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Abstract

Khan, A. 1. 2012. Effects of Pre- and Postnatal Nutrition Interventions on Child Growth and
Body Composition: The MINIMat Trial in Rural Bangladesh. Acta Universitatis Upsaliensis.
Digital Comprehensive Summaries of Uppsala Dissertations from the Faculty of Medicine
811. 63 pp. Uppsala. ISBN 978-91-554-8467-5.

Nutritional insults and conditions in fetal life and infancy may influence later growth and body
composition as well as the development of chronic diseases in adult life. We studied the effects
of maternal food and micronutrient supplementation and exclusive breast-feeding counseling on
offspring growth 0-54 months and body composition at 54 months of age. We also validated and
developed equations for a leg-to-leg bioimpedance analyzer in order to assess body composition
of Bangladeshi children aged 4-10 years.

In the MINIMat trial in Matlab, Bangladesh, pregnant women were randomized to Early
(around 9 weeks) or a Usual invitation (around 20 weeks) to food supplementation and to one
of three daily micronutrient supplementations with capsules of either 30 mg Fe and 400 pg
folic acid, or 60 mg Fe and 400 pg folic acid, or multiple micronutrient supplements (MMS)
(15 micronutrients including 30 mg Fe and 400 pg folic acid). They were also randomized to
exclusive breastfeeding counseling (EBC) or to usual health messages (UHM). Growth of their
children was measured from birth to 54 months, when body composition also was assessed.

There were no differences in background characteristics across the different intervention
groups. There was no differential effect by prenatal interventions on birth weight or length.
Early invitation to food supplementation reduced stunting from early infancy up to 54 months
for boys (average difference 6.5 percent units, 95% CI=1.7 to 11.3, p=0.01), but not for girls
(average difference 2.4 percent units, 95% CI=-2.2 to 7.0, p=0.31). MMS resulted in more
stunting than standard Fe60F (average difference 4.8 percent units, 95% CI=0.8 to 8.9, p=0.02).
Breast-feeding counseling prolonged the duration of exclusive breastfeeding (difference 35.0
days, 95% CI 30.6-39.5, p<0.001). Neither the pregnancy interventions nor the breast-feeding
counseling influenced body composition at 54 months.

Early food supplementation in pregnancy reduced the occurrence of stunting in boys
0-54 months, while prenatal MMS increased the proportion of stunting. Early food and
multiple micronutrient supplementation or exclusive breastfeeding intervention provided to
rural Bangladeshi women during pregnancy did not affect offspring body composition at 54
months of age. The effects on postnatal growth suggest programming effects in early fetal life.
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Introduction

Conditions in early life are important for the development of certain chronic
diseases in later life (1). The Developmental Origins of Health and Disease
(DOHaD) hypothesis states that alterations in nutrition and endocrine status
during fetal life and early infancy result in developmental adaptations that
permanently change structure, physiology and metabolism, thereby
predisposing individuals to disease in later life (2, 3). However, most of the
evidence has been based on observational studies where birth anthropometry
(e.g. birth weight) has been used as a proxy indicator for fetal nutrition. In
those studies poor fetal nutrition could not be separated from other factors
that cause intrauterine growth restriction (4). During pregnancy, the fetus is
solely dependent on maternal intake and nutritional stores, mostly fat, for its
energy. Poor maternal nutrition during pregnancy implies a risk of poor
nutrition availability to the fetus. Thus, intra-uterine life and infancy has
been identified as a possible critical period for the development of a variety
of health outcomes in later life (1). Fetal and early post-natal under-nutrition
induce processes that may increase the risk for coronary heart disease,
stroke, type 2 diabetes, and metabolic syndrome (5, 6). Systemic reviews
have shown that breastfeeding (particularly when exclusive) may be
associated with lower blood cholesterol concentrations in later life (7). Early
growth patterns may also induce long-term effects on body composition by
impacting on hormonal axes that regulate childhood growth. Thereby body
composition may play a key role in the ‘programming’ of such diseases (8).
There is growing evidence that weight, diet, and physical activity patterns
are even programmed early in life (9). In the case of undernutrition there is a
critical window of opportunity for effective preventive action that starts from
around conception period (10). This gives a unique opportunity to target
preventive interventions focusing on the peri-conception period, the time of
the greatest potential for lifelong effect.

Maternal nutrition and fetal development

Poor maternal nutrition, especially in the periconceptual period has been
related to adverse birth outcomes (11, 12). The association between maternal
nutrition and birth outcome is influenced by many socioeconomic, biologic,
and demographic factors, which may vary from population to population
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(13) and is more likely to involve multiple rather than single nutrient
deficiencies (14). Every year about 3.6 million infants die during the
neonatal period (15). Among them, two thirds of these deaths occur in sub-
Saharan Africa and in South-Asia. More than a third of child deaths are
thought to be attributable to maternal and child undernutrition and about half
of the infants are born with intrauterine growth retardation (IUGR) in low-
income countries, with the highest prevalence in south Asia and parts of sub-
Saharan Africa (16). The prevalence of malnutrition in Bangladesh is very
high (17) and millions of children and women suffer from one or more forms
of malnutrition including low birth weight, wasting, stunting, underweight,
Vitamin A deficiencies, iodine deficiency disorders and anemia.
Malnutrition frequently follows the life cycle from one generation to the
next, as malnourished mothers give birth to low birth weight infants, who
struggle to develop and thrive. Malnourished girls often grow up to become
malnourished mothers and the vicious cycle continues (18). Although
Bangladesh has made good progress in child health and nutrition in the past
decades, but still 41% of children below five years of age suffer from
moderate to severe stunting, an indicator of chronic malnutrition (19).
Micronutrient deficiencies, especially iron deficiency that results in
nutritional anemia in children and women remains a public health problem
(20). Poor intake of foods rich in iron and multiple infections have resulted
in high rates of anemia among pregnant women and children less than two
years (21, 22). Children of malnourished mothers are born with low birth
weight, fail to grow normally, and face a higher risk of disease and
premature death (23). Studies analyzing intergenerational effects on fetal
growth have shown that maternal nutrition is strongly related to a baby’s
birth weight (18, 24). Malnourished mothers also face a higher risk of
complications and death during pregnancy and childbirth (25, 26).

Maternal nutrition is generally considered as an important factor for fetal
growth, development and size at birth, and is influenced by the quality of the
mother’s diet before and during pregnancy (12, 25). The usual diet of poor
women in low-income countries is frequently deficient not only in energy
and protein but also in different vitamins and trace elements (27-29).
Inadequate intake and poor quality of diet, combined with increased nutrient
requirements for placental and fetal growth, can lead to multiple
micronutrient deficiencies in pregnancy. Micronutrient deficiencies may be
the result from inadequate intake of fruits, vegetables, fish and meat, and
also infections can contribute further to this deficiency. Pregnant women in
those settings frequently have deficiencies of iron, vitamin A, zinc, vitamin
B-12, riboflavin, vitamin D and vitamin E (30). The usual diet in rural
Bangladesh is relatively monotonous and low in energy content (31). Rice is
the main staple food, which is usually eaten with green-leafy vegetables and
sometimes a small amount of fish. Consumption of meat and other animal
products is very seldom. Maternal energy intake in an earlier study in
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Matlab, rural Bangladesh, at around 5 — 7 months of pregnancy was
estimated at 1464 kcal per day (32). This low energy intake was found to be
typical for pregnant women in rural Bangladesh, and was in agreement with
an assessment a few decades earlier (31). Energy intake assessment is often
subject to under-reporting by the subjects (33). However, the energy intake
reported in these poor and malnourished women may be adequately reported
since their dietary pattern consists of a limited number of food items and an
almost fixed meal pattern (two to three meals per day), and usually lack of
any snack foods or drinks, as well as no tradition or facilities for women to
eat outside home.

Evidence suggests that the timing of poor nutrition in pregnancy is also
important. There are critical windows during fetal development where the
consequences for the offspring depend on the stage of fetal development and
the vulnerability of the fetus at that specific time (34). This has been shown
in animal studies where maternal nutrient restriction from the first week of
pregnancy throughout gestation has resulted in an increase of adipose tissue
in the offspring despite a decrease in birth weight, while nutrient restriction
in late pregnancy only was associated with reduced adipose tissue without a
change in birth weight (35). In a human study from Guatemala maternal
weight gain during mid-pregnancy was associated with infant birth weight,
length and head circumference, while weight gain in late pregnancy was
associated with birth weight only, suggesting that the timing of nutritional
influences in fetal life is reflected in different growth patterns (36).
Additionally, analysis of the Dutch famine data demonstrates that the fetal
response is dependent on whether the fetus was exposed to famine in early,
mid or late gestation (37).

Maternal nutrition both carries short and long-term health consequences
(Figure 1) that include increased risks of fetal, neonatal and infant death and
impaired postnatal growth, immune function and intellectual development
(38). Observational studies have shown that both gestational weight gain and
prenatal energy intake are positively associated with fetal growth (25).
Maternal nutritional deficiencies have different effects on fetal growth that
depends upon the stage of fetal development. Experimental animal studies
and observational human studies have demonstrated the importance of
nutritional insults that occur in the earliest embryonic stages to subsequent
fetal growth and birth outcomes (39, 40).
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Figure 1. Conceptual framework of the short-term and long-term effects of early
nutrition (adapted from: The State of the World Children 2001, UNICEF). The
shaded items are included in the current studies

Animal studies have indicated that fetal growth is mostly affected by
maternal dietary intake (particularly deficiencies of protein and
micronutrients) during the peri-implantation stage and the stage of rapid
placental development (41, 42). Thus, there are reasons to advocate
improved diet during pregnancy, and may be especially in the
periconceptional period, as well as during lactation, as a continuum of
improved nutrition that may affect maternal, fetal, and infant health as well
as later health and disease (43).
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The Developmental Origins of Health and Disease
(DOHaD)

The relevance of nutrition during pregnancy and in early infancy and its
long-term effect on later health of the offspring is highlighted in the
Developmental Origins of Health and Disease (DOHaD) hypothesis (3, 44,
45). This hypothesis proposes that influences in early life may lead to
physiological modifications predisposing an individual to an increased risk
of developing chronic disease in later life. Early-life conditions influence
patterns of growth, body composition, and later risk of non-communicable
chronic diseases (46). Thus exposure during early life is reportedly
predictive of a variety of health outcomes, including body size, body
composition and the risk of later conditions and diseases such as
hypertension, stroke, type 2 diabetes, obesity and other cardio-vascular
diseases (1, 38). In addition, studies of the Dutch famine have shown
associations between the timing of gestational undernutrition and different
risk profiles for coronary heart disease and other chronic health problems
47).

There is an ongoing epidemic in low- and middle-income countries of
nutrition-related chronic diseases such as diabetes, cardiovascular diseases,
and cancers (48). This is a particular concern in the context of low-income
countries that are undergoing a rapid nutrition transition, where
micronutrient deficiencies remain widespread, stunting is common, fruit and
vegetable consumption is low, and obesity and related chronic diseases such
as diabetes and heart disease are advancing as leading causes of morbidity
and mortality (49). Currently, stunting is the most prevalent form of
undernutrition in a worldwide perspective, especially in low-income
countries. In 2010 the prevalence of stunting among children before 5 years
of age was 38% in Africa (for a total of 60 million children), 28% in Asia
(for a total of 100 million children), and 14% in the Latin-American region
(for a total of 7 million children) (50, 51). The Asian countries account for
almost 60% of the total amount of stunted children worldwide. Evidence
from countries undergoing a rapid nutrition transition is also emerging. In
Brazil, women in the lowest quartile of height had significantly higher odds
of hypertension than women in the highest quartile, controlling for other risk
factors (52). A recent systematic review and meta-analysis showed evidence
of a rising secular trend of hypertension and prevalence of type 2 diabetes in
Bangladesh (53). Another study done in Bangladesh identified short stature
and high body mass index as independent risk factors for glucose intolerance
in both men and women (54). There is also evidence for an early occurrence
of chronic disease risk factors among stunted children. For example, a study
among Jamaican children showed that stunting during the first two years of
life was associated with an increased risk of high systolic blood pressure by
7-8 years of age, controlling for confounders (55). The effect of stunting is
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not only restricted to the first few years of life but extends throughout
childhood and beyond. In terms of long-term body composition, birth length
has been positively associated with attained adult height and fat-free mass. It
has been suggested that stunted children would have a predisposition to
develop obesity and metabolic complications later in life (56, 57). Some
researchers have raised concern that improved nutrition in utero may
increase fat mass and therefore in itself be a risk factor for later diseases,
such as coronary heart disease (58).

There is some evidence that programming of body composition in early
life may play a key role in the developmental origins of chronic diseases (8).
Weight gain during infancy and childhood also appears to be associated with
later body composition. The association between growth and later body
composition indicates that early nutrition may be the underlying mechanism
(1, 8). The distribution of body fat is also important in relation to later risk of
chronic diseases; abdominal fat distribution is associated with metabolic
disturbances (59). Thus body composition may play a role in the
programming of such diseases; itself being programmed by early growth and
by being a mediator of the programming process (8). A better
characterization of the body composition in early age may improve the
understanding of fetal origins of adult disease. In India it has been shown
that small, light mothers give birth to small babies who preserve body fat to
such an extent that it may lead to later insulin resistance (60). This so-called
‘thin-fat baby phenomenon’ could potentially be exaggerated or be
prevented by nutritional interventions. It is therefore of great importance
within the DOHaD research to add nutrition interventions to the current
dominance of observational epidemiology, and to include assessments of
body composition in the assessment of outcomes.

Most of the prenatal nutrition intervention studies have only included
birth weight as outcome. There are very few human prenatal intervention
studies that follow child growth and body composition longitudinally,
evaluating long-term outcomes. In a randomized trial in Madura, East Java, a
prenatal higher energy supplementation resulted in significantly heavier
children up to the age of 24 months and increased height throughout the first
5 years when comparing with those who received a low-energy supplement
(61). Two recent studies have suggested that prenatal multiple micronutrient
supplementations may result in a modest but significantly increased growth
up to two years (62, 63). As women in disadvantaged settings may sufferer
from both macro- and micronutrient deficiencies, it is important to
investigate whether combinations of nutritional interventions in pregnancy
may be needed for favorable short- and long-term outcomes in the offspring.
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Interventions to improve maternal and child nutrition
and health

Food supplementation

Nutritional status of the mother is known to be an important determinant of
fetal growth, size at birth, and postnatal growth. Previous studies have
highlighted the need of improving maternal diet. Additional energy is
required for growth and maintenance of the fetus, placenta, and maternal
tissues during pregnancy. Energy is the main nutritional determinant of
gestational weight gain. Deficiencies of other specific nutrients may also
restrict gestational and fetal weight gain (64). Thus, the Food and
Agriculture  Organization/World Health Organization/United Nations
University recommended on the basis of theoretical calculations that during
pregnancy women increase their energy intake by 85 kcal/day in the first
trimester, 285 kcal/day in the second trimester, and 475 kcal/day in the third
trimester (65). The main purpose of maternal and fetal nutrition during
pregnancy is to achieve appropriate energy intake (in the form
macronutrients) and also ensure the intakes of specific nutrients (like vitamin
and minerals) to meet maternal and fetal requirements (66).

Prenatal food supplementation has been used as one of the strategies to
improve maternal nutritional status as well as fetal development where food
insecurity and maternal malnutrition are prevalent (67-71). These
interventions have had mixed results (28, 67-73) due to variations in
maternal nutrition status, amount and composition of supplements, seasonal
differences of food availability, and also some other factors that may
influence maternal nutritional status and fetal growth (74). A food
supplementation intervention carried out among women in Guatemala during
pregnancy and lactation resulted in significantly increased birth weights (40,
67). The latest Cochrane review concluded that providing balanced energy
and protein supplements to undernourished pregnant women increased birth
weight (mean difference +38 g, 95% CI 0 to +75 g) and resulted in fewer
stillbirths (25). An inadequate amount of food intake of poor dietary quality
combined with the increased nutrient requirements for placental and fetal
growth can result in multiple micronutrient deficiencies in pregnancy that
may adversely affect pregnancy outcomes (16, 25).

Timing of food supplementation

The optimal timing of food supplementation to malnourished pregnant
women is unclear. Little is known about the effect of timing of food
supplementation during pregnancy on size at birth and subsequent child
growth as well as on other functional outcomes. Maternal weight gain during
pregnancy gives only a general reflection of fetal growth. Fetal weight
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increases exponentially in the third trimester, while the overall rate of
maternal weight gain is usually constant after the first trimester. In the first
two trimesters as much as 90% of the fat is deposited in maternal stores (75).
Healthy urban Guatemalan women who delivered term newborns were
followed during pregnancy; maternal nutritional status in the beginning of
gestation and the rate of fat gain early in pregnancy were the two indicators
strongly associated with birth weight (75). Fat deposited in early pregnancy
acts as a reserve for the last trimester’s caloric demands. Animal
experiments indicate that the timing of undernutrition in pregnancy gives
different responses as to size at birth, placental size, and development of
endocrine responses (34). Studies of the Dutch ‘hunger winter’ (76) have
shown that maternal undernutrition during pregnancy is associated with
deficits in mean birth weight of approximately 300-500 g. According to
Dutch data timing of undernutrition during pregnancy suggests that the
majority of this birth weight deficit can be attributed to famine exposure
during the third trimester (76). Although specific human studies are scarce, a
healthy diet starting from early pregnancy, especially the periconceptional
period, including sufficient intake of macro- as well as micronutrients, is
likely of importance for the prevention of several adverse pregnancy
outcomes (77, 78).

Multiple micronutrient supplementations

Adequate maternal micronutrient status is critical at the time of conception
and during pregnancy. Multiple micronutrient supplementations (MMS)
during pregnancy may be a one of the strategies to prevent adverse
pregnancy outcomes (12, 43). Multiple micronutrient supplements were
developed and recommended for trial purposes by UNICEF, WHO, and
United Nations University (UNIMMAP); supplements that contain
approximately one Recommended Dietary Allowance of 15 micronutrients
including 30 mg iron and 400 ng folic acid (79). Over the past decade, a
series of randomized controlled trials that compared the MMS with the usual
iron-folic acid supplement has been carried out in Bangladesh (80), China
(81), Indonesia (82, 83), Nepal (84), Pakistan (85), Burkina Faso (86),
Guinea-Bissau (87), and Niger (88). Meta analysis of these trials reported a
small positive effect of MMS on birth weight (pooled estimate: +22.4 g;
95% CI: 8.3, 36.4 g) and a reduction in the prevalence of LBW (pooled OR:
0.89; 95% CI: 0.81, 0.97) (89).

On the other hand, there is a lack of knowledge about the potential long-
term effects on child growth and other health outcomes. A follow-up of a
MMS trial in Nepal showed that, at a mean age of 2.5 y, children of women
who had taken the MMS were on the average 204 g heavier (95% CI: 27,
381 g) and had a slightly lower systolic blood pressure than the control
subjects, but occurrence of underweight, stunting, or wasting were not
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significantly different between the two groups (62). In the MINIMat trial in
Bangladesh, MMS in combination with an early invitation to prenatal food
supplementation substantially reduced under-5 mortality (80) and the
prevalence of vitamin B-12 deficiency at 6 mo was lower in the MMS group
(26.1%) than in the IFA group (36.5%) (90), but there was no overall
difference in motor development between the groups at the age of 7 mo (91).
An effect on mortality by the MMS was also observed in a cluster-
randomized trial Indonesia, in which infants of women who consumed the
MMS had an 18% reduction in early infant mortality (up to 90 d postpartum)
compared with infants whose mothers had received an IFA supplement (RR:
0.82, 95% CI 0.70-0.95) (83). In contrast, no effect on mortality in the first 2
years of life was found in a MMS trial in Guinea-Bissau, but that study was
not powered for the assessment of such an outcome (92). None of these
studies, apart from the MINIMat trial (the trial of this thesis) assessed infant
growth and nutritional status longitudinally. Another randomized controlled
trial in Burkina Faso compared the MMS to IFA (86) and found that birth
weight (52 g; 95% CI: 4, 100 g), birth length (3.6 mm; 95% CI: 0.8, 6.3
mm), arm circumference (1.2 mm; 95% CI: 0.2, 2.3 mm), and chest
circumference (2.8 mm; 95% CI: 0.1, 5.6 mm) were all significantly higher
in the MMS group.

There is a lack of knowledge of the possible combined effect of prenatal
food and multiple micronutrient supplementations on several offspring
outcomes, including postnatal growth. One recent randomized trial in
Burkina Faso showed that prenatal multiple micronutrient-fortified food
supplements resulted in a higher birth length in comparison with a multiple
micronutrient supplement alone (93).

Exclusive breastfeeding

The positive effects of exclusive breast-feeding (EBF) on child health are
well documented (94). Studies in high- as well as low-income countries have
shown that nutritional status of young infants is well maintained if the
infants are exclusively breastfed up to 6 months of age (95). EBF has
protective effects against infections because of the high content of immune
factors in breast milk and the elimination of bacterial contamination from
other foods. WHO recommends EBF in the first 6 months of life since 2001
(96). Timely introduction of adequate and safe complementary food is
crucial to respond to macro and micronutrient requirements after 6 months of
age, according to WHO infant feeding recommendations. Mothers who feed
their children exclusively by breast milk not only provide optimal
nourishment, but also space pregnancy and childbirth (97). The rapid growth
in infancy and early childhood contributes to the high requirements of
nutrients during this early period of life. Breast milk alone can reportedly
provide all the required nutrients up to 6 months of age (96). Infant growth
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data from low-income countries indicate that a decline of growth after 6
months of age suggest lack of appropriate feeding practices as well as a
burden of infectious disease episodes (98).

The long-term effects of breastfeeding are more difficult to assess, but
there are epidemiological data suggesting that breastfeeding is associated
with reduced risk of obesity and related metabolic disorders in later life (99).
Systematic reviews of observational studies have found that breastfeeding
practices, particularly exclusive breastfeeding, are associated with later
lower blood cholesterol (7) and may be protective against the development
of obesity (100) and diabetes in later life (101). Some studies, however, have
not been able to demonstrate any associations between breastfeeding and
anthropometric or body composition indices (102, 103). There are relatively
few trials addressing these issues. A large randomized trial of breastfeeding
promotion in Belarus, which successfully resulted in a large increase in
exclusive breastfeeding in the intervention group, showed no effect on levels
of obesity at 6.5 years of age (103). In contrast, two randomized trials of
infant formula of different composition demonstrated that a nutrient-
enriched diet in infancy increased fat mass later in childhood, supporting a
causal link between infant feeding and a later risk of obesity (104). Thus,
mainly results from observational studies suggest that there are beneficial
effects of breastfeeding that are extended beyond infancy.

Rationale for the studies of this thesis

A good start in life is important and maternal nutritional status during
pregnancy has repeatedly been demonstrated to be associated with
pregnancy outcomes (105). The major part of the evidence for the DOHaD
hypothesis is derived from studies where birth weight is used as a proxy
measure for nutritional state in pregnancy and most of the epidemiological
studies investigating associations between prenatal influences and adult
chronic disease are register-based; retrospective cohorts performed in high-
income settings. However, the DOHaD hypothesis is of particular relevance
for low-income settings where poor nutrition in early life is common and, at
the same time, a rapid nutrition transition is ongoing and the occurrence of
chronic diseases in adult life is increasing. A number of prenatal nutritional
supplementation trials have been carried out, but few have investigated
effects beyond the neonatal period. In spite of animal experimental evidence
and observations from famines, there are no previous trials investigating the
effect of timing of the prenatal nutrition intervention. Further, no trials so far
have investigated the effect of timing of the food supplementation combined
with different micronutrient alternatives on offspring outcomes including
postnatal growth. The Maternal and Infant Nutrition Intervention in Matlab
(MINIMat) trial, where random allocation of time at start of prenatal food
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supplementation was combined with different micronutrient alternatives is a
unique resource for improved knowledge of programming of later health and
disease risk. This research area is particularly important for countries such as
Bangladesh where the burden of both fetal growth restriction and infectious
disease mortality still is heavy and where there is a rapid emergence of
overweight, insulin resistance and chronic diseases such as hypertension and
type Il diabetes. The MINIMat trial is a population-based randomized food
and micronutrient intervention in rural Bangladesh (International Standard
Randomized Controlled Trial, number ISRCTN16581394). Pregnant
mothers were randomly allocated to an early or usual timing of invitation to
food supplementation and to three different micronutrient alternatives.
MINIMat women were also randomized to exclusive breastfeeding
counseling or usual health messages. The offspring of this study has been
extensively followed-up and the current thesis is based on detailed
anthropometric measurements from birth to 54 months of age, when body
composition assessment also was performed.
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Aim and objectives

The overall aim of this thesis, based on the MINIMat trial in rural
Bangladesh, was to study the effect of timing of prenatal food
supplementation and different alternatives of micronutrient supplementation
as well as of an exclusive breast-feeding counseling intervention on
offspring growth and body composition.

Specific objectives:

1.
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To analyze the effects prenatal multiple micronutrient supplementations
and an early invitation to prenatal food supplementation on physical
growth 0-54 months of the offspring (paper I)

To develop a prediction equation for Bangladeshi children 4-10 years
with the Tanita TBF 300A analyzer for body composition determination
by using the deuterium dilution technique as a reference method (Paper
1)

To evaluate the effects of prenatal early invitation to food and/or
multiple micronutrient supplementation on offspring body composition
at 54 months of age (Paper I1I)

To study the effect of randomization to exclusive breast feeding
counseling in addition to prenatal food and micronutrient
supplementation on childhood growth and body composition at 54
months of age (Paper 1V)



Methods

Study area

Bangladesh is a densely populated country in South Asia with a high but in
recent years declining prevalence of LBW, 22 % (106, 107). The trial that
forms the basis for this thesis, Maternal and Infant Nutrition Interventions in
Matlab (MINIMat, ISRCTN16581394), was conducted in Matlab, where a
health and demographic surveillance system (HDSS) covers a population of
about 220,000 people. Matlab is a rural sub-district situated in a river delta
prone to frequent flooding, 57 km southeast of the capital Dhaka in
Bangladesh. The main economic activities in the area are farming and
fishing. The general diet consists largely of rice and vegetables with the
addition of lentils and beans. Fish is usually consumed while meat is eaten
seldom. In that area the International Centre for Diarrhoeal Disease
Research, Bangladesh (icddr,b), runs a HDSS (Figure 2) that records health
and demographic information on a monthly basis since 1966, as well as a
central hospital and four connected subcenters that provide health care to the
resident population in the areas. icddr,b has divided the Matlab HDSS into
two areas: the Maternal and Child Health and Family Planning Programme
(MCH-FP) area (70 villages) and a government service area (79 villages). In
the MCH-FP area, the female community health research worker (CHRW)
visits each household every month providing intensive health-care services
(e.g. family planning counseling, immunisation, distribution of a menu of
contraceptives, vitamin A capsules and safe delivery kits). In the government
service area, the government provides family planning and basic health-care
services. All pregnant women of the icddr,b service area were eligible for
enrolment of this study.

23



* Gouvt. service area
MAEE

] Bay of Bengal

D ICDDR,B service area
D Govt. service area

+ ICDDR,B hospital

@ ICDDR,B subcentre
Embankment

A 4 0 4 8 Kilometers Ml Main river

Figure 2. The location of icddr,b health and demographic surveillance area, with the
study area (Block A to D) within the sub-district of Matlab

Study design and participants

Pregnant women who resided in the icddr,b service area within the HDSS
were eligible. Community Health Research Workers (CHRW) visited the
households on a monthly basis to ask women about their menses. Women
who reported missing a menstrual period for two weeks or more was offered
a pregnancy test, and if positive and fulfilling eligibility criteria they were
invited to participate in the MINIMat trial. A woman was enrolled in the
MINIMat trial if the following eligibility criteria had been met: fetus was
viable, gestational age < 14 weeks by ultrasound examination; the woman
had no severe illness and consented for participation. In total, 4,436 pregnant
women were enrolled in the MINIMat trial between November 2001 and
October 2003 and their children were followed up until March 2009 for the
analyses presented in this thesis.

The primary outcomes of the MINIMat trial were to analyze the effects of
prenatal food and micronutrient supplementation on birth weight, infant
mortality and maternal hemoglobin in the third trimester. Several secondary
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outcomes were defined, including infant and child growth, morbidity,
micronutrient status and cognitive development. The papers included in this
thesis are based on exposure data from pregnancy and infancy and
anthropometric outcome data from birth to 54 months of age, and body
composition data at 54 months as illustrated in Table 1.

Table 1. Description of study methods in the four different papers

Study design Sample Exposure Study outcomes
size
Paper | Trial 3267 Food and Postnatal child growth
micronutrient
supplementation

in pregnancy
Paper 11 Methodology paper 200 Tanita analyser ~ Comparison and
for fat-free mass  development of

determination bioelectrical impedance
using the equation
deuterium

dilution technique
as the reference

method
Paper 111 Trial 2290 Food and Child body
micronutrient composition at 54

supplementation months
in pregnancy
Paper IV Trial 2168 Food and Child growth and body
micronutrient composition at 54
supplementation  months
in pregnancy.
Exclusive
breastfeeding
counselling

Interventions

In the MINIMat trial, eligible women were randomly allocated to the two
food and three different micronutrient interventions and also included
exclusive breastfeeding counseling intervention focused on the promotion of
exclusive breast feeding for six months.

Food supplementation

Enrolled pregnant woman of the MINIMat trial were randomly assigned to
two food supplement groups (Early invitation: immediately after
identification of pregnancy or Usual invitation: at the time of their choosing,
i.e., usual care in this community). Food supplementation came from the
ongoing government-supported national programme that provided an
energy-protein supplement for all pregnant women. In Bangladesh, a
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government nutrition program provided food supplements to pregnant
women with BMI < 18.5 kg/m® at the time of data collection. In the
MINIMat trial this food supplement was offered to all pregnant women
irrespective of nutritional status as assessed by body mass index. The food
supplement was locally produced and made available through community
nutrition centres (CNC) 6 d/week. The supplement that was provided in
plastic packets to be mixed with water contained 80 g roasted rice powder,
40 g roasted pulse powder, 20 g molasses and 12 mL (6 g) soybean oil,
which provided 608 kcal (2.85 mJ). Food supplementation continued up to
end of pregnancy.

Early invitation food supplement group: Women were encouraged to
begin food supplementation as soon as possible after identification of
pregnancy, usually around week 9.

Usual invitation food supplement group: Women started food
supplementation at the time of their own choosing, as was the usual practice
in this community, commonly in the second trimester of pregnancy, in this
trial around week 20.

Table 2. Composition of the three micronutrient supplements provided in the
MINIMat trial, Bangladesh.

Nutrient Form Fe30F  Fe60F*  MMS®
Iron, mg Ferrous fumarate 30 60 30
Folic acid, pg Folic acid 400 400 400
Vitamin A, pg Retinol — — 800
Vitamin B-1, mg Thiamin HCI — — 1.4
Vitamin B-2, mg Riboflavin — — 1.4
Vitamin B-6, mg Pyridoxine — — 1.9
Vitamin B-12, mg Cyanocobalamine — — 2.6
Niacin, mg Nicotinamide — — 18
Vitamin C, mg Ascorbic acid — — 70
Vitamin D, IU Cholecalciferol — — 200
Vitamin E, mg a-Tocopherol acetate — — 10
Zinc, mg Zinc sulfate — — 15
Copper, mg Copper sulfate — — 2
Selenium, pg Sodium selenite — — 65
Iodine, pg Potassium iodide — — 150

*Usual capsule composition provided to all pregnant women in Bangladesh
PUNICEF/UNU/WHO recommended preparation

Micronutrient supplementation

Enrolled pregnant woman of the MINIMat trial were randomly assigned to
one of three micronutrient groups: Capsules containing a) 30 mg Fe fumarate
+ 400 pg folate (Fe30F), or b) 60 mg Fe (fumarate) + 400 pg folate (Fe60F),
or ¢) multiple micronutrient supplements (MMS). The MMS group received
15 different vitamins and minerals (Table 2). The three types of
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micronutrient supplements taken daily looked identical, and were distributed
in special pill bottles. Each bottle contained 35 tablets and was provided at
home during monthly home visits by interviewers. The micronutrient
supplements were offered to the enrolled women at the clinic visit at 14
weeks of gestation and supplementation continued up until 3 months post-
partum.

Exclusive breast-feeding counseling intervention

All enrolled pregnant women with viable fetuses were individually
randomized around 30 weeks of gestational age to receive either counseling
on exclusive breastfeeding (EBC) by trained counselors or to receive
standard/usual health messages (UHM) delivered by the Govt/icddr,b health
staff. All breast feeding counselors were trained utilizing a 40-hours (4 hours
daily for 10 days) WHO/Unicef Breastfeeding Counseling Training module,
which was translated in local (Bangla) language, and tested and adopted to
the local culture (108). All breast-feeding counselors were recruited from the
local community (Matlab study area), married with at least one child and had
their own breastfeeding experience, and a bachelor’s degree (14 years of
schooling). Within the breast feeding counseling intervention group, women
received counseling in 8 sessions: 2 sessions during last trimester of
pregnancy, 1 session within 7 days after delivery, and 5 sessions at monthly
intervals up to 6 months after delivery. The importance of exclusive
breastfeeding to 6 months of life was stressed during counseling. The
women randomized to the UHM group received the basic and usual health
messages on breastfeeding practices, which are given by the regular
government health staff or icddr,b staff at postnatal clinic visits with less
individualized support, and these messages included: benefits of colostrum,
advice on EBF for 6 months, and advice to start of complementary feeding
from 6 months along with continuation of breastfeeding until two years.
EBC group got the usual health messages plus the additional counseling
inputs given by the counselors. In the EBC group, counseling skills were
taught by demonstration and role play and included listening to mothers,
learning about their difficulties, assessing the position and attachment of
babies during breastfeeding, building mothers’ confidence, giving support,
and providing relevant information and practical help when required.
Counselors were free to make or receive additional contacts, if required.
Counseling was given at home and one-to-one basis, also key family
members were included. The duration of each counseling visit was typically
20-40 minutes depending at what stage of lactation the mother was in, and
individual needs. Usually first 2-3 visits were longer to build the mothers’
confidence and later part of counseling visit were shorter just to give support
to mothers and reinforce the health messages.
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Randomization

The enrolled pregnant women were individually randomized to the two food
supplementation groups and to one of the three micronutrient alternatives as
well as women in the study were randomized to receive either exclusive
breastfeeding counseling (EBC) or usual health message (UHM) (Figure 3).
A computer-generated register of study identity numbers with random
assignment of food and micronutrient groups was created. The micronutrient
supplementation was double-blinded while the food supplementation was
allocated randomly but not masked. The papers included in this thesis are
based on data from different data collection time points. The study design
and outcomes in the four different papers are described in table 1.

Randomized to food and
micronutrient supplementation

EFe30F EFe60F EMMS UFe30F UFe60F UMMS
[ I
Randomized to Exclusive Breast Randomized to Usual Health
feeding Counseling (EBC) Message counseling (UHM)

E=Early invitation food supplementation, U=Usual invitation food supplementation;

Fe30F = 30 mg iron and 400 pg of folic acid; Fe60F = 60 mg iron and 400 pg of folic acid;
MMS = multiple micronutrients, 15 micronutrients including 30 mg iron and 400 pg of folic
acid;

Figure 3. Randomization to prenatal food and micronutrient supplementation and
exclusive breastfeeding counseling interventions in the MINIMat trial, Bangladesh

Data collection and measurements

Data during pregnancy and follow-up was collected at scheduled home visits
and sub-center clinic visits. From November 2001 to October 2003 a total of
4,436 pregnant women were enrolled in the MINIMat study and a follow-up
until March 2009 is reported in this thesis. On enrollment, maternal weight
and height was measured. Trained data collectors interviewed the women
about their age, parity, educational level, employment and other socio-
economic information at the time of enrollment during a home visit. In
February 2007 to March 2009, at 54 months of age, children were tracked by
use of their identity code within the Matlab HDSS and their address, which
had been updated through the monthly surveillance, if the family had moved
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within the study area. The initial visit at home included repeated informed
consent and a socioeconomic interview, which included information on
family wealth (i.e., assets) and household structure. Data collection was
performed at 4 local sub-centres run by icddr,b in the Matlab area and a
health worker from the study accompanied the participants to the study
location early in the morning, following an overnight fast. All measurements
were conducted by one of two teams, which consisted of a medical doctor, a
nurse, and a laboratory technician assisted by trained field staff. Each
observer performed the same measurements, and each measurement was
conducted at a similar time of the day. For the purpose of this thesis, only
data on children aged around 54 months for whom anthropometry and body
composition measurements were available and were analyzed. The total
number of children in this follow-up was 2735.

For the methodological study, 200 children (102 male and 98 female)
aged 4-10 years were enrolled. Study subjects included a convenience sub-
sample of children enrolled in the MINIMat study, who were 4-5 years old,
and their older siblings up to 10 years of age.

Anthropometry at birth was part of the primary outcomes of this trial.
Weight and length/height were thereafter measured every month up to 1
year, thereafter every 3 months to 24 months and again at 54 months of age.
Birth anthropometry was usually performed within 72 hours after birth. All
birth weights were measured by SECA electronic or beam scales (UNICEF
Uniscale; SECA Gmbh & Co, Hamburg, Germany) with a precision of 0.01
kg. Maternal weight and height were measured on enrollment at around &
week of gestation. Maternal weight was measured by an electronic scale
(Uniscale; SECA) with a precision of 0.10 kg and height was measured to
the nearest 0.1 cm by using a stadiometer. A locally manufactured,
collapsible length board with a precision of 0.1 cm was used to measure the
recumbent length of the newborn.

At 54 months follow-up, body weight was recorded to the nearest 0.1 kg
using a digital scale (TANITA HD — 318, Tanita Corporation, Japan) in light
clothing and bare feet. The scale was checked on each study day with a
standard 20 kg weight. After removing shoes, height was measured to the
nearest 0.1 cm by using a daily-calibrated freestanding stadiometer Leicester
Height Measure (Seca 214, UK). Weighing equipment was calibrated on a
daily basis with standard weights. Refresher training of the interviewers on
methods to collect data and perform anthropometric measurements was
conducted periodically. Weight and length/height measurements were
converted to weight-for-age, length/height-for-age, and weight-for-
length/height Z-scores (SD scores) according to the WHO Multicentre
Growth Reference Study child growth standards (109). We used Anthro
2007 (WHO Anthro for personal computers, version 2, 2007: Software for
assessing growth and development of the world's children. Geneva: WHO,
2007 http://www.who.int/childgrowth/ software/en/) for this conversion.

29



Mid-upper-arm circumference (MUAC) was measured to the nearest 0.1 cm
with a non-elastic metric measuring tape at the midpoint of the upper arm,
with the arm hanging straight by the subject’s side. Skinfold thickness was
measured in triplicate to the nearest 0.2 mm at four sites (biceps, triceps,
subscapular, and suprailiac) using Holtain callipers (Holtain, Crymych, UK).
All skinfold measurements and MUAC were performed in the same order on
the left side of the body. The average of three measurements at each site was
used to measure skinfold thickness. Anthropometric measurements (height,
weight, MUAC) were conducted by one field research assistant, while
skinfold and body composition measurements were performed by the study
nurse.

Bioelectrical impedance analysis

Body composition was further assessed by leg-to-leg bioelectrical
impedance analysis (BIA) using Tanita TBF-300MA Body Composition
Analyzer (Tanita Corporation, Tokyo, Japan). The BIA measurements were
made adhering to the manufacturer’s guidelines and at a measurement
frequency of 50 kHz. Height, sex, and age were entered manually, while
weight was recorded automatically using 0.5 kg as an adjustment for clothes
weight in all subjects. The Tanita software uses inbuilt prediction equations
to estimate fat and fat free mass. These inbuilt prediction equations are based
on Caucasian populations of aged 7 and older and their validity may be
questioned when applied to other ethnic groups (110) and in younger ages.
In a validation study conducted in Matlab, the equations were found to be
inaccurate in predicting fat-free mass (FFM) and fat mass (FM) compared to
assessment by deuterium oxide dilution technique (paper II). We therefore
predicted FFM from our own equation, which was derived in this population
in a sub-sample of 200 children aged 4-10 years using deuterium oxide
dilution as a reference method (paper II).

Measurement of Total Body Water (TBW) using
deuterium dilution

The isotope dilution technique using deuterium oxide (D,O) was used to
estimate total body water (TBW). The deuterium dilution method to obtain
the percentage of body fat has been fully described by Colley (111). In brief,
this method measures the dilution in the body of a known orally ingested
dose of the isotope deuterium (D,0O). Participants orally consumed a dose
equating to 0.05 g/kg body weight of D,O (10%). Pre-dose deuterium
abundance was obtained from one fasted saliva sample collected on the
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study day. Saliva (approximately 1 mL) was collected from the study
children chewing on a ball of cotton wool, which was then squeezed into a
syringe to extract the saliva. The subjects were instructed to refrain from any
food or fluid at least 30 min before the post-dose saliva samples, which were
collected at 3 h and 4 h after the administration of deuterium. During the
equilibration period, children remained in the specified location with the
study team present. All saliva samples were stored at -20°C until shipped to
Queensland University of Technology, Australia, for analysis. The
enrichment of the D,O in the pre-dose and 3 h, and 4 h post-dose samples
was assessed using isotope ratio mass spectrometry, and TBW was
subsequently calculated. The hydration fraction of FFM was assumed to be
dependent on the age and sex of the child as described by Lohman (112,
113) and ranged between 76.2% and 78.3%. Weight measured in the early
morning in a fasted state was used for all calculations, and fat mass was
calculated as the difference between FFM and body weight.

Selection of sample and power calculation

The main MINIMat trial was designed to evaluate the effect of nutritional
interventions on birth weight and survival of the offspring and maternal
hemoglobin as primary outcomes. The original sample size calculations were
made on the basis of finding a difference in birth weight. As this thesis
reports secondary outcomes (child growth and body composition), we
calculated the differences in child growth that we were able to detect with
the given sample size (n = 2735) for paper 1 in any supplementation group in
our analyses. For this sample size, 80% power and 95% probability we were
able to detect a difference in anthropometric measurements of 0.2 SD score
between 6 food and micronutrient supplementation groups or difference of
0.12 SD score for 2 food groups. Paper III-1V reports the follow-up of child
body composition at 54 months. For this sample size (n=2290 children), with
80% power and 95% probability, we were able to detect a difference of 0.19
standard deviation (SD) score between any two of the six food and
micronutrient supplementation groups and a difference of 0.11 SD score
between the two food groups.

The differences in sample size in paper I-IV depend on the number of
participants available with exposure and outcome measurements. All
available participants measurements were used, except in methodology paper
(paper 1II), where the arbitrary selection of 200 children (102 boys and 98
girls, aged 4-10 years) was a convenience sub-sample of children used for
this sub-study.
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Statistical analysis

Baseline and follow-up characteristics, including socioeconomic status
indicators, maternal literacy and education, occupation, maternal nutritional
status, age, and parity were compared across intervention groups. All
singletons newborns were included in the intention-to-treat analysis. The
outcome variables were: measurements of birth size (i.e., birth weight,
length) and child growth up to 54 months and body composition (FM, FFM)
at 54 months follow-up. Means and standard deviations (SD) were calculated
for continuous variables, while proportions were calculated for categorical
variables. Descriptive statistics were stratified by sex and age. Values were
expressed as means and standard deviations (SD). Differences between sexes
were assessed by independent t-tests. Differences across age categories were
tested for males and females separately using one-way analysis of variance.
Paired t-tests were used to detect differences in body composition obtained
using the inbuilt prediction equations supplied with the Tanita system
compared to the deuterium oxide dilution technique for each sex separately
as well as combined. The bias and limits of agreement (mean
difference+1.96 SD) in relation to deuterium oxide dilution were assessed
with the Bland—Altman method (114). Differences between categorical
variables were compared using chi-square tests. T-tests and analysis of
variance with post hoc Bonferroni corrections was used to compare group
differences. Comparison between the different supplementation groups,
mean height-for-age Z-scores and occurrence of stunting throughout the 5 y
follow-up was made using a general lincar modeling of repeated-
measurements ANOVA procedure. Stunting in each follow-up visit was the
within-subject factor and a food and/or micronutrient supplementation group
was the between-subject factor.

To create novel prediction equations for estimating FFM in this
population, the FFM values derived from the deuterium oxide dilution were
used as the reference method and impedance values were obtained from the
Tanita system. The equations were generated by linear regression analysis
and impedance index (height’/impedance) was fitted as the primary predictor
in the basic model, which was then developed by adding age, sex and weight
as further predictors.

The effect of randomization to food, micronutrient and exclusive breast-
feeding interventions on body composition at 54 months was evaluated by an
intention-to-treat analysis using linear regression. Most statistical analyses
were performed using SPSS (version 14, 17.0; SPSS Inc., Chicago, IL,
USA), PASW statistics 20.0 (IBM Corporation, Somers, NY, USA), while
we used Analyse-it (version 2.22) free software for Bland-Altman plot
analyses.
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Ethical considerations

In the study area icddr,b runs a central hospital and four connected sub-
centers that provide health care to the resident population in the areas.
Women and their children who found to be anemic or suffered from any
other ailment were managed or referred appropriately. Appropriate measures
were taken to assure confidentiality. In this trial, the micronutrient
supplementation was double-blinded while the food supplementation was
allocated randomly but not blinded. Food supplementation came from the
ongoing government-supported national programme. All women received
one of the 3 types of micronutrient pills. Placebo groups could not be added
due to ethical and practical reasons. Women were informed that there would
be no negative consequences if they declined to participate in the study or in
certain study activities, and that this would not influence the provision of
health services by the organization. Some women refused clinic visits and
blood samplings, although they continued to take part in the interviews.

The MINIMat trial as well as the follow-up of the children at 54 months
was reviewed and approved by the icddr,b Ethical and Research Review
Committees. In addition, an ethics application was submitted to the Regional
Ethical Board in Uppsala. As the Review Board is limited to research
conducted in Sweden, only the part of the research protocol that was
conducted in Sweden was considered and approved. Written informed
consent was obtained from all participating mothers and also obtained from
the parents/guardian of each participating child.
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Results

General characteristics

Women who participated in the MINIMat trial were between 14 and 50
years of age at enrollment and their parity varied from O to 10. At enrolment,
27% of the women were malnourished (BMI <18.5 kg/m?), 30% of the
infants were LBW (birth weight <2500 g) and 8% of the children were pre-
term (born <37 weeks of gestation). General characteristics of the
participating women and their children are shown in Table 3.

Participation

There were 3267 singleton infants with birth anthropometry born by the
4436 women enrolled into the MINIMat trial. Details of losses before
measurement of birth anthropometry and losses from follow-up after birth
anthropometry up to the 54-months are shown in paper 1. Losses to follow-
up before birth anthropometry did not differ among the intervention groups
(p=0.676). Of the 3267 live singleton births in the MINIMat trial, body
composition at 54 months was measured in 2290 children, representing 70%
of the original trial live births; 2526 children completed anthropometry
measurements at 54 months. Losses to follow-up did not differ across the
intervention groups. The distribution of pregnant women and their children
in the different supplementation groups and the numbers lost to follow-up
are shown in paper I and II1.

A total of 3214/4436 (72.45%) mothers were randomized to the breast
feeding intervention; of which 2845 women had a live birth (1417 in EBC
group, and 1428 were in UHM group). At 54 months, 2168 children
completed anthropometry (1092 in EBF counseling group and 1076 in usual
health message group). The distribution of pregnant women and their
children for the EBC and UHM groups and the numbers lost to follow-up are
shown in paper IV.
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Table 3. Characteristics of women and children participated in the MINIMat trial
Characteristics

Women and children (n=3267)

Maternal age (yrs) 25.82+5.92
Maternal BMI (kg/m?) at 8 weeks’ gestation 20.15+2.66
Gestational age (wks) when birthing 38.75+1.73
Maternal education (% illiterate) 31.1
Maternal occupation (% housewives) 91.6
Parity (%)
0 319
1 28.1
>2 40.1
Birth weight (kg) 2693.90+410.52
Birth length (cm) 47.70+2.18
Boy child (%) 51
54 months follow-up: Children (n=2526)
Age (mo) 54.73£1.90
Weight (kg) 13.75+1.66
Height (cm) 99.79+4.28
BMI (kg/m?) 13.77+0.97
MUAC (cm) 15.21£1.10
Head circumference(cm) 47.95+1.49
Skinfolds (mm)
Biceps 4.88+1.04
Triceps 7.24+1.48
Sub-scapular 5.16£1.07
Suprailiac 5.02+1.46
Body composition
FFM (kg)* 12.15+1.26
FM(kg)* 1.73+0.59
BF(%)* 12.25+3.25
AFA(cn?)’ 5.12+1.26
AMA(em?) 18.09+2.63

Values are given as means + standard deviation (SD) or percentages where indicated

AFA = arm fat area; AMA = arm muscle area; BF = body fat; BMI = body mass index; FFM
= fat-free mass; FM = fat mass; MUAC = mean upper-arm circumference; SD = standard
deviation

“FFM and FM were derived from BIA (Tanita TBF-300MA; Tanita Corporation, Tokyo,
Japan) using PoP-specific equations (115)

°Both AFA and AMA derived from triceps skinfold thickness and MUAC measurements
(116)

35



Food and micronutrient supplementations and child
growth from birth to 54 months

There were no significant differences in the characteristics of mothers and
households across the different food and micronutrient supplementation
intervention groups. A longitudinal analysis of linear growth was performed
using repeated-measures analysis (Paper I). There was no interaction
between food and micronutrient supplementation on linear growth. An early
invitation to prenatal food supplementation to pregnant mothers resulted in
significantly reduced proportion of stunting (mean difference 4.5 percent
units, 95% CI=1.2 to 7.8, p= 0.01). In contrast, MMS supplementation
resulted in significantly more stunting in comparison with Fe60F (mean
difference 4.8 percent units, 95% CI=0.8 to 8.9, p=0.02) (Figure 4). The
effect of early vs. usual invitation to food supplementation on frequency of
stunting was significantly shown for boys but not for girls (Table 4). The
increased proportion of stunting in the MMS group was also more expressed
among boys (Table 4). In Table 5 the effects are shown of food and
micronutrient supplementation on child growth from 0 to 54 months,
stratified by maternal BMI groups, using BMI 18.5 as cut-off level, as the
original food supplementation by the government of Bangladesh used this
cut-off for selecting malnourished women for the food supplementation
program. Among mothers with higher BMI (BMI>=18.5) stunting was less
frequent (p=0.05) in early invitation food group (in comparison with usual
invitation), while this was not significant among mothers in the lower half of
the BMI distribution (p=0.10). This trend was also found when maternal
BMI using the cut-off level as median 19.7 shown in Paper 1. Further, the
negative effect on linear growth by MMS was also shown in the strata with
higher maternal BMI, but not significantly different in the group where the
mothers had lower BMI (Table 5).
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Development of leg-to-leg bioelectrical impedance
equation

The characteristics of body composition from the deuterium oxide dilution
technique were compared with the Tanita scales inbuilt prediction equations
in a sub-sample (n=66) of age 7 to 10 years. For boys, TBW (mean
difference=0.62 kg, 95% CI=0.28 to 0.97, and p=0.001) was underestimated
by the Tanita system. For girls, there was no difference in TBW measured
by both deuterium dilution and the Tanita system. However, FM was
underestimated (mean difference=1.06 kg, 95% CI=0.16 to 1.97, p=0.023)
and FFM was overestimated (mean difference=-1.30 kg, 95% CI=-1.95 to -
0.64, p=<0.001) by the Tanita system.

Linear regression analysis was used to develop new prediction equations
for FFM. First, the impedance index was added as the only independent
variable, and this basic model with wvariables height and impedance
explained 83% of the variance (adjusted R>=0.83, standard error=1.14,
p<0.001) in FFM estimated by the deuterium oxide dilution method.
However, in the model further by adding weight, age and sex improve the fit
(adjusted R*=89%). The best fit equation to predict FFM from linear
regression modeling was achieved by adding weight, sex and age to the
basic model, bringing the adjusted R* to 89% (standard error=0.90, p<0.001)

(paper 1I).

Food and micronutrient supplementation and child body
composition at 54 months

In paper III, we further assessed the effect of randomization to food and
micronutrient supplementation on child nutritional status and body
composition at 54 months by an intention-to-treat analysis using unadjusted
and adjusted linear regression models. There were no differences in
anthropometry or body composition variables between children in the early
and the usual start of food supplementation groups. There was no interaction
between the food and micronutrient supplementation on child body
composition at 54 months (FFM p=0.649; FM p=0.695). Furthermore, the
mean of weight, height, BMI, MUAC and head circumference, skinfold
thickness and body composition, assessed by BIA, including FFM, FM,
percentage BF (BF%) did not differ across intervention groups at 54 months
of age (paper I11).
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Exclusive breast feeding intervention and child growth
and body composition at 54 months

In paper IV, we assessed the effect of randomization to exclusive breast-
feeding counseling on child growth trajectory from birth to 54 months and
body composition at 54 months follow-up by intention-to-treat analysis.
Breast feeding counseling intervention was effective in promoting exclusive
breast feeding amongst women in the intervention arm; mean duration of
EBF in days in exclusive breast feeding counseling group was 111 days
compared to 76 days in usual health message group (mean difference: 35.0,
95% CI: 30.6-39.5, p < 0.001). There was no effect of counseling for
exclusive breast-feeding on child growth trajectories and body composition
at 54 months of age. There was an interaction between the breastfeeding
intervention and type of prenatal micronutrient supplementation on linear
growth of children from birth to 54 months in that prenatal multiple
micronutrients (vs. 60 mg iron and folate) combined with EBC (vs. UHM)
had a slower linear growth (mean difference -0.17 SD score, p<0.01). There
was no interaction between the breastfeeding counseling and the food
supplementation on these outcomes at 54 months. Mean anthropometry and
body composition measurements at 54 months are shown in table 6.
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Table 6. Anthropometry and body composition of children with breast-feeding
counseling and usual health message groups in the MINIMat trial at 4.5 years of age

Exclusive breast feeding Usual health message

counseling (EBC) group (UHM) group
Characteristics
Nutritional status n=1092 n=1076
Weight (kg) 13.70+1.65 13.73+1.61
Height (cm) 99.57+4.22 99.65+4.25
BMI (kg/m?) 13.78+.99 13.80+.93
MUAC (cm) 15.21«£1.11 15.23£1.07
Head circum (cm) 47.92+1.50 47.96+1.45
WHZ -1.31+.86 -1.29+.80
HAZ -1.57+£.92 -1.56+.92
WAZ -1.81+.87 -1.79+.85
BMI-for-age z score -1.20+.83 -1.18+.77
Wasted (n %) 218/1081(20.2) 195/1067(18.3)
Stunted (n %) 347/1081(32.1) 340/1067(31.9)
Underweight (n %) 451/1081(41.7) 428/1068(40.1)
Skinfold
Biceps 4.91£1.04 4.89+1.04
Triceps 7.25+1.49 7.30+1.46
Subscapular 5.18+1.10 5.20£1.01
Suprailiac 4.99+1.49 5.03+1.41
Body composition n=997 n=973
FFM (kg)* 12.10+1,24 12.12+1,22
FM(kg)* 1.73+0.59 1.73+0.58
Body Fat (%)* 12.314£3.28 12.32+3.19
AFA(cm?) 5.13+1.28 5.16+1.23
AMA(cm?)° 18.102.65 18.12+2.55

Values are given as means + standard deviation (SD) or n/N (percentages) where indicated

AFA = arm fat area; AMA = arm muscle area; BF = body fat; BMI = body mass index; FFM
= fat-free mass; FM = fat mass; MUAC = mean upper-arm circumference; SD = standard
deviation

*FFM and FM were derived from BIA (Tanita TBF-300MA; Tanita Corporation, Tokyo,
Japan) using PoP-specific equations (115)

"Both AFA and AMA derived from triceps skinfold thickness and MUAC measurements
(116)
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Discussion

In this thesis we have shown that infant and child growth may be influenced
by prenatal nutrition interventions — both positively and negatively. Children
born to mothers who received an early invitation to food supplementation
(around 9 weeks of gestation) were not having a differential birth weight and
length as compared to the mothers who started the supplementation with the
usual program timing (around 20 weeks), but were less likely to become
stunted in infancy and childhood. In contrast, children born to mothers who
received multiple micronutrients in comparison with the standard iron-folate
program had significantly more stunting during the first five years of life and
these effects were primarily seen in boys. Neither the pregnancy nutrition
interventions nor the breast-feeding counseling intervention had any effect
on body composition at 54 months. The effects on infancy and childhood
linear growth suggest fetal programming by the prenatal nutrition
interventions.

Methodological considerations

To ensure good quality of data and internal validity, all questionnaires were
pretested in the study area. Interviewers and data collectors were carefully
trained and supervised in interview techniques and data collection methods,
and appropriate refresher training was conducted throughout the study.
Weight and length/height equipment was routinely calibrated and
anthropometric measurements were done twice for each visit.

All pregnant women within the study area were invited to participate in the
study if they met eligibility criteria. Refusal rate was low and almost all
pregnant women resided in the study area accepted to participate. After
randomization to the intervention groups out-migration from the study area
was the main reason for loss to follow-up.

Adherence to supplement of food and micronutrient intake

During monthly home visits the participating women were asked a series of
questions in order to assess the adherence to the food supplementation
during the past 30 days. The micronutrient bottles in the study were
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equipped with a microprocessor inside the cap (eDEM) that recorded the
date and time of every opening of the cap. This information was downloaded
into a computer when capsule bottles were collected from women. The
capsule-counting eDEM is regarded as the best available method to measure
adherence (117).

By design those allocated to the early invitation to food supplementation
consumed more packages of supplement (mean difference 30 packages from
enrolment to week 30 examination) (80). On average the participants took
77 micronutrient capsules from week 14 to 30. MMS groups took fewer
capsules than the other groups and the early invitation food group also took
fewer micronutrient capsules on the average (80).

As reported in the main outcome publication, constipation was most
common possible adverse reaction to the micronutrient supplementation
(30%), followed by nausea (18%), and heartburn (10%) (80). There was no
difference in reported frequency of these common side effects between the
micronutrient groups. While less common but a more severe side effect
vomiting occurred to a larger extent in MMS than in Fe60F and Fe30F.

Outcome assessments

Anthropometric indices (WHZ, HAZ, WAZ) and body composition (FFM,
FM, FM%) were used as indicators of child growth. Weight and
length/height measurements were converted to SD scores according to the
WHO Multicentre Growth Reference Study child growth standards (109),
enabling comparisons with child growth results from other settings.

Body composition assessments provide sometime a more accurate
description of changing nutritional status than measurements of the
traditional indices (118). In some clinical settings, abnormalities in the
relative contribution of FM and FFM to weight loss or weight gain can be
used as indicators of underlying pathology. For example, relatively large
losses of FFM can be indicative of a cachectic process, whereas more
normal composition of loss might indicate simple starvation process (119).
Body composition was assessed by use of Tanita TBF-300MA bioelectrical
impedance analyzer, which has inbuilt software for predicting equations to
estimate fat and fat free mass. In a validation study conducted in the same
population, the inbuilt standards were found to be inaccurate at predicting fat
and fat free mass compared to deuterium oxide dilution (paper II). We
therefore predicted FFM and FM from our own equation, which was derived
in this population using deuterium oxide dilution as a reference method
(paper II) and used as outcome variables (paper III-IV) at 54 months follow-

up.
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Generalizability of findings

This trial and related studies were conducted in rural Bangladeshi women in
a typical low socio-economic setting, where malnutrition was prevalent. The
participating women, who were recruited at an average of 9.5 (SD 2.2)
weeks of gestation, had a mean weight of 45 kg and height 150 cm (80).
Matlab area has a dominance of poor rice farmers. Because of a higher
coverage of maternal and child health services in this area, maternal and
child health indicators are a bit more favorable as compared to other areas
served by the regular government program (120). The findings in this thesis
from the four studies might be relevant for other areas in Bangladesh and for
neighboring low-income countries, as well as for other settings with similar
poor socio-economic conditions and levels of malnutrition. All studies were
population based, and since all eligible women were included they may
represent pregnant women in such a setting. The study setting has a research
infrastructure that increases data quality substantially, but may also
influence health seeking behavior, i.e. higher utilization of services.
However, this should not result in any differential effect on outcomes, and
the proportion delivering in clinics and hospital was the same across
intervention groups (80).

Effects of prenatal interventions on child growth

Early invitation to food supplementation had a significant effect on linear
growth in infancy and childhood. A study done by Kusin JA et al in
Indonesia reported that a high-energy supplementation during pregnancy
reduced the prevalence of childhood stunting throughout the first five years
as compared to a low-energy supplementation (61). Our study suggests that
early invitation to food supplementation during pregnancy prevented
stunting. It may be worthwhile to compare the effect sizes of the MINIMat
interventions with other postnatal nutrition interventions that have aimed at
improving child growth, particularly stunting. An analysis of interventions to
prevent stunting in 36 countries showed that nutrition education and
counseling of complementary feeding and other supportive strategies could
reduced stunting by 19.8% at 12 m, 17.2% at 24 m and 15.0% at 36 months
(12). In our study stunting was reduced by 13% from birth to 54 months of
age (difference: 35.3-30.8=4.5 percent units, i.e. a reduction by 13%) when
invitation to food supplementation was done early in pregnancy, i.e. at
around 9 weeks of gestation, as compared to the usual practice, which had an
average start at 20 weeks of gestation. In conclusion, this early prenatal food
supplementation reduced infancy and childhood stunting with an effect size
similar to complementary feeding interventions — in addition to the effects
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on infant and child mortality that was presented in our main outcome paper
(80).

The World Health Organization (WHQO) recommends iron and folic acid
supplementation to women during pregnancy as a part of routine antenatal
care. In our study, we also assessed the effect of multiple-micronutrient
supplementation with iron and folic acid supplementation, and failed to
observe significant added benefit of multiple-micronutrient supplements
over iron and folic acid supplementation for postnatal growth. On the
contrary, we found significantly more stunted children in the MMS group as
compared to the iron-folic acid supplementation group.

A recent systematic review of prenatal MMS trials reported a mean
improvement on birth weight of 52.6 g (121). There is limited information
on effects on infant and child growth by prenatal MMS. One recent
randomized trial in Burkina Faso found that prenatal MMS reduced the
stunting rate during infancy by 27%, but this effect was no longer seen by 30
months of age (122). One nonrandomized, non-blinded trial in Vietnam of
prenatal MMS supplementation reported an association with lower
prevalence of stunting in the offspring (63). Combined micronutrient
supplementations, mainly iron and zinc, have been evaluated in infants and
young children. An Indonesian study in infants suggested that single
supplementation with zinc or iron improved growth, but that combined
supplementation with iron and zinc had no significant effect on child growth
or development (123). However, a review paper on iron and zinc
supplementation trials suggested, that although interactions between iron and
zinc may occur, so far no strong evidence was available that this had an
important influence on functional outcomes (124). Animal experiments have
explored the possibility that prenatal combined iron and zinc
supplementation may influence the later regulation of absorption and
micronutrient status in the offspring (125). Also other programming effects
on the endocrine system may have long term effects on child growth (126,
127). Due to the blinding of the micronutrient intervention it is unlikely that
postnatal care, e.g. feeding practices, play a role in the MMS effect on
stunting.

Child body composition: using age- and population-
specific prediction equations

A variety of established methods have been used for the measurement of
body composition, including air-displacement plethysmography (ADP),
dual-energy X-ray absorptiometry (DXA), underwater weighing
(densitometry) and magnetic resonance imaging (MRI) (128, 129).
However, these methods are expensive, not easily portable, time-consuming,
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and require highly trained operators that make them unsuitable for low-
income country field settings. In epidemiological and field studies,
predictions of body fatness are often made from anthropometric
measurements, including body mass index (BMI), waist circumference,
waist-hip ratio and skinfold thickness. These techniques do not precisely
characterize body fat or muscle mass and there is a variation across age, sex
and ethnic groups (130, 131). Further disadvantages of these techniques
include a high degree of both intra- and inter-observer variation and
acceptability of the measures in different populations (132).

In the methodology paper (paper II), the ability of the inbuilt equations
from the Tanita TBF-300A system to assess body composition of rural
Bangladeshi children was investigated with deuterium oxide dilution as a
reference method. The equations for predicting FFM and TBW in this
population for the age interval 4-10 years were developed with impedance
index, age, sex, and weight included.

Effects of prenatal food- and micronutrient
supplementation on child body composition

No other study has examined the effect of prenatal food supplementation and
multiple micronutrients on child body composition. We have shown that
neither an early invitation to prenatal food supplementation (vs. usual
timing) nor multiple micronutrient supplements (vs. iron-folate supplements)
nor any combination of the two resulted in any differences in body
composition at 54 months — in spite of effects on infant and child linear
growth.

One study from Peru found that addition of zinc to prenatal folic acid +
iron supplementation neither had effect on birth anthropometric measures
nor on body composition of the newborn (133) but maternal zinc
supplementation in this population was associated with offspring larger
average growth measures beginning in month 4 and continuing through
month 12 (134). In a recent randomized antenatal micronutrient trial in
Nepal (135) the authors found that maternal supplementation with folic acid
+ iron + zinc resulted in an increase in mean height and a reduction in mean
triceps skinfold thickness, sub-scapular skinfold thickness and AFA, but no
significant differences between groups were found in mean weight or BMI-
for-age z-scores, waist circumference or AMA at 68 years of age. Prenatal
dietary supplementation of rural Gambian women did not affect body
composition of the offspring at 11-17 years of age (136). Thus, our study
confirms the findings in other prenatal food or micronutrient
supplementation that in spite of effects on child growth and other health
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outcomes there is weak evidence for an effect on body composition in
childhood by such prenatal interventions.

Timing in pregnancy

The timing of prenatal nutrition interventions may influence the size and
scope of the response in the offspring - depending on the timing of critical
periods in pregnancy (34). This has been observed both in animal
experimental studies (35) and in human observational studies (47). The
Dutch famine study has analyzed the effects of prenatal undernutrition on
later health. Early gestation appeared to be the most vulnerable period, in
that children exposed to poor nutrition in early gestation were observed to
have a less favorable lipid profiles in adult life, while poor nutrition
exposure in late pregnancy was associated with decreased glucose tolerance
(37). In our studies, we observed differential effects of timing of prenatal
nutrition interventions. The early initiation of food supplements around 9
weeks of pregnancy resulted in less stunted children from birth to 54 months
follow-up compared to usual initiation of food supplements around 20 weeks
of pregnancy. Another human study from Guatemala has shown that
maternal weight gain during mid-pregnancy was associated with infant birth
weight, length and head circumference, while weight gain in late pregnancy
was associated with birth weight, suggesting the importance of timing of
nutritional influences in fetal life (36). This may be due to beneficial effects
on the organ development occurring at this time (137). The placenta seems
to play an important role in the effects of timing with observed differences in
placental size and efficiency depending on the gestational time of
undernutrition (47). This has been suggested as a compensatory mechanism
that potentially could improve the transfer of nutrients and oxygen to the
fetus. Few efforts have so far been made in early life by nutritional or other
lifestyle interventions in order to favorably influence the developmental
trajectories at a stage when developmental plasticity is great (138). The
MINIMat trial is a contribution to this field.

Exclusive breastfeeding intervention

In paper 1V, the effect of exclusive breast-feeding counseling on childhood
growth and body composition in the offspring of the MINIMat trial at 54
months of age was studied. Exclusive breastfeeding counseling intervention
resulted in a substantial increase in the duration of exclusive breastfeeding,
although maternal randomization to exclusive breastfeeding counseling
intervention compared to usual health message group was not associated
with child linear growth and body composition at 54 months.

48



The Promotion of Breastfeeding Intervention Trial (PROBIT) - a cluster-
randomized trial of a breastfeeding promotion intervention in the republic of
Belarus - found no significant effect on height, body mass index, waist or
hip circumference, triceps or subscapular skinfold thickness at 6.5 years
(139). The long-term effects of breastfeeding are more difficult to assess,
systematic reviews of observational studies have found that breastfeeding
practices, particularly exclusive breastfeeding, are associated with lower
blood cholesterol (7) and may be protective against the development of
obesity (100). There are also studies that are not able to demonstrate any
associations between breastfeeding and anthropometric or body composition
indices (102, 103). In MINIMat trial, exclusive breastfeeding counseling
intervention was nested into a prenatal food and multiple micronutrient
supplementation, and an analysis of interaction showed that the combination
of multiple micronutrient supplementation and exclusive breastfeeding
counseling resulted in a small negative effect on linear growth and higher
frequency of stunting 0-54 months of age. This may point at potential later
negative effects by prenatal multiple micronutrient supplementation (125),
as well as the quality and quantity of complementary feeding and its
consequences for growth and health outcomes (12).

Most of what we know about the issue of infant feeding practices and
later outcomes has been based on observational analysis. The added value of
our study is the randomized trial design and the effect on EBF duration.

Sex difference

Sex differences in fetal and infant growth are well recognized (140, 141),
but the underlying mechanisms are poorly understood. Cell divisions among
male embryos occur more rapidly than those of female embryos (142).
Social factors may also influence infant growth; boys are often given
preference in food allocation within the families in Bangladesh (143). There
is also evidence of sex differences in embryonic metabolism starting from
the blastocyst stage (144). In our study we found less stunted children in
early food group (compared to usual group) and more stunted children in
MMS group (compared to Fe60F). This was evident only in boys and not in
girls (paper 1). These observations suggest that male fetuses may be both
more susceptible to negative influences, and more responding to positive
influences. There is also other evidence of sex-specific vulnerability in early
fetal growth (145). Animal data have shown an increased risk for cardiac
dysfunction among prenatally protein restricted males, compared to females
(146), as well as greater sensitivity to maternal body mass index (BMI) and
glucose status during human pregnancy (147) in male fetus compared to the
female fetus. Data from the Dutch hunger winter families showed an
association between undernutrition in fetal life and increased serum
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cholesterol and triglycerides levels in adult women, but not in men (148). In
addition, there is a sex-differential in the effect by prenatal multiple
micronutrient supplementation on birth weight, with greater sensitivity in
females (84). It is also known that male fetuses demonstrate more rapid
growth that makes them more vulnerable in utero (149, 150). Further, male
fetuses are more sensitive to women’s nutritional status during pregnancy
and therefore more susceptible to nutritional constraints, whereas girls
appear to be more affected by nutritional status over a lifetime (151). Our
results further support the notion that boys are more vulnerable on maternal
nutrition in utero, and that boys benefited more from the early start of food
supplements than girls.

Previous results from the MINIMat trial

The results presented in this thesis should be related to the previous findings
of the MINIMat trial. There was no difference in mean birth size between
any of the food and micronutrient supplementation groups (80). However,
the early invitation to food supplementation combined with MMS reduced
infant mortality rate considerably (16.8/1000 live births as compared to
usual invitation with Fe60F 44.1/1000 live births). In the five-year follow-up
the early invitation-MMS group had an under-5 year mortality rate of
18/1000 live births, for the U-Fe60F group this was 54/1000 and the
corresponding HR was 0.34 (95% CI 0.18-0.65) (80).

Anemia was present in 28% of the women, 55% were zinc deficient, 46%
were vitamin B-12 deficient and 18% were folate deficient. Anemia was not
associated with iron deficiency but rather with vitamin B-12 deficiency
(152). The prevalence of vitamin B-12 deficiency in the offspring was lower
in the MMS group (26.1%) than in the Fe30F group (36.5%) (P = 0.003).
The prevalence of zinc deficiency at 6 months of age was lower in the usual
food supplementation group (54.1%) than in the early food group (60.2%) (P
=0.046) (90). Infants who exclusively breast-fed 4—6 months had a higher
mean plasma zinc concentration (9.9 +6 2.3 pmol/L) than infants who
exclusively breast-fed <4 months (153).

In addition, maternal early food supplementation group resulted in a more
favorable lipid status in the children at 54 months compared to usual food
group. Prenatal MMS lowered the children’s glucose, insulin, HOMA-IR,
and growth factors compared to Fe60F (154).
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Conclusions

Maternal and child malnutrition is a major public health problem globally,
and especially in South Asia (16). An early invitation to food
supplementation in comparison to the usual timing of food supplementation
in pregnancy reduced the occurrence of stunting during 0-54 months in boys,
but not in girls. Prenatal MMS, in contrast, increased the proportion of
stunting in boys. The effects of these prenatal nutrition interventions on
postnatal growth suggest programming effects in early fetal life. Neither the
early invitation to food supplementation, nor the multiple micronutrient
supplementations, nor the exclusive breastfeeding counseling had an effect
on body composition at 54 months of age.

In the national program, only pregnant women with BMI < 18.5 kg/m’
were invited to receive the food supplements. But in our study we found that
the offspring of women with BMI > 18.5 kg/m” benefitted from the early
food supplementation.

Previous research from this cohort has observed that early food
supplementation in combination with MMS resulted in substantially
decreased infant and under-five mortality (80). In addition, the early
invitation of food supplementation had favourable effects on the lipid profile
compared to usual food supplementation in the offspring in early childhood
(154). Putting these results together, it clearly shows the beneficial effects of
an early invitation to food supplementation and that the addition of MMS
may reduce mortality but increase the tendency of infant and child stunting.
The use of MMS resulted in more stunting and levels of both insulin and
insulin-like growth factors were indicative of slower growth (154). Thus, the
MINIMat interventions may result in important positive results for child
health — but also some negative effects. The MINIMat trial cohort is
currently followed-up at the age of 10 years. These different trial outcomes
point at the necessity to consider not only one, but several health outcomes
when judging the public health consequences of an intervention.

51



Acknowledgement

This thesis was written at International Maternal and Child Health (IMCH),
Department of Women’s and Children’s Health, Uppsala University,
Sweden in collaboration with International Centre for Diarrhoeal Diseases
Research, Bangladesh (icddr,b), Dhaka, Bangladesh. The funding of the
MINIMat trial was supported by The International Centre for Diarrheal
Disease Research, Bangladesh (icddr,b); the UK Medical Research Council;
the Swedish Research Council; the UK Department for International
Development; the Global Health Research Fund, Japan; the Child Health and
Nutrition Research Initiative; Uppsala University and the United States
Agency for International Development.

I would like to thank a number of people who helped and supported me to
carry out my PhD study. I would especially like to thank:

I am indebted to my supervisor Professor Lars-Ake Persson for his
continuous guidance and invaluable suggestions throughout my studies. His
guidance inspired me to learn epidemiology and public health nutrition. It is
always inspiring to work with you. I am extremely grateful to my co-
supervisor Dr Igbal Kabir for his scientific inputs and reviews of the
manuscripts. I also wish to thank all my co-authors especially; Sophie
Hawkesworth, Eva-Charlotte Ekstrom, and Edward A. Frongillo for valuable
input in manuscript preparation, study planning and analyses.

I gratefully acknowledge Cristina Niska Bachelet for her gnerous
administrative support that made my stay easy in Uppsala and special thanks
to Kristine Eklund for computer support. I would like to thank Karin
Toérnblom and also acknowledge all staff at IMCH for their kind support and
cooperation.

I would like to thank all MINIMat staff in Bangladesh; special thanks to Dr
Shams Arifeen for giving opprtunity to work in the MINIMat trial and my
supervisor at icddr,b Dr Firdausi Qadri for her kind support to complete my
PhD work. My first supervisor and mentor at icddr,b Dr ASG Faruque has
always given me inspiration, Dr Tahmeed Ahmed has been my well-wisher
and has given inspiration always. I am indebted to all my colleagues at

52



icddr,b, special thank goes to Dr Fahima Chowdhury for taking care of my
work at icddr,b during my absence.

I would like to say thanks to all my fellow PhD students at IMCH,
particularly Anisur, Baitun, Emma, Hanna, Leif, Mats, Nga, Rubina, Sohel,
Soorej, Shirin, Waheed, William, Wilton. Especially my icddr,b colleagues;
Anisur, Baitun, Sohel and Waheed for sharing their time during my study
period at Uppsala, Sweden.

My Family, I would like to thank my parents, my beloved wife Matira
Khanam and my daughters for their moral support, inspiration and love,
which made me able to complete the PhD study. Without your support, love
and cooperation, this dream would never have come into reality.

Finally, my gratitude and thanks to all women in Matlab and their children
who participated in the MINIMat trial.

Ashraful Islam Khan
September, 2012

53



References

10.

11.

12.

13.

14.

15.

16.

54

Barker DJ, Eriksson JG, Forsen T, Osmond C. Fetal origins of adult disease:
strength of effects and biological basis. Int J Epidemiol. 2002 Dec;31(6):1235-
9.

Barker DJ. Fetal origins of cardiovascular disease. Ann Med. 1999 Apr;31
Suppl 1:3-6.

Barker DJ. The developmental origins of chronic adult disease. Acta Paediatr
Suppl. 2004 Dec;93(446):26-33.

Kuzawa CW. Modeling fetal adaptation to nutrient restriction: testing the fetal
origins hypothesis with a supply-demand model. J Nutr. 2004 Jan;134(1):194-
200.

Prentice AM, Moore SE. Early programming of adult diseases in resource
poor countries. Arch Dis Child. 2005 Apr;90(4):429-32.

Barker DJ. Outcome of low birthweight. Horm Res. 1994;42(4-5):223-30.
Owen CG, Whincup PH, Kaye SJ, Martin RM, Davey Smith G, Cook DG, et
al. Does initial breastfeeding lead to lower blood cholesterol in adult life? A
quantitative review of the evidence. Am J Clin Nutr. 2008 Aug;88(2):305-14.
Wells JC, Chomtho S, Fewtrell MS. Programming of body composition by
early growth and nutrition. Proc Nutr Soc. 2007 Aug;66(3):423-34.

Tounian P. Programming towards childhood obesity. Ann Nutr Metab.
2011;58 Suppl 2:30-41.

Shrimpton R, Victora CG, de Onis M, Lima RC, Blossner M, Clugston G.
Worldwide timing of growth faltering: implications for nutritional
interventions. Pediatrics. 2001 May;107(5):E75.

UNICEF. The state of the world’s children 2009. Maternal and newborn
health. New York, NY: UNICEF. 2008.

Bhutta ZA, Ahmed T, Black RE, Cousens S, Dewey K, Giugliani E, et al.
What works? Interventions for maternal and child undernutrition and survival.
Lancet. 2008 Feb 2;371(9610):417-40.

Villar J, Merialdi M, Gulmezoglu AM, Abalos E, Carroli G, Kulier R, et al.
Nutritional interventions during pregnancy for the prevention or treatment of
maternal morbidity and preterm delivery: an overview of randomized
controlled trials. J Nutr. 2003 May;133(5 Suppl 2):1606S-25S.

Fall CH, Yajnik CS, Rao S, Davies AA, Brown N, Farrant HJ. Micronutrients
and fetal growth. J Nutr. 2003 May;133(5 Suppl 2):1747S-56S.

Black RE, Cousens S, Johnson HL, Lawn JE, Rudan I, Bassani DG, et al.
Global, regional, and national causes of child mortality in 2008: a systematic
analysis. Lancet. 2010 Jun 5;375(9730):1969-87.

Black RE, Allen LH, Bhutta ZA, Caulfield LE, de Onis M, Ezzati M, et al.
Maternal and child undernutrition: global and regional exposures and health
consequences. Lancet. 2008 Jan 19;371(9608):243-60.



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Jesmin A, Yamamoto SS, Malik AA, Haque MA. Prevalence and
determinants of chronic malnutrition among preschool children: a cross-
sectional study in Dhaka City, Bangladesh. J Health Popul Nutr. 2011
Oct;29(5):494-9.

James WP. The policy challenge of coexisting undernutrition and nutrition-
related chronic diseases. Matern Child Nutr. 2005 Jul;1(3):197-203.

BDHS. Bangladesh Demographic and Health Survey, Preliminary report.
National Institute of Population Research and Training Dhaka, Bangladesh;
Mitra and Associates Dhaka, Bangladesh. 2011.

Milman N. Anemia--still a major health problem in many parts of the world!
Ann Hematol. 2011 Apr;90(4):369-77.

CDC. Iron deficiency (children), From the Centers for Disease Control and
Prevention. United States, 1999 /2000. JAMA 288:2114 /2116. 2002.
Tympa-Psirropoulou E, Vagenas C, Psirropoulos D, Dafni O, Matala A,
Skopouli F. Nutritional risk factors for iron-deficiency anaemia in children
12-24 months old in the area of Thessalia in Greece. Int J Food Sci Nutr. 2005
Feb;56(1):1-12.

Veena SR, Kumaran K, Swarnagowri MN, Jayakumar MN, Leary SD, Stein
CE, et al. Intergenerational effects on size at birth in South India. Paediatr
Perinat Epidemiol. 2004 Sep;18(5):361-70.

Sanderson M, Emanuel I, Holt VL. The intergenerational relationship between
mother's birthweight, infant birthweight and infant mortality in black and
white mothers. Paediatr Perinat Epidemiol. 1995 Oct;9(4):391-405.

Kramer MS, Kakuma R. Energy and protein intake in pregnancy. Cochrane
Database Syst Rev. 2003(4):CD000032.

Scholl TO. Maternal nutrition before and during pregnancy. Nestle Nutr
Workshop Ser Pediatr Program. 2008;61:79-89.

Rao S, Yajnik CS, Kanade A, Fall CH, Margetts BM, Jackson AA, et al.
Intake of micronutrient-rich foods in rural Indian mothers is associated with
the size of their babies at birth: Pune Maternal Nutrition Study. J Nutr. 2001
Apr;131(4):1217-24.

Merialdi M, Carroli G, Villar J, Abalos E, Gulmezoglu AM, Kulier R, et al.
Nutritional interventions during pregnancy for the prevention or treatment of
impaired fetal growth: an overview of randomized controlled trials. J Nutr.
2003 May;133(5 Suppl 2):1626S-318S.

Kontic-Vucinic O, Sulovic N, Radunovic N. Micronutrients in women's
reproductive health: I. Vitamins. Int J Fertii Womens Med. 2006 May-
Jun;51(3):106-15.

Ramakrishnan U. Prevalence of micronutrient malnutrition worldwide. Nutr
Rev. 2002 May;60(5 Pt 2):S46-52.

Hassan N HN, Ahmad K. Seasonal patterns of food intake in rural
Bangladesh: its impact on nutritional status. Ecol Food Nutr. 1985;17:175-86.
Alam DS, Van Raaij JM, Hautvast JG, Yunus M, Fuchs GJ. Energy stress
during pregnancy and lactation: consequences for maternal nutrition in rural
Bangladesh. Eur J Clin Nutr. 2003 Jan;57(1):151-6.

Carter LM, Whiting SJ. Underreporting of energy intake, socioeconomic
status, and expression of nutrient intake. Nutr Rev. 1998 Jun;56(6):179-82.
Hoet JJ, Hanson MA. Intrauterine nutrition: its importance during critical
periods for cardiovascular and endocrine development. J Physiol. 1999 Feb
1;514 ( Pt 3):617-27.

55



35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

56

Budge H, Edwards LJ, McMillen IC, Bryce A, Warnes K, Pearce S, et al.
Nutritional manipulation of fetal adipose tissue deposition and uncoupling
protein 1 messenger RNA abundance in the sheep: differential effects of
timing and duration. Biol Reprod. 2004 Jul;71(1):359-65.

Li R HH, Habicht J. Timing of the influence of maternal nutritional status
during pregnancy on fetal growth. Am J Human Biol. 1998;10:529-39.
Roseboom TJ, van der Meulen JH, Ravelli AC, Osmond C, Barker DJ, Bleker
OP. Effects of prenatal exposure to the Dutch famine on adult disease in later
life: an overview. Twin Res. 2001 Oct;4(5):293-8.

Barker DJ. In utero programming of cardiovascular disease. Theriogenology.
2000 Jan 15;53(2):555-74.

Scholl TO. Iron status during pregnancy: setting the stage for mother and
infant. Am J Clin Nutr. 2005 May;81(5):1218S-228S.

Villar J, Rivera J. Nutritional supplementation during two consecutive
pregnancies and the interim lactation period: effect on birth weight. Pediatrics.
1988 Jan;81(1):51-7.

Nafee TM, Farrell WE, Carroll WD, Fryer AA, Ismail KM. Epigenetic control
of fetal gene expression. BIOG. 2008 Jan;115(2):158-68.

Waterland RA, Jirtle RL. Early nutrition, epigenetic changes at transposons
and imprinted genes, and enhanced susceptibility to adult chronic diseases.
Nutrition. 2004 Jan;20(1):63-8.

Allen LH. Multiple micronutrients in pregnancy and lactation: an overview.
Am J Clin Nutr. 2005 May;81(5):1206S-12S.

Barker DJ, Clark PM. Fetal undernutrition and disease in later life. Rev
Reprod. 1997 May;2(2):105-12.

Simmons RA. Developmental origins of adult disease. Pediatr Clin North Am.
2009 Jun;56(3):449-66, Table of Contents.

Barker DJ. In utero programming of chronic disease. Clin Sci (Lond). 1998
Aug;95(2):115-28.

Roseboom TJ, Painter RC, van Abeelen AF, Veenendaal MV, de Rooij SR.
Hungry in the womb: what are the consequences? Lessons from the Dutch
famine. Maturitas. 2011 Oct;70(2):141-5.

Beaglehole R, Yach D. Globalisation and the prevention and control of non-
communicable disease: the neglected chronic diseases of adults. Lancet. 2003
Sep 13;362(9387):903-8.

Eckhardt CL. Micronutrient Malnutrition, Obesity, and Chronic Disease in
Countries Undergoing the Nutrition Transition: Potential Links and
Program/Policy Implications. FCND Discussion Paper 213. 2006.

UNICEEF. The state of the world’s children 2012.Children in an urban world.
New York, NY: UNICEF. 2012.

Uauy R, Kain J, Corvalan C. How can the Developmental Origins of Health
and Disease (DOHaD) hypothesis contribute to improving health in
developing countries? Am J Clin Nutr. 2011 Dec;94(6 Suppl):1759S-64S.
Sichieri R, Siqueira KS, Pereira RA, Ascherio A. Short stature and
hypertension in the city of Rio de Janeiro, Brazil. Public Health Nutr. 2000
Mar;3(1):77-82.

Saquib N, Saquib J, Ahmed T, Khanam MA, Cullen MR. Cardiovascular
diseases and Type 2 Diabetes in Bangladesh: A systematic review and meta-
analysis of studies between 1995 and 2010. BMC Public Health. 2012 Jun
13;12(1):434.



54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Sayeed MA, Hussain MZ, Banu A, Rumi MA, Azad Khan AK. Prevalence of
diabetes in a suburban population of Bangladesh. Diabetes Res Clin Pract.
1997 Jan;34(3):149-55.

Gaskin PS, Walker SP, Forrester TE, Grantham-McGregor SM. Early linear
growth retardation and later blood pressure. Eur J Clin Nutr. 2000
Jul;54(7):563-7.

Hoffman DJ, Sawaya AL, Coward WA, Wright A, Martins PA, de
Nascimento C, et al. Energy expenditure of stunted and nonstunted boys and
girls living in the shantytowns of Sao Paulo, Brazil. Am J Clin Nutr. 2000
Oct;72(4):1025-31.

Sawaya AL, Roberts S. Stunting and future risk of obesity: principal
physiological mechanisms. Cad Saude Publica. 2003;19 Suppl 1:S21-8.
Yajnik CS. Early life origins of insulin resistance and type 2 diabetes in India
and other Asian countries. J Nutr. 2004 Jan;134(1):205-10.

Snijder MB, van Dam RM, Visser M, Seidell JC. What aspects of body fat are
particularly hazardous and how do we measure them? Int J Epidemiol. 2006
Feb;35(1):83-92.

Yajnik CS. Nutrition, growth, and body size in relation to insulin resistance
and type 2 diabetes. Curr Diab Rep. 2003 Apr;3(2):108-14.

Kusin JA, Kardjati S, Houtkooper JM, Renqvist UH. Energy supplementation
durlng pregnancy and postnatal growth. Lancet. 1992 Sep 12;340(8820):623-

Valdya A, Saville N, Shrestha BP, Costello AM, Manandhar DS, Osrin D.
Effects of antenatal multiple micronutrient supplementation on children's
weight and size at 2 years of age in Nepal: follow-up of a double-blind
randomised controlled trial. Lancet. 2008 Feb 9;371(9611):492-9.

Huy ND, Le Hop T, Shrimpton R, Hoa CV. An effectiveness trial of multiple
micronutrient supplementation during pregnancy in Vietnam: impact on
birthweight and on stunting in children at around 2 years of age. Food Nutr
Bull. 2009 Dec;30(4 Suppl):S506-16.

Institute of Medicine NAoS. Nutrition During Pregnancy: Part I, Weight Gain;
Part II, Nutrient Supplements. Washington, DC: National Academy Press.
1990.

Food and Agriculture Organization, World Health Organization; United
Nations University. Energy and Protein Requirements. Report of a Joint
FAO/WHO/UNU Consultation. (WHO Technical Report Series no. 724).
Geneva, Switzerland: World Health Organization. 1985.

Kind KL, Moore VM, Davies MJ. Diet around conception and during
pregnancy--effects on fetal and neonatal outcomes. Reprod Biomed Online.
2006 May;12(5):532-41.

Lechtig A, Habicht JP, Delgado H, Klein RE, Yarbrough C, Martorell R.
Effect of food supplementation during pregnancy on birthweight. Pediatrics.
1975 Oct;56(4):508-20.

Prentice AM, Cole TJ, Foord FA, Lamb WH, Whitehead RG. Increased
birthweight after prenatal dietary supplementation of rural African women.
Am J Clin Nutr. 1987 Dec;46(6):912-25.

Kardjati S, Kusin JA, De With C. Energy supplementation in the last trimester
of pregnancy in East Java: 1. Effect on birthweight. Br J Obstet Gynaecol.
1988 Aug;95(8):783-94.

57



70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

58

Ceesay SM, Prentice AM, Cole TJ, Foord F, Weaver LT, Poskitt EM, et al.
Effects on birth weight and perinatal mortality of maternal dietary
supplements in rural Gambia: 5 year randomised controlled trial. BMJ. 1997
Sep 27;315(7111):786-90.

Mardones-Santander F, Rosso P, Stekel A, Ahumada E, Llaguno S, Pizarro F,
et al. Effect of a milk-based food supplement on maternal nutritional status
and fetal growth in underweight Chilean women. Am J Clin Nutr. 1988
Mar;47(3):413-9.

de Onis M, Villar J, Gulmezoglu M. Nutritional interventions to prevent
intrauterine growth retardation: evidence from randomized controlled trials.
Eur J Clin Nutr. 1998 Jan;52 Suppl 1:583-93.

Khan Al Kabir I, Ekstrom EC, Asling-Monemi K, Alam DS, Frongillo EA, et
al. Effects of prenatal food and micronutrient supplementation on child
growth from birth to 54 months of age: a randomized trial in Bangladesh. Nutr
J.2011;10:134.

Persson LA. Breaking the cycles of malnutrition: are pregnancy nutrition
interventions effective? J Health Popul Nutr. 2001 Sep;19(3):158-9.

Villar J, Cogswell M, Kestler E, Castillo P, Menendez R, Repke JT. Effect of
fat and fat-free mass deposition during pregnancy on birth weight. Am J
Obstet Gynecol. 1992 Nov;167(5):1344-52.

Stein AD, Zybert PA, van de Bor M, Lumey LH. Intrauterine famine exposure
and body proportions at birth: the Dutch Hunger Winter. Int J Epidemiol.
2004 Aug;33(4):831-6.

Ramakrishnan U. Nutrition and low birth weight: from research to practice.
Am J Clin Nutr. 2004 Jan;79(1):17-21.

Cetin I, Berti C, Calabrese S. Role of micronutrients in the periconceptional
period. Hum Reprod Update. 2010 Jan-Feb;16(1):80-95.
UNICEF/UNU/WHO. Composition of a multiple micronutrient supplement to
be used in pilot programmes among pregnant women in developing countries.
Report of a workshop held at UNICEF Headquarters New York: UNICEF
1999.

Persson LA, Arifeen S, Ekstrom EC, Rasmussen KM, Frongillo EA, Yunus
M. Effects of prenatal micronutrient and early food supplementation on
maternal hemoglobin, birth weight, and infant mortality among children in
Bangladesh: the MINIMat randomized trial. JAMA. 2012 May
16;307(19):2050-9.

Zeng L, Dibley MJ, Cheng Y, Dang S, Chang S, Kong L, et al. Impact of
micronutrient supplementation during pregnancy on birth weight, duration of
gestation, and perinatal mortality in rural western China: double blind cluster
randomised controlled trial. BMJ. 2008;337:a2001.

Shankar AH, Jahari AB, Sebayang SK, Aditiawarman, Apriatni M, Harefa B,
et al. Effect of maternal multiple micronutrient supplementation on fetal loss
and infant death in Indonesia: a double-blind cluster-randomised trial. Lancet.
2008 Jan 19;371(9608):215-27.

Sunawang, Utomo B, Hidayat A, Kusharisupeni, Subarkah. Preventing low
birthweight through maternal multiple micronutrient supplementation: a
cluster-randomized, controlled trial in Indramayu, West Java. Food Nutr Bull.
2009 Dec;30(4 Suppl):S488-95.

Osrin D, Vaidya A, Shrestha Y, Baniya RB, Manandhar DS, Adhikari RK, et
al. Effects of antenatal multiple micronutrient supplementation on birthweight
and gestational duration in Nepal: double-blind, randomised controlled trial.
Lancet. 2005 Mar 12-18;365(9463):955-62.



85.

86.

87.

88.

&9.

90.

91.

92.

93.

94.

95.

96.

97.

Bhutta ZA, Rizvi A, Raza F, Hotwani S, Zaidi S, Moazzam Hossain S, et al. A
comparative evaluation of multiple micronutrient and iron-folic acid
supplementation during pregnancy in Pakistan: impact on pregnancy
outcomes. Food Nutr Bull. 2009 Dec;30(4 Suppl):S496-505.

Roberfroid D, Huybregts L, Lanou H, Henry MC, Meda N, Menten J, et al.
Effects of maternal multiple micronutrient supplementation on fetal growth: a
double-blind randomized controlled trial in rural Burkina Faso. Am J Clin
Nutr. 2008 Nov;88(5):1330-40.

Kaestel P, Michaelsen KF, Aaby P, Friis H. Effects of prenatal
multimicronutrient supplements on birth weight and perinatal mortality: a
randomised, controlled trial in Guinea-Bissau. Eur J Clin Nutr. 2005
Sep;59(9):1081-9.

Zagre NM, Desplats G, Adou P, Mamadoultaibou A, Aguayo VM. Prenatal
multiple micronutrient supplementation has greater impact on birthweight
than supplementation with iron and folic acid: a cluster-randomized, double-
blind, controlled programmatic study in rural Niger. Food Nutr Bull. 2007
Sep;28(3):317-27.

Fall CH, Fisher DJ, Osmond C, Margetts BM. Multiple micronutrient
supplementation during pregnancy in low-income countries: a meta-analysis
of effects on birth size and length of gestation. Food Nutr Bull. 2009 Dec;30(4
Suppl):S533-46.

Eneroth H, El Arifeen S, Persson LA, Lonnerdal B, Hossain MB, Stephensen
CB, et al. Maternal multiple micronutrient supplementation has limited impact
on micronutrient status of Bangladeshi infants compared with standard iron
and folic acid supplementation. J Nutr. 2010 Mar;140(3):618-24.

Tofail F, Persson LA, El Arifeen S, Hamadani JD, Mehrin F, Ridout D, et al.
Effects of prenatal food and micronutrient supplementation on infant
development: a randomized trial from the Maternal and Infant Nutrition
Interventions, Matlab (MINIMat) study. Am J Clin Nutr. 2008 Mar;87(3):704-
11.

Andersen GS, Friis H, Michaelsen KF, Rodrigues A, Benn CS, Aaby P, et al.
Effects of maternal micronutrient supplementation on fetal loss and under-2-
years child mortality: long-term follow-up of a randomised controlled trial
from Guinea-Bissau. Afr J Reprod Health. 2010 Jun;14(2):17-26.

Huybregts L, Roberfroid D, Lanou H, Menten J, Meda N, Van Camp J, et al.
Prenatal food supplementation fortified with multiple micronutrients increases
birth length: a randomized controlled trial in rural Burkina Faso. Am J Clin
Nutr. 2009 Dec;90(6):1593-600.

WHO. Effect of breastfeeding on infant and child mortality due to infectious
diseases in less developed countries: a pooled analysis. WHO Collaborative
Study Team on the Role of Breastfeeding on the Prevention of Infant
Mortality. Lancet. 2000;355(9202):451-5.

Abiona TC, Onayade AA, Ijadunola KT, Abayomi IO, Makanjuola RO.
Growth pattern of exclusively breast-fed infants during the first six months of
life in Ile-Ife, Osun State, Nigeria. Nutr Health. 2002;16(4):301-12.

WHO. Global strategy for infant and young child feeding: the optimal
duration of exclusive breastfeeding. Geneva; World Health Organization.
2001.

WHO. World Health Organization Task Force on Methods for the Natural
Regulation of Fertility. The World Health Organization multinational study of
breast-feeding and lactational amenorrhea. III. Pregnancy during breast-
feeding. Fertil Steril. 1999;72:431-40.

59



98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

60

Mamabolo RL, Alberts M, Mbenyane GX, Steyn NP, Nthangeni NG,
Delemarre-Van De Waal HA, et al. Feeding practices and growth of infants
from birth to 12 months in the central region of the Limpopo Province of
South Africa. Nutrition. 2004 Mar;20(3):327-33.

Plagemann A, Harder T. Breast feeding and the risk of obesity and related
metabolic diseases in the child. Metab Syndr Relat Disord. 2005
Fall;3(3):222-32.

Owen CG, Martin RM, Whincup PH, Smith GD, Cook DG. Effect of infant
feeding on the risk of obesity across the life course: a quantitative review of
published evidence. Pediatrics. 2005 May;115(5):1367-77.

Owen CG, Martin RM, Whincup PH, Smith GD, Cook DG. Does
breastfeeding influence risk of type 2 diabetes in later life? A quantitative
analysis of published evidence. Am J Clin Nutr. 2006 Nov;84(5):1043-54.
Victora CG, Barros F, Lima RC, Horta BL, Wells J. Anthropometry and body
composition of 18 year old men according to duration of breast feeding: birth
cohort study from Brazil. BMJ. 2003 Oct 18;327(7420):901.

Kramer MS, Matush L, Vanilovich I, Platt RW, Bogdanovich N, Sevkovskaya
Z, et al. A randomized breast-feeding promotion intervention did not reduce
child obesity in Belarus. J Nutr. 2009 Feb;139(2):417S-21S.

Singhal A, Kennedy K, Lanigan J, Fewtrell M, Cole TJ, Stephenson T, et al.
Nutrition in infancy and long-term risk of obesity: evidence from 2
randomized controlled trials. Am J Clin Nutr. 2010 Nov;92(5):1133-44.
Kramer MS. Determinants of low birth weight: methodological assessment
and meta-analysis. Bull World Health Organ. 1987;65(5):663-737.

UNICEEF. United Nations Children’s Fund. Bangladesh statistics. New York,
NY: United Nations Children’s Fund. (http://www.unicef.org/
infobycountry/bangladesh bangladesh_statistics.html, accessed on 31
August 2012).

Ahmed T, Mahfuz M, Ireen S, Ahmed AM, Rahman S, Islam MM, et al.
Nutrition of children and women in Bangladesh: trends and directions for the
future. J Health Popul Nutr. 2012 Mar;30(1):1-11.

WHO. Breastfeeding counselling: a training course. Division of diarrhoeal
and acute respiratory disease control, WHO/CDR/93*3—6 and
UNICEF/NUT/93. Geneva: WHO. 1993.

World Health Organization M-cGRSG. WHO Child Growth Standards:
methods and development: length/height-for-age, weight-for-age, weight-for-
length, weight-for-height and body mass index-for-age. Geneva, Switzerland:
World Health Organization. 2006;Available at: http://www.who.int/
childgrowth/standards/technical report/en/index.html.

Deurenberg P, Deurenberg-Yap M. Validity of body composition methods
across ethnic population groups. Forum Nutr. 2003;56:299-301.

Colley RC, Byrne NM, Hills AP. Implications of the variability in time to
isotopic equilibrium in the deuterium dilution technique. Eur J Clin Nutr.
2007 Nov;61(11):1250-5.

Lohman T. Assessment of body composition in children. Pediatric Exercise
Science. 1989:19-30.

Lohman T. Advances in body composition assessment. Current issues in
exercise science series. Monograph 3 Champaign, IL: Human Kinetics
Publishers. 1992.

Bland JM, Altman DG. Statistical methods for assessing agreement between
two methods of clinical measurement. Lancet. 1986 Feb 8;1(8476):307-10.



115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Khan AI, Hawkesworth S, Hossain D, Arifeen S, Moore S, Hills AP, et al.
Body composition of Bangladeshi children: comparison and development of
leg-to-leg bioelectrical impedance equation. JHPN forthcoming. 2012. J
Health Popul Nutr 2012;30(3):281-90.

Gibson RS. Principles of nutritional assessment. 2nd ed. New York, NY:
Oxford University Press. 2005.

Jasti S, Siega-Riz AM, Cogswell ME, Hartzema AG. Correction for errors in
measuring adherence to prenatal multivitamin/mineral supplement use among
low-income women. J Nutr. 2006 Feb;136(2):479-83.

Reilly JJ. Assessment of body composition in infants and children. Nutrition.
1998 Oct;14(10):821-5.

Jebb SA, Prentice AM. Assessment of human energy balance. J Endocrinol.
1997 Nov;155(2):183-5.

Ronsmans C, Chowdhury ME, Alam N, Koblinsky M, El Arifeen S. Trends in
stillbirths, early and late neonatal mortality in rural Bangladesh: the role of
public health interventions. Paediatr Perinat Epidemiol. 2008 May;22(3):269-
79.

Ramakrishnan U, Grant FK, Goldenberg T, Bui V, Imdad A, Bhutta ZA.
Effect of multiple micronutrient supplementation on pregnancy and infant
outcomes: a systematic review. Paediatr Perinat Epidemiol. 2012 Jul;26 Suppl
1:153-67.

Roberfroid D, Huybregts L, Lanou H, Ouedraogo L, Henry MC, Meda N, et
al. Impact of prenatal multiple micronutrients on survival and growth during
infancy: a randomized controlled trial. Am J Clin Nutr. 2012 Apr;95(4):916-
24,

Lind T, Lonnerdal B, Stenlund H, Gamayanti IL, Ismail D, Seswandhana R, et
al. A community-based randomized controlled trial of iron and zinc
supplementation in Indonesian infants: effects on growth and development.
Am J Clin Nutr. 2004 Sep;80(3):729-36.

Fischer Walker C, Kordas K, Stoltzfus RJ, Black RE. Interactive effects of
iron and zinc on biochemical and functional outcomes in supplementation
trials. Am J Clin Nutr. 2005 Jul;82(1):5-12.

Hossain MB, Kelleher SL, Lonnerdal B. Maternal iron and zinc
supplementation during pregnancy affects body weight and iron status in rat
pups at weaning. J Nutr. 2011 May;141(5):798-804.

Ninomiya-Alarcon JG, Hudson R, Reyes-Guerrero G, Barrera-Mera B,
Guevara-Guzman R. Effect of photoperiod on the mechanical response of the
pregnant rabbit uterus to oxytocin. Am J Physiol Regul Integr Comp Physiol.
2004 Jul;287(1):R174-80.

Ciosek J, Drobnik J. Vasopressin and oxytocin release and the thyroid
function. J Physiol Pharmacol. 2004 Jun;55(2):423-41.

Dehghan M, Merchant AT. Is bioelectrical impedance accurate for use in
large epidemiological studies? Nutr J. 2008;7:26.

Wells JC, Fewtrell MS. Measuring body composition. Arch Dis Child. 2006
Jul;91(7):612-7.

Wang J, Thornton JC, Kolesnik S, Pierson RN, Jr. Anthropometry in body
composition. An overview. Ann N 'Y Acad Sci. 2000 May;904:317-26.
Womersley J. A comparison of the skinfold method with extent of
'overweight' and various weight-height relationships in the assessment of
obesity. Br J Nutr. 1977 Sep;38(2):271-84.

Jebb SA, Elia M. Techniques for the measurement of body composition: a
practical guide. Int J Obes Relat Metab Disord. 1993 Nov;17(11):611-21.

61



133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

62

Caulfield LE, Zavaleta N, Figueroa A, Leon Z. Maternal zinc supplementation
does not affect size at birth or pregnancy duration in Peru. J Nutr. 1999
Aug;129(8):1563-8.

Iannotti LL, Zavaleta N, Leon Z, Shankar AH, Caulfield LE. Maternal zinc
supplementation and growth in Peruvian infants. Am J Clin Nutr. 2008
Jul;88(1):154-60.

Stewart CP, Christian P, LeClerq SC, West KP, Jr., Khatry SK. Antenatal
supplementation with folic acid + iron + zinc improves linear growth and
reduces peripheral adiposity in school-age children in rural Nepal. Am J Clin
Nutr. 2009 Jul;90(1):132-40.

Hawkesworth S, Prentice AM, Fulford AJ, Moore SE. Dietary
supplementation of rural Gambian women during pregnancy does not affect
body composition in offspring at 11-17 years of age. J Nutr. 2008
Dec;138(12):2468-73.

Sadler TW. Susceptible periods during embryogenesis of the heart and
endocrine glands. Environ Health Perspect. 2000 Jun;108 Suppl 3:555-61.
Hanson M, Godfrey KM, Lillycrop KA, Burdge GC, Gluckman PD.
Developmental plasticity and developmental origins of non-communicable
disease: theoretical considerations and epigenetic mechanisms. Prog Biophys
Mol Biol. 2011 Jul;106(1):272-80.

Kramer MS, Matush L, Vanilovich I, Platt RW, Bogdanovich N, Sevkovskaya
Z, et al. Effects of prolonged and exclusive breastfeeding on child height,
weight, adiposity, and blood pressure at age 6.5 y: evidence from a large
randomized trial. Am J Clin Nutr. 2007 Dec;86(6):1717-21.

Lubchenco LO, Hansman C, Dressler M, Boyd E. Intrauterine Growth as
Estimated from Liveborn Birth-Weight Data at 24 to 42 Weeks of Gestation.
Pediatrics. 1963 Nov;32:793-800.

Lampl M, Gotsch F, Kusanovic JP, Gomez R, Nien JK, Frongillo EA, et al.
Sex differences in fetal growth responses to maternal height and weight. Am J
Hum Biol. 2010 Jul-Aug;22(4):431-43.

Mittwoch U. Blastocysts prepare for the race to be male. Hum Reprod. 1993
Oct;8(10):1550-5.

Chen LC HEDSS. Sex bias in the family allocation of food and health care in
rural Bangladesh. Pop Dev Rev. 1981;1:55-69.

Bermejo-Alvarez P, Rizos D, Rath D, Lonergan P, Gutierrez-Adan A.
Epigenetic differences between male and female bovine blastocysts produced
in vitro. Physiol Genomics. 2008 Jan 17;32(2):264-72.

Gutierrez-Adan A, Perez-Crespo M, Fernandez-Gonzalez R, Ramirez MA,
Moreira P, Pintado B, et al. Developmental consequences of sexual
dimorphism during pre-implantation embryonic development. Reprod Domest
Anim. 2006 Oct;41 Suppl 2:54-62.

Elmes MJ, Haase A, Gardner DS, Langley-Evans SC. Sex differences in
sensitivity to beta-adrenergic agonist isoproterenol in the isolated adult rat
heart following prenatal protein restriction. Br J Nutr. 2009 Mar;101(5):725-
34.

Grigore D, Ojeda NB, Alexander BT. Sex differences in the fetal
programming of hypertension. Gend Med. 2008;5 Suppl A:S121-32.

Lumey LH, Stein AD, Kahn HS, Romijn JA. Lipid profiles in middle-aged
men and women after famine exposure during gestation: the Dutch Hunger
Winter Families Study. Am J Clin Nutr. 2009 Jun;89(6):1737-43.

Tanner J. Foetus into man: Physical growth from conception to maturity. 2nd
ed. Ware, England: Castlemead. 1989.



150.

151.

152.

153.

154.

Parker AJ, Davies P, Mayho AM, Newton JR. The ultrasound estimation of
sex-related variations of intrauterine growth. Am J Obstet Gynecol. 1984 Jul
15;149(6):665-9.

Eriksson JG, Kajantie E, Osmond C, Thornburg K, Barker DJ. Boys live
dangerously in the womb. Am J Hum Biol. 2010 May-Jun;22(3):330-5.
Lindstrom E, Hossain MB, Lonnerdal B, Raqib R, El Arifeen S, Ekstrom EC.
Prevalence of anemia and micronutrient deficiencies in early pregnancy in
rural Bangladesh, the MINIMat trial. Acta Obstet Gynecol Scand. 2011
Jan;90(1):47-56.

Eneroth H, El Arifeen S, Persson LA, Kabir I, Lonnerdal B, Hossain MB, et
al. Duration of exclusive breast-feeding and infant iron and zinc status in rural
Bangladesh. J Nutr. 2009 Aug;139(8):1562-7.

Lindstrom E. Nutritional and oxidative parameters in pregnancy, size at birth
and metabolic status of the offspring at 4.5 years. The MINIMat trial in rural
Bangladesh. Acta Universitatis Upsaliensis Uppsala, Digital comprehensive
summaries of Uppsala Dissertations from the faculty of Medicine 764. 2012.

63



Acta Universitatis Upsaliensis

Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 811

Editor: The Dean of the Faculty of Medicine

A doctoral dissertation from the Faculty of Medicine, Uppsala
University, is usually a summary of a number of papers. A few
copies of the complete dissertation are kept at major Swedish
research libraries, while the summary alone is distributed
internationally through the series Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of
Medicine.

Distribution: publications.uu.se
urn:nbn:se:uu:diva-180479

du

ACTA
UNIVERSITATIS
UPSALIENSIS
UPPSALA
2012



	Abstract
	List of Papers
	Contents
	Abbreviations
	Introduction
	Maternal nutrition and fetal development
	The Developmental Origins of Health and Disease (DOHaD)
	Interventions to improve maternal and child nutrition and health
	Food supplementation
	Timing of food supplementation
	Multiple micronutrient supplementations
	Exclusive breastfeeding

	Rationale for the studies of this thesis

	Aim and objectives
	Specific objectives:

	Methods
	Study area
	Study design and participants
	Interventions
	Food supplementation
	Micronutrient supplementation
	Exclusive breast-feeding counseling intervention

	Randomization
	Data collection and measurements
	Bioelectrical impedance analysis
	Measurement of Total Body Water (TBW) using deuterium dilution
	Selection of sample and power calculation
	Statistical analysis
	Ethical considerations

	Results
	General characteristics
	Participation
	Food and micronutrient supplementations and child growth from birth to 54 months
	Development of leg-to-leg bioelectrical impedance equation
	Food and micronutrient supplementation and child body composition at 54 months
	Exclusive breast feeding intervention and child growth and body composition at 54 months

	Discussion
	Methodological considerations
	Adherence to supplement of food and micronutrient intake
	Outcome assessments
	Generalizability of findings

	Effects of prenatal interventions on child growth
	Child body composition: using age- and population-specific
	prediction equations
	Effects of prenatal food- and micronutrient supplementation on child body composition
	Timing in pregnancy
	Exclusive breastfeeding intervention
	Sex difference
	Previous results from the MINIMat trial

	Conclusions
	Acknowledgement
	References



