

study team agreed that following the trial, the MNP (not control) would be available to all 

participants. Household surveys were conducted in each village to determine the number 

of potentially eligible children. Twenty-one villages had an adequate number of eligible 

children and agreed to participate. We established a field site in each village to conduct the 

evaluations. 

The dissertation study was conducted within the context of a parent study involving 

assessment of outcomes related to cognitive, motor, and socioemotional development. 

Such outcomes are hypothesized to be influenced by an additional behavioral and learning 

intervention (46) beyond the fortification itself, so participating infants were individually 

randomized with equal probability into one of four cells, two receiving the active MNP 

fortification intervention and two receiving control fortification powder (vitamin B2).   

 

 

B. MNP Details 

The MNP consisted of iron (ferrous fumarate), zinc (gluconate), folic acid, and 

vitamins A, B2, B12, and C as shown in Table 2. The amount of each nutrient present in 

the intervention formula stayed constant throughout the study with one exception. For 

infants 12 months and older, the amount of iron present in the intervention formula 
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increased from 8 to 10 mg. The MNP and B2 control were produced by a bulk 

manufacturing company with experience in producing and packaging sachets.  The 

relationship with the company was collaborative in order to ensure that the products and 

labeling would enable staff to carry out the double blinding.  Stability of the products was 

established by the company and the NIN independently to ensure that sachet contents could 

be authenticated. The formulation is presented in Table 2. 

 

 

 

C. Randomized Controlled Trial Design 

In one of the two MNP groups, caregivers received only the MNP and infant 

diet/nutrition information, while those in the other MNP group received the early learning 

intervention (Care for Child Development – CFCD) through home visits by village level 

Grow Smart 1 Grow Smart 2

(age 6-12 months) (age 12-24 months)

Iron (ferrous 

fumarate), mg
8 10 0

Vitamin A 

(retinol), μg
200 200 0

Vitamin C, mg 20 20 0

Folic Acid, μg 20 20 0

Zinc (zinc 

gluconate), mg
5 5 0

Vitamin B12 

(cobalamin), μg
0.5 0.5 0

Vitamin B2 

(riboflavin), mg
0.5 0.5 0.5

Control

Table 2. Grow Smart MNP fortification formulae 
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workers (VLW) in addition. Similarly, caregivers in one control group received only the 

vitamin B2 control and nutrition information, while those in the other control group 

received the CFCD learning intervention in addition. Caregivers for all participating infants 

received information related to infant nutrition and diet through home visits by VLWs, as 

well as nutrient sachets (MNP or control) to mix with meals. The nutrient sachets 

themselves were identical in appearance across intervention groups.  

With both the MNP and CFCD interventions employed for the parent study, a 2x2 

factorial study design was appropriate. Potential interaction between the two interventions 

was assessed in the dissertation study (described under the Independent Variable and 

Potential Effect Modifiers subheading below), though the two MNP cells and the two 

control cells were collapsed into single groups for the primary analysis (Figure 1).   
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Upon enrollment and prior to randomization, mothers were asked to have their 

infants undergo anthropometric evaluations and to submit 2 ml blood samples in order to 

assess micronutrient levels. Stunting status (length-for-age z-score ≤ -2 SD) was evaluated, 

and randomization was conducted to ensure equal distribution of stunting in all four 

treatment arms of the parent study.  One study conducted in rural South India found the 

prevalence of stunting using the same criterion to be 9.4% among children aged 12 to 60 

months (68).  In this study we expected to see a lower percentage of stunting, since the 

infants were younger at enrollment.   

Randomization was conducted at NIN by a study statistician for the stunted and 

non-stunted infants separately. To account for the four intervention arms, a block design 

with random multiples of four was used.   

Children displaying signs of wasting (weight-for-length z-score ≤ -3 SD), severe 

anemia (Hemoglobin < 7.0 g/dL), and those with moderate to severe mental or physical 

handicaps were excluded from the study and referred to a local hospital for further 

evaluation and specialized medical care.  Preliminary assessments conducted by study 

investigators in India indicated that less than 5% of children in the region would be 

expected to meet the definition of severe anemia. 

Whereas the aim of this study was to assess the preventive and promotive qualities 

of MNP fortification, children with both acute and chronic symptoms of severe 

undernourishment require therapeutic intervention. After referring such children and their 

parents to local healthcare providers, VLWs made all resources available to those families 

though these infants were not included in the analysis. In addition to the age requirements 

of the children themselves, otherwise eligible children whose mothers were less than 18 
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years of age at enrollment were excluded as well.  In the event that a household had two 

eligible infants, twins or otherwise, only one of the children was included as a participant. 

 

Inclusion Criterion 

 Infants aged 6 to 13 months at enrollment 

Exclusion Criteria 

 Severe anemia (Hb < 7.0 g/dL) 

 Wasting (Weight-for-length z-score ≤ -3.0) 

 Moderate-to-severe mental/physical disabilities 

 Mother < 18 years of age 

 One child per household 

 

D. Outcome Measures and Assessment 

Following randomization, infants underwent various evaluations during the 12-

month follow-up period. For the dissertation study, each mother completed 13 monthly 

retrospective questionnaires (including one at baseline) detailing her child’s experience 

with diarrhea and respiratory illness over a 15-day recall period (Appendix 1).  The 

instrument also contained items assessing adverse events that could occur as a result of 

micronutrient fortification and iron toxicity, including constipation, altered appetite, 

blackened stool, and vomiting. The items addressing diarrheal and respiratory infection 

were adapted from the Demographic Health Surveys (DHS) questionnaires for 

international child morbidity and treatment pattern studies developed by the U.S. Agency 

for International Development (27). 
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To assess validity of this instrument over a 15-day recall period, study investigators 

examined how caregiver infant morbidity reports relate to biomarkers of inflammation 

(CRP: C - reactive protein > 10 mg/L), iron deficiency (ID; ferritin < 12 mg/L), and infant 

growth (69).  Reported cough and diarrhea were significantly related to high CRP and fever 

was significantly related to ID and elevated CRP.  In comparing validity of a 15-day recall 

to a 30-day recall in a Peru study of child respiratory illness, the authors found that 

sensitivity decreased between periods of 15 and 30 days, but the positive predictive value 

did not significantly change (70). 

 

1. Dependent Variables. 

For diarrheal illness at each of the 13 recall periods, we examined the primary 

binary outcome: one or more episodes of diarrhea during the previous 15 days.  For acute 

respiratory illness (ARI), we similarly assessed the occurrence of at least one episode of 

symptoms consistent with ARI during each of the recall periods.  

In the absence of physician’s diagnosis, the wording of questions, especially those 

relating to ARI, is important. The DHS was chosen as a model for the ARI section because 

it addresses the concepts of ARI for the benefit of respondents who may be unfamiliar with 

certain terms.  In this section of the questionnaire, mothers were first asked whether the 

child experienced coughing during the previous 15 days. If coughing was present, mothers 

were subsequently asked a yes/no question with the following phrasing: “Did the child 

breathe faster than usual with short, rapid breaths or otherwise have difficulty breathing?” 

If a respondent indicated that the child did experience cough with rapid breathing, 

symptoms consistent with ARI were considered to have occurred during the recall period.  
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As an ARI screening tool, this combination of responses on the DHS has undergone 

validation studies, though the DHS did note that it may under- or overestimate serious 

respiratory illness (27). 

2. Independent Variable and Potential Effect Modifiers 

The independent variable in this study’s analysis was the intervention assignment, 

MNP intervention or control. Because participants were randomized into intervention 

groups, we assumed that unmeasured potential confounders are distributed randomly 

between groups. Child’s age, stunting status, and micronutrient levels, as well as family’s 

socioeconomic status (SES) and assignment to CFCD intervention vs. CFCD control are 

factors that could modify an association between MNP intervention and illness. 

The age range at baseline of participating infants (6-13 months) necessitated its 

examination as an effect modifier. Older infants have more contact with the floor as they 

begin crawling, are increasingly able to place objects inside their mouths, and many stop 

exclusive breastfeeding and begin to take solid foods. Recent Indian studies conducted 

among poor and/or rural populations have produced widely varying estimates of exclusive 

breastfeeding through 6 months of age. In one study conducted in a nearby rural district in 

the same state, the authors estimated that 59% of infants have stopped exclusive 

breastfeeding by this age (71).  Consequently, they are more likely to contact illness-

causing germs than are younger infants.  Authors of a recent review in India found that 

infants 7 to 12 months of age experience greater risk for diarrhea than other children under 

2 years old (72).  Risk for ARI was found to be highest among children 10 to 19 months of 

age in a study conducted in Nigeria (73).  Considering these findings, we attempted to 

evaluate whether the effect of treatment varies by the child’s age.  
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Stunting is an indicator of long term undernutrition. Stunting status was assessed 

using international WHO growth charts applied to anthropometric measures to generate 

recumbent length-for-age z-scores.  Over the course of the year, one measurement aim was 

to determine if stunted children realized a better or worse outcome from MNP than those 

children within the normal length range.  Other indicators of poor nutritional status, 

including low iron and zinc levels, were examined for possible interaction. In prior studies, 

baseline zinc deficiencies have been shown to modify the effect of zinc treatment on 

incidence of diarrhea (greater effect of treatment among zinc-deficient children) (53) and 

such a possibility was explored in this study.  

Considering the finding that detrimental effects of iron-containing MNPs on 

morbidity may be mitigated among non-iron-replete children (22), baseline anemia status 

was also identified as a potentially important effect modifier. Following the large 

controlled trial in Zanzibar that was halted early due to adverse malarial events, a substudy 

(n = 2413) was also performed to assess supplement effect by iron and anemia status. 

Children with iron-deficiency anemia who were being treated for malaria and other 

infections showed 49% lower risk of adverse events (hospitalization or death) associated 

with provision of iron and folic acid than did those given control (p<0.01). Those who were 

iron replete showed a trend toward a greater risk of adverse events when they were iron 

supplemented, but the substudy sample size lacked sufficient power to detect statistically 

significant differences.    

Low SES was assessed with enrollment questionnaire items used to create asset-

based wealth index groupings (74).  Filmer developed this index specifically for the 

population of India by applying propensity-score-based weights to binary variables 



 

34 

 

representing ownership of various household items. Bottom quartile of asset index was 

used as an indicator for low SES within the study population. Using this indicator, the 

possibility that infants from families of disparate SES realize different benefits from the 

MNP intervention was explored.  

Finally, CFCD intervention assignment for the parent study was identified as a 

factor with the potential to alter the effect of the MNP intervention. Because mothers 

assigned to CFCD received instruction for stimulating the infants and improving their 

learning environment (in addition to information related to nutrition and sanitation 

provided to all mothers), the possibility that mothers assigned to CFCD were more engaged 

and thus more likely to fully comply with the MNP intervention was explored. In such a 

scenario, infants assigned to both CFCD and MNP could realize improved morbidity 

outcome compared to MNP or CFCD alone. Alternatively, CFCD could lead to greater 

heeding and/or comprehension of nutrition/sanitation material through increased contact 

with VLWs.   

 

E. Statistical Analysis 

1. Power, Sample Size, and Missing Data 

The power calculation for the dissertation study was performed using a simulation 

program with estimated control and intervention vectors of the binary outcome as primary 

parameters (75) To obtain such estimates, a meta-analysis of prior studies of the effect of 

zinc and zinc-containing MNP fortificants on diarrhea was examined (76).   While the 

authors noted a wide degree of heterogeneity between the 15 relevant studies, the meta-
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analysis showed a 19% reduction in the prevalence of diarrhea in the intervention groups 

compared to control groups.  

Other parameters required for the simulation include the number of participants in 

each of the two main treatment arms (approximately 265), the number of time-point 

measurements in the study (up to 13) and the estimated within-subject correlation. With all 

of these parameters in place, the program computed the power of the Generalized 

Estimating Equations common effect test at an α-level of 0.05. Assuming that there is no 

baseline difference between treatment groups with respect to diarrhea prevalence, a within-

subject outcome correlation of 0.15 yielded a power estimate of 70%.   

Prior prospective studies taking place in rural regions of India in the vicinity of the 

current study have consistently realized follow-up rates (beyond baseline) of at least 80% 

(77, 78) and our power calculation included the expectation to achieve follow-up in the 

range of 80%.  In which case, a sample of 291 children per treatment arm would be required 

to maintain 70% power.  However, we likely cannot assume that missingness of data is 

ignorable when loss to follow-up or skipped visits occur (Missing Completely at Random 

– MCAR). In other words, it is likely that missingness will be systematically related to 

unobserved factors in a non-ignorable manner (Missing at Random – MAR).  

If we assumed data are not MCAR, both the Generalized Estimating Equations 

(GEE) approach and Complete Case (CC) analysis focusing only on participants with data 

available at a given time point will produce biased results. Moreover, use of CC constitutes 

a violation of the intention-to-treat principle requiring all randomized participants to be 

included in the analysis (79). While the two Single Imputation techniques of Last 

Observation Carried Forward (LOCF) and Baseline Observation Carried Forward (BOCF) 
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do adhere to ITT principles, they have been shown to introduce bias by reducing variability 

(79).  

To address these problems, Generalized Linear Mixed-effects Models (GLMMs) 

with random intercept were chosen for use in the analyses. GLMMs handle missingness by 

relying only on the assumption that data are MAR, as opposed to the MCAR assumption 

necessary for GEE use. GLMMs furthermore do not require the assumption that 

participants are measured over an equal number of time-points, thereby enabling inclusion 

of all randomized participants and preserving adherence to ITT principles. Gaussian 

quadrature was chosen as an estimation method because it has been shown to produce less 

biased results than other methods such as Penalized Quasi-Likelihood in comparable 

models.   

2. Primary Analysis 

Two sources of correlation were addressed in the analyses. Repeated outcomes 

were assessed among participating infants leading to correlation of within-individual 

measures. Similarly, outcomes among infants within villages were assumed to be 

correlated.  With these considerations, we developed GLMMs for longitudinal binary data 

(SAS Proc Glimmix) including infant-level random intercepts for each illness outcome. 

Village-level random intercepts were initially included to address between-village 

heterogeneity, but were removed after model convergence could not be attained. The 

primary independent variables in each model were time in months and a MNP-by-time 

interaction. Baseline odds of both morbidity outcomes were assumed to be equivalent 

across study groups, so a main effect of MNP intervention was not included in the models. 
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Before implementing the models, the proportion of infants experiencing each outcome in 

each intervention group at all time points during the study was plotted.  

3. Secondary Analysis 

Frequency of each outcome by severity was computed: illness alone, illness 

accompanied by maternal care-seeking behavior, and illness accompanied by prescription 

of treatment by a healthcare provider, hospitalization, or death.  Proportional odds GLMMs 

with ordinal response variables, cumulative logit link and multinomial response 

distribution were created to assess evidence that MNP affects illness outcome by severity 

level. In an additional secondary analysis, binary-outcome GLMMs were developed to 

assess potential MNP impact on only the highest severity of diarrhea and ARI (illness 

accompanied by prescription of treatment). 

4. Compliance analysis 

Counts of sachets provided and consumed were kept for each participant, and a 

measure of individual-level compliance was calculated. Compliance was defined as the 

number of sachets consumed by an infant as a proportion of the total number provided to 

that infant. Median compliance was computed and a non-ITT GLMM (separate from the 

primary and secondary analyses) was implemented to determine whether the intervention 

effect was modified by greater-than-median compliance.    

 

F. Participant Safety 

All items in the morbidity questionnaire were reviewed by the members of the Data 

Safety Monitoring Board at their semi-annual meetings to determine whether stopping the 

trial was necessary.  No instances of hospitalization or death were observed in the study. 
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In the event medical concerns were to arise for any participants, two levels of physicians 

were available to address such concerns. A physician in the field was available to perform 

examinations and a pediatrician co-investigator was available to provide referrals 

throughout the entire course of the study.  

Another safety concern to address in any study involving iron fortification in LMIC 

with tropical climates is the potential for adverse events in malaria-endemic regions. After 

a trial in a region with high malaria transmission showed an increased risk of hospital 

admission and mortality among children without iron deficiency following iron and folic 

acid supplementation, the WHO recommended targeted iron supplementation only for 

iron-deficient infants and young children as opposed to universal supplementation 

strategies in such regions (80).   

In 2010, India’s National Vector-Borne Disease Control Programme (NVBDCP) 

estimated the Annual Parasite Incidence (API) to be less than 0.1 cases per 1000 persons 

in the Nalgonda district and most of the surrounding districts in Andhra Pradesh (71).  By 

contrast, Indian villages with API > 2.0 qualify to receive indoor residual insecticide 

spraying (81). 

 

G. Ethics and Approval 

Institutional Review Board approval was obtained from both the University of 

Maryland and the Indian Council of Medical Research for the parent study. I applied for 

separate approval for this dissertation from the University of Maryland IRB. The trial has 

been registered with NIH (ClinicalTrials.gov identifier: NCT01660958).  
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H. Implementation of Study 

1. Student’s Role 

As a student investigator in project Grow Smart, I had several roles in the larger 

parent study in addition to my primary focus on the dissertation portion of the study.  I 

contributed and am listed as an investigator for preparation of the initial IRB submission 

(parent study).   

Task #1.  At the onset of the study, I traveled to Hyderabad for 1 month to work 

with the NIN investigators in order to ascertain the structure needed for data collection and 

storage for the entirety of Grow Smart (including the parent study).   

Task #2. Upon return from India, I researched integrated a valid, practical and 

feasible DHS instrument for measuring the outcome into the parent study’s questionnaires.  

Task #3.  I developed a set of relational databases in MS Access to input and store 

all data collected for the entire project (for both infant and preschool arms of the study). 

These data were recorded on paper forms from field interviews before being input to the 

system.  

I programmed logical checks into the database’s entry forms, including the 

accepted range of responses and any applicable skip patterns (e.g. “If yes, go to question 

4”) for each individual question.  Additionally, I wrote Visual Basic programs to compute 

standardized scores for applicable questionnaires of the database. 

Double-entry by two separate technicians is one way to identify errors (flagging 

disagreements between the 2 sets of entries).  However, due to the size of the project, this 

was deemed to be too costly. In a similar vein, I then developed a tracking database for 

families enrolled in the study. The purpose of this was to provide the study coordinator at 
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NIN with a means of creating a schedule for questionnaire and intervention visits for each 

participating mother based on her date of enrollment, as well as a means of tracking missed 

appointments. I participated in weekly conference calls with all co-investigators and 

maintained and updated the secure electronic file-sharing system which handled all data 

management and transmission. To this point, I had traveled to India a total of 3 times in 

order to solve various problems related to the study.   

Task #4.  Upon completion of the study and unblinding of the treatment regimens, 

I traveled to Hyderabad for a 4th time to assist in analyses of results for the parent study 

and began to conduct final analyses related to the dissertation upon return. 

2. Investigative Team 

The multinational Grow Smart investigators managed the project through a 

consensus process through the weekly conference calls and electronic filing system. The 

filing system included the time duration of calls, approval documentation, protocols, 

consent forms, background articles, evaluation materials, intervention materials, 

correspondence, de-identified data, analyses, presentations, and manuscript drafts. Daily 

operations were managed by a project coordinator (doctoral level psychologist with 

significant nutrition and field experience), who oversaw the intervention, medical, and 

developmental teams. Blood micronutrient status was assessed by a team of experienced 

biochemists in a micronutrient research laboratory at NIN. We developed a publication 

protocol whereby investigators suggest analyses, presentations, and manuscripts, which 

continue to be reviewed and approved by the investigative team.  
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3. Intervention Team 

The intervention team included a lead interventionist, four Village Level Worker 

(VLW) supervisors, and 36 VLWs. The lead interventionist was a post graduate nutritionist 

with extensive field experience, the VLW supervisors were graduates with a background 

in either home science or child development, and the VLWs are village mothers with at 

least a primary education, identified though the recommendation of village leaders.  

The lead interventionist was responsible for training, supervising, and managing 

the intervention team. The VLW supervisors recruited and enrolled the participants, 

supervised and monitored the implementation of the MNP and CFCD interventions. The 

VLWs delivered the interventions, and each VLW had a case load of approximately 20 

participants.  

4. Medical Team 

The medical team included one physician, two anthropometrists, and two 

phlebotomists. The physician supervised the morbidity surveillance conducted by the 

phlebotomists and provided referrals when appropriate. The anthropometrists measured 

weights and heights of mothers and children (as well as children’s mid-upper arm 

circumference) during the evaluations. The phlebotomists carried out the blood draws.
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IV. RESULTS 

A. Baseline Characteristics 

From the 21 participating villages, 551 infants were recruited and assessed for 

participation eligibility.  Figure 2 depicts Project Grow Smart’s Consort Diagram. Of the 

33 infants that were excluded, 3 failed to meet inclusion criteria: 2 with severe 

developmental delay and 1 with chronic morbidity. Mothers of 9 infants refused consent 

and 21 moved from the area. 518 infants were randomized to one of the parent study’s four 

intervention arms. Of those, 5 were excluded due to severe anemia (Hb < 7.0 g/dL) detected 

after baseline evaluations were conducted. Between baseline and the second wave of the 

parent study (6-month morbidity assessment), 43 participants were lost to follow-up (19 

withdrew consent and 24 moved from the area) leaving 470 participants in the study. 

Between the parent study’s second and third waves (6- and 12-month morbidity waves), 

an additional 9 participants were lost to follow-up (1 developed chronic morbidity and 8 

moved) for 461 remaining at the study’s close.   



 

44 

 

 

8.58 ± 2.27 8.67 ± 2.17 0.66

121 0.48 120 0.46 0.59

2.83 ± 0.53 2.80 ± 0.49 0.43

-1.00 ± 1.11 -1.10 ± 1.03 0.31

46 0.18 51 0.19 0.74

-1.06 ± 1.10 -1.06 ± 1.03 0.99

50 0.20 50 0.19 0.83

17.2 ± 5.02 18.6 ± 5.38 < 0.01

72 0.31 61 0.26 0.26

10.3 ± 1.43 10.2 ± 1.40 0.56

153 0.66 163 0.67 0.74

11.7 ± 5.50 12.1 ± 4.93 0.33

345 ± 188 371 ± 217 0.16

1.20 ± 0.69 1.30 ± 0.89 0.15

2.88 ± 5.26 3.11 ± 5.85 0.65

13 0.05 15 0.06

103 0.41 106 0.40

96 0.38 100 0.38

35 0.14 39 0.15

3 0.01 2 0.01

*

Mar (n, %)

Feb (n, %)

0.92

Binary characteristics showing number and proportion with chi-sq p-value. All other continuous 

variables show mean ± SD with t-test p-value.

Abbreviations: WAZ = Weight-for-age z-score; LAZ = Length-for-age z-score; Zn = zinc; Hb = 

hemoglobin

Month of Randomization

Jun (n, %)

Apr (n, %)

May (n, %)

Vitamin B12 

pmol/L (mean ± SD)

Transferrin : ferritin ratio 

mg/µg (mean ± SD)

C-reactive protein 

mg/L (mean ± SD)

Hemoglobin 

g/dL (mean ± SD)

Anemia 

Hb < 11 g/dL (n, %)

Folate 

nmol/L (mean ± SD)

Stunted

LAZ < -2.0 (n, %)

Zinc 

µmol/L (mean ± SD)

Low zinc 

Zn < 14 µmol/L (n, %)

Weight-for-age 

z-score (mean ± SD)

Underweight 

WAZ < -2.0 (n, %)

Length-for-age

z-score (mean ± SD)

Age

months (mean ± SD)

Sex 

female (n, %)

Birthweight 

Kg (mean ± SD)

Table 3a. Baseline child and family characteristics by intervention group assignment

Child
Control MNP

P
n=251 n=262
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Baseline demographics, anthropometry, and biochemical measures of infants by 

intervention group are presented in table 3a, while these characteristics for families of 

infants are shown in table 3b. Of the 513 infants enrolled in the study, 262 were assigned 

to the MNP intervention and 251 were assigned to control. Infants’ age, sex, and 

anthropometric and biochemical measures were assessed and compared between the MNP 

and control groups at baseline. Additionally, mothers’ baseline age, anthropometry, 

biochemistry and family socioeconomic status indicators were compared across the MNP 

and control groups.  No significant differences in infants’ age or sex were found. Mean age 

among the MNP group was 8.7 months compared to 8.6 months among the control group 

(p=0.66).  Female infants made up 46% of the MNP group compared to 48% of the controls 

(p=0.59).    

Similarly, evidence of baseline differences in anthropometric measures between 

groups was not found. Mean parent-reported birthweight was 2.8 Kg in both groups 

(p=0.43), where infants weighing 2.5 Kg or lower at birth are considered to be of low 

birthweight. Low birthweight infants made up 17% of the intervention group compared to 

15% of controls (p=0.71). Mean weight-for-age z-score (WAZ) was -1.1 among the 

intervention group compared to -1.0 among controls (p=0.31), while underweight infants 

(WAZ < -2.0) made up 19% of the intervention group compared to 18% of controls 

(p=0.74).   Mean length-for-age z-score was -1.1 in both groups (p=0.99), while stunted 

infants (LAZ < -2.0) made up 19% of the intervention group compared to 20% of controls 

(p=0.83). 

Among the infant biochemical measures, one potentially important baseline 

difference between groups was found. Mean zinc levels were significantly higher in the 
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intervention group (18.6 µmol/L) compared to the control group (17.2 µmol/L, p<0.01), 

though low zinc levels (Zn < 14.0 µmol/L) were not found to be significantly more 

common among controls. 26% of infants in the MNP group were measured to have low 

zinc compared to 31% among controls (p=0.26). No other significant baseline differences 

in biochemical measures were found. Mean hemoglobin (Hb) was 10.2 g/dL among the 

intervention group compared to 10.3 among controls (p=0.56), with anemia (Hb < 11 g/dL) 

occurring in 67% of MNP-group infants compared to 66% of controls (p=0.74).  Mean 

folate was 12.1 nmol/L in the MNP group vs. 11.7 nmol/L in the control group (p=0.33), 

mean Vitamin B12 was 371 pmol/L MNP vs. 345 pmol/L control (p=0.16), mean 

Transferrin:Ferritin ratio was 1.3 mg/μg MNP vs. 1.2 mg/μg control (p=0.15), and mean 

C-reactive protein was 3.1 mg/L in MNP vs. 2.9 mg/L control (p=0.65).     
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No significant baseline differences in age, anthropometry, and biochemistry were 

found among mothers of infants enrolled in the MNP group vs. the control group. Mean 

age of MNP-group mothers was 23.0 years vs. 22.9 in the control group (p=0.70), mean 

BMI was 20.3 in the MNP group vs. 20.0 in the control group (p=0.37) and mean Hb was 

12.1 in both groups (p=0.91). Anemia, defined as Hb < 11.0 g/dL for pregnant mothers and 

Hb < 12.0 g/dL for non-pregnant mothers, was also found in similar proportions between 

groups, with 89% in the MNP group compared to 88% in the control group (p=0.91). 

22.9 ± 2.69 23.0 ± 3.03 0.70

20.0 ± 3.45 20.3 ± 3.91 0.37

12.1 ± 1.50 12.1 ± 1.55 0.91

206 0.88 216 0.89 0.87

12 0.13 49 0.19 0.06

28 0.11 36 0.13 0.38

3.79 ± 1.54 3.61 ± 1.52 0.18

*

**

***

Binary characteristics showing number and proportion with chi-sq p-value. All other 

continuous variables show mean ± SD with t-test p-value.

HB < 11 for pregnant mothers; HB < 12 for non-pregnant mothers

Mother age

***
 (n, %)

Household assets index

Table 3b. Baseline family demographic and health characteristics by intervention 

group assignment

Control MNP

(mean ± SD)

Family

Endorsed 1 or more items on 10-item scale

Mother anemia

**
 (n, %)

Mother uneducated

(n, %)

Household food insecurity

years (mean ± SD)

Mother BMI

Kg/m
2 

(mean ± SD)

Mother hemoglobin

g/dL (mean ± SD)

P
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Among indicators of socioeconomic status, one was marginally different at baseline 

in the MNP group vs. the control group. 19% of mothers with infants in the MNP group 

were uneducated compared to 13% in the control group (p=0.06). However, baseline MNP 

vs. control differences in household food insecurity (13% vs. 11%, p=0.38) and mean 

household asset index (3.6 vs. 3.8, p=0.18) were not found. 

 

B. Follow-up Rate 

Figure 3 shows the monthly proportion of completed morbidity assessments in the 

study. Following baseline, 4,812 assessments out of a possible 6,156 were performed for 

an overall measurement rate of 78%. 423 out of 513 assessments (82%) were performed at 

month 1, and 428 were performed at month 2 (83%). From months 3 through 10 of the 

study, measurement fell from 82% to 80%, later falling to 73% at month 12. Although 

measurement peaked at month 2 with 83%, only 7% of all participating infants missed 10 

or more appointments. This indicates that most participants who missed early assessments 

went on to provide later assessments. Frequency of missed assessments did not differ 

between the MNP and control groups (19.8% vs. 20.8%, p=0.29). 
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C. Primary Analysis  

Figures 4a and 4b depict mean frequency of diarrhea and respiratory illness over 

time, respectively, by MNP assignment. Elevated frequency of diarrhea occurred between 

the second and fourth months of the study, while elevated frequency of respiratory illness 

was noted between the fourth and seventh month. In order to create the final GLMMs, the 

likely causes for the observed spikes was addressed.  

As discussed above under the Potential Effect Modifiers subheading, reaching the 

age of heightened vulnerability to illness could explain an increase in illness frequency as 

infants begin to have greater opportunity for exposure to pathogens after being introduced 

to solid foods and starting to crawl. The other likely cause is a seasonal pattern for each 

illness.  Figure 5 shows a histogram of the range and frequency of enrollment dates through 
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the study. Dates are presented in one-month bins starting with the first day of baseline 

assessments (13-Feb-2012).  
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More than 75% of the study population received baseline assessments during the 

two-month period of enrollment between March and April, whereas much greater 

variability was seen in age at baseline. This was a likely indication that seasonality could 

show an independent association with the elevation of both illnesses beyond the association 

with age, as a large proportion of the study population received corresponding assessments 

during months of the year when frequency of diarrhea and respiratory illness are known to 

spike in Southern India. Peak diarrhea season in the region is considered to run from June 

through August, while peak respiratory illness season runs from July through November  

(27).  

Separate repeated-measure GLMMs were created for each illness outcome to 

confirm that seasonality and not vulnerable age was the likely cause of the elevated illness 

frequency. The diarrhea model consisted of two binary independent time-varying 

covariates: diarrhea season (assessment month = June through August) and vulnerable age 
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(age=7 to 12 months). A similar model was created for respiratory illness using July 

through November to indicate peak season and 10 to 19 months to indicate age of 

vulnerability.  

Table 4 shows results of seasonality vs. age GLMMs for both primary outcomes.  

Adjusting for vulnerable age, odds of diarrhea was 2.7 times higher during peak diarrhea 

season (OR=2.66, p<0.0001) while odds of ARI was 60% higher during peak ARI season 

(OR=1.59, p<0.0001). Vulnerable age showed a small significant association with ARI 

independent of seasonality (OR=1.21, p<0.05) and a larger independent association with 

diarrhea (OR=1.61, p<0.0001). Considering these results, we controlled for seasonality in 

morbidity-outcome models using indicators for calendar month-of-year, with February (the 

first month of enrollment) chosen as reference. Vulnerable age was examined as a potential 

effect modifier. 

 

 

 

OR 95% CI OR 95% CI

Intercept 0.07 (0.06, 0.09) < 0.0001 0.13 (0.11, 0.15) < 0.0001

Peak Season* 2.66 (2.21, 3.21) < 0.0001 1.59 (1.36, 1.87) < 0.0001

Vulnerable Age Range** 1.61 (1.33, 1.94) < 0.0001 1.21 (1.00, 1.46) 0.05

** 7 to 12 months for diarrhea, 10 to 19 for ARI

Table 4. GLMMs showing independent effects of seasonality and age as time-varying 

covariates on diarrhea and ARI frequencies

Diarrhea Acute Respiratory Infection

P P

*   June through August for diarrhea, July through November for ARI
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Results of GLMMs showing effects of the MNP intervention vs. control including 

seasonality indicators and excluding effect modification variables are presented in table 5a. 

The models are constructed so that the main effect of time represents the monthly change 

in odds of illness in the control group. The comparative MNP odds ratio represents the ratio 

of the monthly MNP-group change to that of the control group. Adjusting for seasonality, 

the control group experienced a significant 12% monthly reduction in odds of diarrhea 

(OR=0.88, p<0.0001). Among the MNP group, monthly change in odds of diarrhea did not 

differ from that of the control group (OR=1.00, p=0.89). The upper limit of the comparative 

OR’s 95% confidence interval (CI) was 1.03, indicating that there was likely no more than 

a 3% slope difference in odds of diarrhea in the MNP group vs. control.   In the ARI model, 

adjusting for seasonality, a 6% monthly reduction in odds of ARI was found in the control 

group (OR=0.98, p=0.17) but no difference in slope of ARI odds was observed in the MNP 

group compared to the control group (OR=1.01, p=0.66). The upper limit of the 

comparative OR’s 95% CI in the ARI model was 1.03, which is consistent with a slope 

difference of no greater than 3% in MNP vs. control.  

OR 95% CI OR 95% CI

Time in months 0.88 (0.84, 0.92) < 0.0001 0.94 (0.91, 0.97) < 0.001

Comparative time effect

MNP 1.00 (0.96, 1.03) 0.89 1.01 (0.98, 1.03) 0.66

Control REF ── ── REF ── ──

Table 5a. GLMMs showing no evidence of MNP vs control difference in diarrhea or ARI 

over time
*

Diarrhea Acute Respiratory Infection

P P

*   Adjusted for calendar month of assessment
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Table 5b contains results of separate GLMMs assessing each of the factors 

described as potential modifiers of intervention effect on illness. The main time effect (the 

effect of time within the control intervention + potential effect modifier reference group) 

is significant in each of the five diarrhea models, with an observed 8 to 9% monthly 

reduction in odds of illness (OR=0.91 – 0.92, p<0.0001). The models showed no significant 

differences in time effect of intervention by demographic, health status, or parent study 

intervention subgroup. 

In all the ARI models, adjusting for seasonality, significant 4 to 5% reduction in 

monthly morbidity odds were observed (OR=0.94–0.95, p<0.05). No subgroup differences 

in the effect of MNP over time were detected, though among infants receiving the control 

sachet, those who received CFCD showed a small but significant reduction in monthly 

odds of ARI compared to those who did not receive CFCD (OR=0.96, p=0.02). 
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OR 95% CI OR 95% CI

Baseline Anemic 0.55 (0.38, 0.78) < 0.001 0.65 (0.47, 0.91) 0.01

Time in months 0.83 (0.78, 0.89) < 0.0001 0.94 (0.90, 0.99) 0.02

Comparative time effects

Anemic, MNP 1.05 (0.98, 1.13) 0.15 1.01 (0.96, 1.07) 0.70

Anemic, Control 1.06 (0.99, 1.14) 0.11 0.99 (0.94, 1.05) 0.70

Non Anemic, MNP 0.97 (0.91, 1.04) 0.43 0.98 (0.94, 1.03) 0.38

Non Anemic, Control REF ── ── REF ── ──

VAR 1.15 (0.74, 1.79) 0.52 1.16 (0.82, 1.63) 0.41

Time in months 0.89 (0.84, 0.94) < 0.0001 0.95 (0.90, 0.99) 0.01

Comparative time effects

VAR, MNP 1.02 (0.89, 1.18) 0.74 1.01 (0.95, 1.07) 0.75

VAR, Control 1.05 (0.92, 1.21) 0.45 1.00 (0.95, 1.06) 1.00

Not VAR, MNP 1.00 (0.96, 1.04) 0.96 1.00 (0.96, 1.04) 0.97

Not VAR, Control REF ── ── REF ── ──

Baseline Stunted 0.83 (0.54, 1.27) 0.40 1.07 (0.73, 1.58) 0.72

Time in months 0.87 (0.83, 0.91) < 0.0001 0.94 (0.91, 0.97) < 0.001

Comparative time effects

Stunted, MNP 1.00 (0.92, 1.10) 0.95 0.99 (0.93, 1.06) 0.78

Stunted, Control 1.05 (0.96, 1.14) 0.27 1.01 (0.95, 1.08) 0.75

Non-stunted, MNP 1.01 (0.97, 1.05) 0.73 1.01 (0.98, 1.04) 0.40

Non-stunted, Control REF ── ── REF ── ──

Baseline Low Zn 0.59 (0.39, 0.89) 0.01 0.69 (0.48, 1.02) 0.06

Time in months 0.86 (0.82, 0.91) < 0.0001 0.94 (0.90, 0.97) < 0.001

Comparative time effects

Low Zn, MNP 1.05 (0.96, 1.14) 0.29 1.03 (0.96, 1.10) 0.40

Low Zn, Control 1.02 (0.94, 1.11) 0.59 1.03 (0.97, 1.10) 0.30

Normal Zn, MNP 0.98 (0.93, 1.02) 0.30 1.00 (0.97, 1.04) 0.89

Normal Zn, Control REF ── ── REF ── ──

Baseline Low SES 0.76 (0.51, 1.14) 0.18 1.10 (0.77, 1.56) 0.62

Time in months 0.87 (0.83, 0.91) < 0.0001 0.94 (0.91, 0.98) < 0.01

Comparative time effects

Low SES, MNP 1.02 (0.95, 1.10) 0.54 0.97 (0.92, 1.03) 0.40

Low SES, Control 1.04 (0.96, 1.12) 0.32 1.00 (0.94, 1.06) 0.91

Mid/High SES, MNP 1.00 (0.96, 1.05) 0.93 1.02 (0.98, 1.05) 0.31

Mid/High SES, Control REF ── ── REF ── ──

Vulnerable Age Range (VAR)
b

Baseline Stunting
c

Baseline Low Zinc (Zn)
d

Baseline Low Socio-economic status (SES)
e

Table 5b. GLMMs showing no evidence of effect modification in MNP vs control analyses of 

diarrhea and ARI over time
* 

Diarrhea Acute Respiratory Infection

P P

Baseline Anemia
a
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D. Secondary Analysis 

Frequencies of each outcome accompanied by maternal care-seeking behavior and 

care-seeking plus prescription of treatment were assessed across all time-points, and are 

displayed in table 6. Diarrhea without care-seeking/prescription was reported at 85 of the 

5315 measurement points (1.6%). Diarrhea with care-seeking/no prescription was reported 

19 times (0.4%) and diarrhea with care-seeking plus prescription was reported 478 times 

(9.0%). ARI without care-seeking/prescription was reported at 144 of the 5305 ARI 

measurement points (2.7%). ARI with care-seeking/no prescription was reported 15 times 

(0.3%), and ARI with care-seeking plus prescription was reported 680 times (12.8%). No 

cases of hospitalization or death occurred 

CFCD 0.84 (0.60, 1.18) 0.31 1.00 (0.73, 1.36) 0.99

Time in months 0.87 (0.82, 0.92) < 0.0001 0.96 (0.93, 1.00) 0.07

Comparative time effects

CFCD, MNP 1.04 (0.98, 1.11) 0.23 0.98 (0.93, 1.03) 0.41

CFCD, Control 1.01 (0.95, 1.08) 0.71 0.95 (0.90, 1.00) 0.07

No CFCD, MNP 0.96 (0.91, 1.02) 0.16 0.99 (0.95, 1.03) 0.56

No CFCD, Control REF ── ── REF ── ──

a   Hb < 11 g/dL

b   7 to 12 months for diarrhea, 10 to 19 for ARI

c   Length-for-age Z-score < -2.0

d   Zn < 14.0 µmol/L

e   Asset score in bottom quartile of study population

Assignment to Care for Child Development (CFCD)

*   Adjusted for calendar month of assessment



 

57 

 

 

Because care-seeking was so frequently accompanied by prescription of treatment, 

the illness alone and illness with care-seeking/no prescription outcome categories were 

combined into a single categories for both diarrhea and ARI in the ordinal-outcome 

proportional odds GLMMs. Results of both such models for illness by severity level are 

presented in table 7.  

 

 

 

 

n % n %

Illness alone 85 1.6 144 2.7

Illness + care-seeking 19 0.4 15 0.3

Illness + care-seeking + tx prescription 478 9.0 680 12.8

Table 6. Frequency of illness severity

Diarrhea

(n=5315)

Acute Respiratory Infection

(n=5305)

95% CI 95% CI

Intercept 1** 0.11 (0.09, 0.13) < 0.0001 0.13 (0.11, 0.15) < 0.0001

Intercept 2*** 0.09 (0.07, 0.10) < 0.0001 0.10 (0.08, 0.12) < 0.0001

OR 95% CI OR 95% CI

Time in months 0.88 (0.84, 0.92) < 0.0001 0.94 (0.91, 0.97) < 0.001

Comparative time effect

MNP 1.00 (0.96, 1.03) 0.84 1.01 (0.98, 1.04) 0.68

Control REF ── ── REF ── ──

*** Baseline odds of illness plus prescription

P P

*     Adjusted for calendar month of assessment

Table 7. Proportional odds GLMMs showing no effect of MNP vs control on severity of 

illness over time
*

Diarrhea Acute Respiratory Infection

P P

**   Baseline odds of illness alone or illness plus prescription
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Baseline odds of diarrhea alone or diarrhea plus prescription was 0.11, while odds 

of only diarrhea plus prescription was 0.09. Adjusting for seasonality, the control group 

experienced a 12% monthly reduction in odds of either diarrhea outcome (OR=0.92, 

p<0.0001) with no difference in monthly change comparing the MNP group to the control 

group (OR=1.00, p=0.84).   Baseline odds of ARI alone or ARI plus prescription was 0.13, 

while odds of only ARI plus prescription was 0.10. Adjusting for seasonality, the control 

group showed a 6% monthly change in odds of either ARI outcome (OR=0.94, p<0.001) 

with no difference in monthly change comparing the MNP group to the control group 

(OR=1.01, p=0.68). 

Results of both binary-outcome GLMMs for illness accompanied by prescription 

of treatment are presented in Table 8. Observed model effect estimates were very similar 

to those found in the primary analysis. Baseline odds of diarrhea with prescription of 

treatment was 0.10. Controlling for seasonality, odds of diarrhea with treatment prescribed 

was reduced by 13% monthly among the control group (OR=0.87, p<0.0001). No 

significant difference in monthly change in odds of diarrhea was found between MNP and 

control (OR=0.99, p=0.72).  Baseline odds of ARI with treatment prescribed was 0.12. 

Controlling for season, 7% change in monthly odds of ARI with treatment was found 

among the control group (OR=0.93, p<0.001), and no difference in monthly change was 

found in the MNP group compared to control (OR=1.00, p=0.80). 
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E. Compliance Analysis 

Median compliance, measured by proportion of sachets provided that were 

consumed, was 89.7%. Results of GLMMs assessing whether greater-than-median 

compliance modifies the effect of MNP on illness are shown in table 9. Baseline odds of 

diarrhea in this model was 0.18 with a 38% reduction at baseline among those who would 

later exhibit compliance above the median (OR=0.62, p<0.01). Among infants assigned to 

control with compliance below median, odds of diarrhea was reduced by 15% monthly 

adjusting for seasonality. Compared to this subgroup, no differences in monthly change in 

odds of diarrhea were seen among MNP with low compliance (OR=0.99, p=0.69), control 

with high compliance (OR=1.06, p=0.10), or MNP with high compliance (OR=1.06, 

p=0.08). 

Baseline odds of ARI in the model was 0.16 with no significant change at baseline 

among those who would later exhibit compliance above the median (OR=0.90, p=0.51). 

Among infants assigned to control with compliance below median, odds of ARI showed a 

5% monthly change independent of seasonality (OR=0.95, p=0.01). Compared to this 

subgroup, no differences in monthly change in odds of ARI were seen among MNP with 

OR 95% CI OR 95% CI

Time in months 0.87 (0.83, 0.92) < 0.0001 0.93 (0.90, 0.97) < 0.001

Comparative time effect

MNP 0.99 (0.96, 1.03) 0.72 1.00 (0.97, 1.03) 0.80

Control REF ── ── REF ── ──

Table 8. GLMMs showing no effect of MNP vs. control on illness + prescription of treatment 

over time

Diarrhea Acute Respiratory Infection

P P

*   Adjusted for calendar month of assessment
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low compliance (OR=0.99, p=0.49), control with high compliance (OR=1.00, p=0.87), or 

MNP with high compliance (OR=1.02, p=0.43). 

 

 

OR 95% CI OR 95% CI

High Compliance** 0.59 (0.42, 0.83) < 0.01 0.90 (0.66, 1.23) 0.51

Time in months 0.85 (0.81, 0.90) < 0.0001 0.95 (0.91, 0.99) 0.01

Comparative time effects

High Comp, MMN 1.06 (0.99, 1.14) 0.08 1.02 (0.97, 1.08) 0.43

High Comp, Control 1.06 (0.99, 1.13) 0.10 1.00 (0.95, 1.05) 0.87

Low Comp, MMN 0.99 (0.94, 1.04) 0.69 0.99 (0.95, 1.03) 0.49

Low Comp, Control REF ── ── REF ── ──

**  Proportion of provided sachets consumed > median (89.7%)

Table 9. GLMMs showing that higher compliance does not modify effect of MNP vs control 

on illness over time
*

Diarrhea Acute Respiratory Infection

P P

*    Adjusted for calendar month of assessment
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V. DISCUSSION 

With regard to the first research question of the dissertation, this study produced no 

evidence that Grow Smart’s iron-containing MNP fortification administered daily with 

complementary food caused improved or worsened diarrhea or ARI frequency over time 

among infants in rural South India. Further, the study produced strong evidence that the 

MNP produced no greater than a 3% monthly increase in either morbidity outcome 

compared to control. Although anemia was associated with lower diarrhea and ARI at 

baseline, this formulation of MNP did not modify the effect on illness frequency over time.  

Regarding research question #2, higher severity levels of morbidity outcome were not 

observed as a result of the MNP compared to control. For research question #3, intervention 

compliance did not differ between MNP and control groups, and higher levels of 

compliance did not alter the effect of MNP on morbidity.  While prior studies have shown 

that zinc fortification strategies including provision of 10 mg of Zn with multivitamins can 

cause a reduction in infection frequency (53), the parent study to this dissertation was 

focused on iron-containing MNPs as a means of promoting growth, cognitive development, 

and improved nutritional status in the target population. 

The recent randomized controlled study from Kenya (12) showed a trend towards 

increased frequency of reported diarrhea requiring treatment related to the use of MNP 

with 12.5 mg of iron (+12.5 mgFeMNP) compared to MNP without iron (–FeMNP) (27.3% 

vs. 8.3%, p=0.09). Additionally, the authors showed significantly higher abundance of 

pathogenic enterobacteria combined with lower abundance of  the most normally abundant, 

Bifidobacteria present in the gut among infants receiving +12.5 or +2.5 mgFeMNP 

compared to those receiving –FeMNP  (p<0.05). The authors conclude that unabsorbed 



 

62 

 

iron present after fortification “[shifts] gut microbial balance away from beneficial ‘barrier’ 

strains towards a potentially more pathogenic profile.” A follow-up study was conducted 

in the same area of Kenya (82).  The authors found that while +2.5 mgFeMNP did not 

produce significantly higher rates of diarrhea compared to –FeMNP, there were increases 

in days with cough (p<0.01) and dyspnea (p<0.01) with no significant reduction in anemia 

prevalence or improvement in iron status.  The authors believe that iron absorption may 

have been inadequate due to a high prevalence of infections and that the low iron dose was 

responsible for the failure to improve iron status.  

Prior to the above studies, separate controlled morbidity-outcome trials were 

conducted among children in Ghana (14) and Pakistan (13) using the same +12.5 

mgFeMNP. The authors in the Ghana study found a significantly higher risk of hospital 

admissions in the iron group compared to control (RR=1.23, p<0.05). In Pakistan, the 

authors found significantly higher odds of diarrhea among children receiving MNP without 

zinc (OR=1.15, 95% CI=1.00–1.30) and with zinc (OR=1.31, 95% CI=1.13–1.51) 

compared to controls.  

Overwhelming evidence that iron-containing supplements can be harmful in the 

presence of high rates of endemic malaria and other infectious diseases with limited access 

to disease-control programs had emerged by 2006 following a large trial with nearly 25,000 

participating infants and young children from Pemba, Zanzibar comparing oral 

supplementation of iron (12.5 mg) plus folic acid with and without zinc to control (22, 54).  

The trial was stopped early, as those who received the 12.5 mg of iron were 12% more 

likely to die or need treatment in hospital for an adverse event (p=0.02), and showed 16% 

greater risk of adverse events due to malaria compared to control (p=0.01). In the follow-
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up substudy also conducted in Zanzibar, the authors found a 49% reduction in morbidity 

events related to iron supplementation among children with iron-deficiency anemia (IDA). 

Among children without IDA, those who received the supplement trended towards an 

increased rate of adverse effects compared to control.    

Several factors may have contributed to the difference observed between outcomes 

in the current study and those of other published studies. One such factor, the high 

prevalence of baseline anemia found in our study population (66%), could partially explain 

the similar frequencies over time noted between the MNP and control groups.  In contrast 

to the findings from the Zanzibar substudy described above, the current study produced no 

evidence that MNP effect on morbidity is modified by anemia status.  Also of note in our 

study, the prevalence of anemia at baseline was similar to that found in the two Kenya 

studies above (67% – 70%), and mean hemoglobin at baseline was similar to that seen in 

the Zanzibar substudy (10.3 vs. 9.8 g/dL).  

Differences in demographic and environmental factors including each area’s 

infectious disease profile could have played a role in producing the disparate results as 

well. In contrast to both the Kenya and Zanzibar studies, the Nalgonda district carries 

negligible risk of malaria transmission, and baseline prevalence of both diarrhea (13%) and 

ARI (15%) were lower in our sample than what would be expected in the region during 

non-peak illness season (27).  

Moreover, it appears that infants in our sample came from backgrounds of higher 

socio-economic status than average in the region (74). The mean India-specific equity 

index in our sample was 3.6 (range: -0.3 – 7.5), where a score of 3.9 or higher indicates 

membership in the richest 20% of families in the country.  Families with higher scores on 
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the index have lower prevalence of outdoor toilets, low-quality housing materials, and 

other indicators of poor sanitary conditions.    

Lastly, the formulation of the MNP, itself, differed significantly from the 

supplement in Zanzibar and the MNP in Kenya.  Grow Smart and two oral supplementation 

studies conducted in Indonesia (15-18), showed no evidence of harmful morbidity and the 

amount of daily iron administered was lower than in the Kenya and Zanzibar studies (8 – 

10 mg vs. 12.5 mg). Of the two Indonesia studies, one assessed the effect of iron on 

nutritional status (17, 18). The authors found significantly higher levels of hemoglobin 

(11.9 vs. 11.4 g/dL, p=0.01) and serum ferritin (46.5 vs. 12.9 μg/L, p<0.001) in the test 

group compared to control. 

A major limitation of this study was the use of retrospective questionnaires (as 

opposed to prospective diaries or physicians’ diagnoses) to assess the frequency of illness.  

One problem inherent in retrospective questionnaires is that responses cannot be reliably 

used to generate incidence rates, in this case the number of episodes of illness taking place 

over a given amount of person-time. Consequently, though the incidence rate is a more 

meaningful measure, we examined the occurrence of at least one episode of illness during 

each recall period as a binary outcome.  Despite the above concerns, retrospective 

questionnaires with 15-day recall periods have been reliably used in recent child morbidity 

studies in lower middle income countries (LMIC) (83, 84). 

Additionally, construct validity was of concern when using the questionnaire (as 

opposed to physician’s diagnosis) to assess illness. While USAID has conducted validity 

and reliability testing in India for DHS instrument items, the authors point out that “cultural 

and linguistic factors” may influence the manner in which questions are perceived by 
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respondents. While use of this instrument was likely to result in some misclassification of 

both illnesses and the ARI outcome in particular, such misclassification is unlikely to have 

occurred differentially by intervention group. Pretesting was performed to ensure that the 

items were comprehensible to members of the target population and that the survey as a 

whole did not impose undue burden. 

Another limitation in the study was our inability to account for correlation of 

infectious disease occurrence between individuals. While the models address within-

individual correlation over time, they do not address clustering by physical or temporal 

proximity. Whether transmission occurs directly from person to person or through an 

environmental intermediary, one case of infection impacts the chance of infection in others 

nearby. Failure to account for non-independence of infection occurrence has been shown 

to introduce bias. (87)  The model simplification in the current study may be of particular 

concern given the seasonal spikes in infection that were observed.    

One of the major strengths of the project was the use of the customized data 

collection and storage system that I created for the entirety of the parent study. Though the 

use of a double-entry system was deemed to be too costly and time-consuming for the large 

number of responses over multiple timepoints, the Grow Smart system employed measures 

to ensure accuracy of input through range checks, ID validations, and automatic skip 

patterns. I wrote subsequent programs to calculate raw scores from all subject areas of the 

parent study and to apply age-standardized z-scores and t-scores where appropriate to 

anthropometric and developmental outcomes. Apart from the collection, storage, and 

scoring of study data, I was able to create programs to facilitate scheduling and fulfillment 

of regular home visits for the dissertation study and the parent study. All data collection 
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and scheduling systems (written in Visual Basic for MS Access), and scoring routines 

(written is SAS), are easily re-usable and are currently employed in a similar study taking 

place in Guatemala.  Plans for another usage of the systems have been discussed for a 

proposed study in Swaziland.         

Lastly, a major strength of this project relates to the study design and use of repeated 

measures, which represents an improvement in power from what could have been expected 

with fewer time points. The observed strong evidence that the MNP causes no large 

detrimental morbidity effect (indicated by narrow confidence interval) may warrant wider 

dissemination of the specific formula in infant populations with similar anemia and 

infectious disease profiles.  

Developmental effects of micronutrient deficiencies are related to poverty and form 

an intergenerational cycle causing financial burdens to society through poor adult health, 

less educational attainment, diminished work capacity, and lower lifetime earning potential 

(85). Considering results from this and other studies, the decision to provide point-of-use 

MNP fortification with iron requires careful examination of the potential risks and benefits 

inherent in such an intervention aimed at breaking the cycle.  

Point-of-use MNPs with iron have repeatedly been shown to reduce anemia. The 

Zanzibar study, however, showed that iron supplementation in areas of high malaria 

endemicity produced unacceptable risk of adverse effects including death, regardless of 

any gains in nutritional status that might be achieved (except when targeted to iron deficient 

children).  Findings of increased morbidity and the shift towards pathogenic microbiome 

imbalance from the Kenya study provided a potential mechanism for the adverse effects of 

+FeMNP fortification related to infectious disease. The authors conclude that “until safer 
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formulations are available, +FeMNPs should be targeted to infants with IDA, while 

providing adequate protection from malaria and diarrhea.”  

 When deciding whether to implement a MNP fortification program, the issue 

comes to a risk/benefit concern.  From a public health perspective, should money and time 

be spent screening children prior to administering iron? Anemia is not healthy for children 

and negatively impacts their development, energy, growth, etc. with intergenerational 

ramifications.  While we can likely conclude that the Grow Smart MNP formulation is safe 

in regards to morbidity, the sample was furthermore larger and had longer follow-up than 

others that showed harmful effects. In a larger infant trial conducted in Bangladesh 

(n=799), Baqui and colleagues (86) also found no morbidity impact with weekly 

supplementation.  

Moreover, we will demonstrate in a future manuscript that hemoglobin levels and 

anemia prevalence were significantly improved in the MNP group compared to control. 

GLMM analysis showed a mean hemoglobin change from baseline to 12 months of 0.7 

g/dL in the MNP group compared to -0.3 g/dL in the control group (p<0.0001). Change 

from baseline in odds of anemia was also significantly reduced in the MNP group 

(OR=0.45, p<0.0001), while an increase was seen among the control group (OR=1.56, 

p=0.01). While malaria was very rare in the region of the study, no specific protections 

against diarrhea were enacted. It should be noted however, that our sample was likely of 

higher SES and faced lower baseline illness prevalence than other regions that might be 

targeted for intervention. Assessment of the Grow Smart MNP impact on morbidity 

produced promising results that potentially warrant wider dissemination in the same or 

other populations.    
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VI. APPENDIX 1. Morbidity Evaluation Questionnaire 
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During the past 15 days…

2 a No 0 Skip to 3a

Yes 1

DK / DR 88 Skip to 3a

b Watery 1

Blood and/or Mucus 2

Both of above 3

Small frequent 4

c No 0 Skip to 3a

Yes 1

DK / DR 88 Skip to 3a

d Nothing 0 Skip to 3a

Medicine 1

ORS/ IV Fluids 2

DK / DR 88 Skip to 3a

    e No 0

Yes 1

DK/DR 88

During the past 15 days...

3 a No 0

Yes 1

DK / DR 88

b No 0 Skip to 4a

Yes 1

DK / DR 88 Skip to 4a

c No 0 Skip to 4a

Yes 1

DK / DR 88 Skip to 4a

d Nose 0

Chest 1

DK / DR 88

e No 0 Skip to 4a

Yes 1

DK / DR 88 Skip to 4a

f No 0

Yes 1

DK / DR 88

   g No 0

Yes 1

DK/DR 88

Did the child take the prescribed treatment 

(cough syrup, tablets, injection, inhalers, 

etc.)?

Was treatment for respiratory illness 

prescribed? (Such as cough syrup, tablets, 

injection, inhaler)

Did you seek medical attention for the child's 

respiratory problems?

What was the appearance of the child's 

diarrhea?

Did you seek medical attention for the child's 

diarrhea?

Did the child have a blocked/runny nose or a 

problem in the chest?

When the child had cough, did he/she 

breathe faster than usual with short, rapid 

breaths or have difficulty breathing?

Questions pertaining to Diarrhea.

Questions pertaining to Respiratory Illness.

Morbidity Evaluation Questionnaire

What was the treatment prescribed for 

diarrhea?

Did you give it to your child? (medicines, 

ORS, IV fluids, etc)

Did the child have a fever?

Did the child have a cough?

Did the child have diarrhea?



 

70 

 

VII. APPENDIX 2. Copyright Permission, Am J Clin Nutr 
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VIII. APPENDIX 3. University of Maryland IRB Approval 
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IX. APPENDIX 4. Indian Council of Medical Research Approval 
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X. APPENDIX 5. Clinical Trial Registration 
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XI. APPENDIX 6. Data Safety Monitoring Board Approvals 
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