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Series Preface

OXIDATIVE STRESS IN HEALTH AND DISEASE

Oxidative stress is an underlying factor in health and disease. In this series of books
the importance of oxidative stress and disease associated with cell and organ sys-
tems of the body is highlighted by exploring the scientific evidence and the clinical
applications of this knowledge. This series is intended for researchers in the bio-
medical sciences and clinicians and all persons with interest in the health sciences.
The potential of such knowledge for healthy development, healthy aging, and disease
prevention warrants further knowledge about how oxidants and antioxidants modu-
late cell and tissue function.

Crystal D. Karakochuk, Kyly C. Whitfield, Tim J. Green, and Klaus Kraemer are
to be congratulated for producing this very excellent and timely book, The Biology
of the First 1,000 Days, in the ever-growing field of importance of early nutrition to
human health.

Lester Packer
Enrique Cadenas
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Preface

The first 1,000 days, from conception to 2 years of age, is a critical window of growth
and development. Exposures to dietary, environmental, hormonal, and other stress-
ors during this period have been associated with an increased risk of adverse health
outcomes. Researchers using cell culture, animal models, and humans have identi-
fied this time as a period of rapid physiological change and plasticity with significant
potential for lasting effects. As such, interventions during the first 1,000 days will
have the greatest impact on outcomes, particularly in low- and middle-income coun-
tries where the need is greatest.

To date, there is no single resource that compiles our knowledge of the biology
of the first 1,000 days. Our knowledge and understanding of the biology behind
the first 1,000 days is still limited. This greater understanding is helping us inform
effective nutrition policy and programming. The strength of this book lies in its
cross-disciplinary nature that encompasses the full range of human biology, provid-
ing a more holistic perspective during this critical time frame. Moreover, we have
broadened the scope and included important periods before and after the 1,000 days.

We have designed this book as a comprehensive resource for those involved in
global health and nutrition policy, strategy, programming, or research. This book
will also be a resource for students learning about nutrition and health across the
1,000 days. The book includes an exceptional group of contributors who are experts
in their given fields. As biology underlies the core of each discussion, it allows
the readers to answer the what and why, and, we hope, the how for new discovery
research and more effective interventions.

Each chapter in this volume provides insight into a specific life stage, disease
state, nutrient, and stressor in the first 1,000 days. As such, each chapter can be read
independently, providing a comprehensive overview of that subject. However, there
is continuity between chapters allowing this collection of chapters to be read cover
to cover. The first chapters set the stage, providing a succinct resource to understand
the well-established biological mechanisms that underlie growth regulation and
nutrient recommendations throughout the first 1,000 days. The next chapters move
on to the evidence behind nutrition-specific and nutrition-sensitive interventions
to combat adverse outcomes and disease states in the first 1,000 days. This book
also features emerging research areas, such as the gut microbiome, environmental
enteric dysfunction, and the role of epigenetics in health and development. The final
chapter pushes the boundaries of discovery research, exploring novel areas such as
proteomics and metabolomics, and how insults such as environmental enteric dys-
function affect metabolism in the first 1,000 days.

XV



Xvi Preface

We approached this book with the ambition to shed more light on the biology dur-
ing 1,000 days, but there was also a need to put the biology into a broader context of
nutrition and health. There are still many gaps in our understanding of the biology
of the first 1,000 days. It is only by bridging this knowledge gap through research
that we can inform effective interventions to improve outcomes during the first 1,000
days.

Crystal D. Karakochuk
Kyly C. Whitfield

Tim J. Green

Klaus Kraemer
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’I The Importance of
the First 1,000 Days
An Epidemiological
Perspective

Christine M. McDonald and
Andrew L. Thorne-Lyman
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EPIDEMIOLOGICAL BURDEN AND DISTRIBUTION
OF THE PROBLEM OF MALNUTRITION

According to current estimates, 23% of the world’s children under 5 years of age
are stunted, a condition that is measured using short height-for-age (see Box 1.1) [1].
Although this represents a decline from 33% in 2000, the fact that 156 million chil-
dren globally still suffer from chronic undernutrition underscores the continued need
for renewed efforts and innovative approaches for growth promotion. Progress has
been particularly slow in Africa, where one out of every three children is stunted
(Figure 1.1) [1]. In fact, despite a decline in stunting prevalence, the absolute number
of stunted children in Africa increased from 50.4 million in 2000 to 58.5 million
in 2015 [1]. Although Asia has seen an average annual decline in the prevalence of
child stunting of about 1.5%, from 38% in 2000 to 24% in 2015, countries in East
Asia have accounted for most of this progress [1]. Reductions have been much slower
among countries in South Asia where more than one out of every three children
under age 5 is stunted. At a subregional level, more than 30% of children under
5 in Western Africa, Middle Africa, Eastern Africa, Southern Asia, and Oceania
are stunted [1]. In addition to these geographical differences, there are also dras-
tic sociodemographic disparities in the prevalence of chronic undernutrition. An

3



4 The Biology of the First 1,000 Days

analysis of 79 population-based surveys has illustrated that the prevalence of stunt-
ing is, on average, 2.5 times higher among children living in the poorest quintile of
households than the richest quintile [1]. Similarly, the child stunting prevalence is
1.45 times higher in rural versus urban areas [2].

BOX 1.1 ANTHROPOMETRIC INDICATORS OF MALNUTRITION

e Stunting refers to impaired linear growth and can reflect chronic or
recurrent undernutrition. The indicator can also be defined as having
a short height for a given age compared with a reference population or
standard. A cutoff of <-2 height-for-age z-scores (HAZ) is most com-
monly used to define stunting among children under 5 years of age.

e Wasting is a type of acute malnutrition resulting from recent weight
loss or failure to gain weight. A cutoff of <-2 weight-for-height
z-scores (WHZ) is most commonly used to define wasting among
children under 5 years of age, and <-3 z-scores are used to define
severe wasting.

e Underweight is used to describe a child whose weight is low in rela-
tion to his or her age. Underweight was historically used as a com-
posite indicator of malnutrition but is now used less often since it fails
to differentiate between chronic and acute malnutrition. A cutoff of
<-2 weight-for-age z-scores (WAZ) is most commonly used to define
underweight among children under 5 years of age.

e Low birth weight is typically defined as a birth weight <2,500 g.

e Small for gestational age (SGA) is usually defined by a birth weight
below the 10th percentile for gestational age based on a reference
population. Small for gestational age is an indicator that reflects an
infant’s growth rate in utero, as well as his or her gestational age at
birth.

Globally, an estimated 50 million children are wasted, an indicator of thin-
ness that is strongly associated with mortality [1]. Moderately and severely wasted
children are, respectively, 3.0 and 9.4 times more likely to die than children with a
weight-for-height z-score >—1 [3]. Although the global burden of child wasting is
considerably smaller than that of stunting, efforts to enhance the coverage of inter-
ventions to prevent and treat acute malnutrition are urgently needed, particularly
given the increased risk of mortality faced by wasted children. Approximately two-
thirds of the world’s wasted children live in Asia and one-quarter live in Africa. At
14%, the prevalence of child wasting in South Asia is near the 15% threshold used to
define a critical public health emergency [1,4].

Of equal concern is the growing burden of overweight children. Worldwide, there
are now 42 million overweight children under 5 years of age [1]. Since 2000, the
number of overweight children under 5 has increased by more than 50% in Africa,
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with gains being particularly pronounced in low- and middle-income countries [1].
At a subregional level, the prevalence of overweight among children under 5 now
exceeds 10% in Central Asia, Northern Africa, and Southern Africa [1].

Intrauterine growth restriction is a key risk factor for stunting, wasting, and under-
weight in childhood. Recent estimates indicate that 15% to 20% of all births globally
are low birth weight (LBW), which translates to more than 20 million LBW births
per year [5]. Half of these births occur in only three countries: India, Pakistan, and
Nigeria. India alone makes up 38% of the global total [S]. The prevalence of small-
for-gestational-age (SGA) births is approximately twice the prevalence of LBW in all
regions of the world [6]. In 2010, more than 32 million infants were born SGA, which
represents more than one-quarter of all births in low- and middle-income countries [6].
The highest prevalence of SGA is found in South Asia and the Sahelian countries
of Africa. As with LBW, the burden of SGA is particularly high in India; in 2010,
12.8 million infants, representing ~47% of all births, were SGA [6].

In addition to anthropometric indicators that reflect physical growth during the
first 1,000 days, indicators of the micronutrient status of pregnant women and young
children provide useful insight into the dietary quality of vulnerable subgroups, as
they influence the risk of mortality, morbidity, and adverse developmental outcomes.
Iron, vitamin A, iodine, zinc, and folate are the micronutrient deficiencies that have
received the greatest attention in terms of their public health burden, and are esti-
mated to account for approximately 7% of the global burden of disease every year
[7]. Globally, an estimated 2 billion people are affected by deficiencies in at least one
essential micronutrient. Figure 1.2 summarizes the global prevalence of vitamin A
deficiency and iron deficiency anemia among pregnant women and children under 5.

The estimated global prevalence of iodine deficiency and zinc deficiency is 29%
and 17%, respectively [2]. Unfortunately, limited data are available on the global
prevalence of folate deficiency. Not surprisingly, there is a great deal of overlap in

Vitamin A deficiency Iron deficiency anemia

m Pregnant women = Children under 5

FIGURE 1.2  Global prevalence of vitamin A deficiency and iron deficiency anemia among
pregnant women and children under 5. (Adapted from Black RE, Victora CG, Walker SP
et al., Lancet 2013, 382(9890):427-51.)
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the regional distribution of these micronutrient deficiencies and the anthropometric
deficits previously described. Africa exhibits the highest levels of iron deficiency
anemia among pregnant women and children under 5, vitamin A deficiency among
children under 5, iodine deficiency and zinc deficiency, while Asia exhibits the high-
est prevalence of vitamin A deficiency among pregnant women [2]. Just as various
forms of an anthropometric deficit can coexist, it is also common for women and
children to suffer from multiple micronutrient deficits simultaneously, although the
extent of overlap is often uncertain.

WINDOW OF OPPORTUNITY

One of the main epidemiological drivers for the focus on the first 1,000 days was the
realization that height-for-age z-scores in countries throughout the world plummet
during the first 24 months of life, as presented in blue in Figure 1.3 [3,8]. Such pat-
terns suggest a rapid acceleration of growth faltering, followed by a leveling out of
height-for-age z-scores and the prevalence of child stunting around 2 years of age.
This pattern is apparent in all World Health Organization (WHO) regions. One strik-
ing difference, however, is that in South Asia, where 38% of under-5s are stunted,
the average height-for-age z-score is —0.75 at birth. This dynamic reflects the high
prevalence of intrauterine growth restriction and preterm delivery in South Asia,
both of which contribute to LBW and small size at birth.

0.75 = Weight for age (WAZ)
0.5 —@— Weight for length (WHZ)
=& Height for age (HAZ)

MEAD DD R PP DD RGP
Age (months)

FIGURE 1.3 Mean anthropometric z-scores by age and WHO region from 54 stud-
ies. WHO Regions: Euro, Europe; EMRO, Eastern Mediterranean; AFRO, Africa; PAHO,
Americas; SEARO, South East Asia. (Reproduced from Victora CG, de Onis M, Hallal PC
et al., Pediatrics 2010, 125(3):e473—-80. With permission.)
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THE FIRST 300 DAYS

Starting around the time of conception, the first 300 days span a window that encap-
sulates the time of an average human female pregnancy (280 days), as well as the
first several weeks of life. A woman’s nutritional status as she enters pregnancy (the
periconceptional period) is an important focus of growing scientific interest. Certain
micronutrients have roles in regulating aspects of implantation, placentation, and
cell differentiation, processes that can have both short- and long-term effects on
pregnancy outcomes, fetal growth, and development [9]. During this window, a defi-
ciency or excess of certain micronutrients may also lead to birth defects including
teratogenicity. Perhaps the most prominent example of the effects of early micro-
nutrient deficiencies is that folic acid supplementation can reduce the risk of neural
tube defects, by an average of 41% [10]. While observational studies have suggested
that the status of certain micronutrients (notably tocopherols) can influence the risk
of miscarriage, and there is some suggestion of a protective effect of micronutrient
supplementation on stillbirth risk, evidence remains inconsistent [11,12].

There are many nutritional influences on fetal growth. During pregnancy, a wom-
an’s energy and protein needs are 13% and 54% higher compared with a nonpreg-
nant woman [13]. During the second and third trimesters, energy and protein intake
appear to have greater importance, supported by meta-analyses of five pooled trials
suggesting that balanced protein-energy supplementation trials in pregnancy reduces
the risk of LBW by 32%, with greater effects on undernourished women; SGA by
34%; and stillbirth by 38% [14,15]. Studies show that a woman’s weight gain during
pregnancy and body mass entering pregnancy are also important factors influencing
pregnancy outcomes [16].

According to a recent systematic review and meta-analysis, iron supplementation
in pregnancy significantly decreases maternal anemia, iron deficiency, and LBW, but
no significant effect was observed on risk of preterm birth, gestational length, SGA,
or birth length [17]. Evidence of the benefits of multiple micronutrient supplementa-
tion on birth and child health outcomes is inconsistent, with a recent review of 20
randomized trials finding no significant benefits on mortality, growth at follow-up,
head circumference, or cognitive function [18]. However, the largest of such trials to
date, involving nearly 45,000 pregnancies from northwest Bangladesh, found slightly
protective effects of antenatal and maternal postnatal micronutrient supplementation
on stunting at birth, 1 month, and 3 months postpartum, but no effects on cognitive,
language, or motor development [18,19]. Antenatal care guidelines from the World
Health Organization issued in 2016 did not recommend micronutrient supplemen-
tation over iron and folic acid alone for improving maternal and perinatal health
outcomes, but did identify the need for more research to identify potential benefits of
individual nutrients and combinations of micronutrients [20].

Globally, nearly 15 million children are estimated to be born preterm and it is the
leading cause of neonatal mortality, the second leading cause of death for children
under 5, and an important cause of disability and cognitive impairment [21-23].
Numerous risk factors for preterm birth have been identified, including low or high
maternal age, maternal undernutrition, micronutrient deficiencies, infections, diabe-
tes, and hypertension [16,23].
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Infants born small, or early, tend to stay small, although these effects appear to be
stronger for the relationship between SGA and stunting than preterm. Infants born
preterm have an approximately twofold greater risk of becoming stunted (OR 1.93,
95% CI: 1.71, 2.18); those born SGA have a 2.43 (95% CI: 2.22, 2.66) greater risk;
and those born SGA and preterm a have 4.51-fold greater risk (95% CI: 3.42, 5.93)
compared with appropriate-for-gestational-age term infants. It is clear that address-
ing nutritional deficiencies and other risk factors for SGA and preterm birth during
and entering pregnancy should be an essential part of stunting prevention [24].

THE NEXT 700 DAYS OF LIFE

The first day of life is a period of transition and a critical window of risk for the
newborn. During this time, successful establishment of breastfeeding is essential,
and challenging. Only 45% of the 140 million live-born newborns born each year
are breastfed in the first year of life, and little improvement has been observed in this
indicator over the past 15 years (Figure 1.4). In many countries, cultural practices
of early newborn ritual feeding with sugar water, tea, honey, or animal milk are
prevalent, and there is emerging evidence that these interfere with the provision of
colostrum and delay the timely initiation of breastfeeding [25,26]. In a three-country
study examining the timing of the initiation of breastfeeding and the risk of neonatal
mortality, the risk of death was 41% higher in neonates who initiated breastfeeding
at 2 to 23 hours, and 79% higher in infants initiating breastfeeding at 24 to 96 hours,
compared with those fed in the first hour of life [27]. The mechanisms through which

Early introduction of breastfeeding (<1 hour)
Exclusive breastfeeding

Timely introduction of semisoft/soft foods
Minimum meal frequency

Minimum dietary diversity

Minimum acceptable diet

Continued breastfeeding (1 year)

Continued breastfeeding (2 years)

0 10 20 30 40 50 60 70 80
% Children

FIGURE 1.4 Infant and young child feeding practices on a global level. Age groups for
denominators: Early introduction of breastfeeding, exclusive breastfeeding (0—5 months);
introduced to solid, semisolid, or soft foods (6—8 months); minimum meal frequency, mini-
mum diet diversity, and minimum acceptable diet (6—23 months); and continued breastfeed-
ing at 1 year (12—15 months) and 2 years (20-23 months). Figures reflect UNICEF 2016
global averages, largely from low- and middle-income countries, 2010-2016. (Data from
United Nations Children’s Fund [UNICEF], From the first hour of life: Making the case for
improved infant and young child feeding everywhere, New York: UNICEF, 2016.)
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the early initiation of breastfeeding influences the risk of mortality require more
exploration, but may include greater consumption of colostrum (the first milk, which
is rich in certain micronutrients and immune substances), warmth from contact with
the mother, and strengthened gastrointestinal barrier integrity [27].

WHO recommends that all infants are exclusively breastfed for the first
6 months of life, a practice defined as the exclusive consumption of breast milk,
and medicines or vitamins/minerals as needed. Only 43% of infants were exclu-
sively breastfed in 2015 [28] (Figure 1.4). The same three-country study described
earlier found that compared with exclusive breastfeeding, partial breastfeeding and
no breastfeeding at 1 month were associated with a 1.8 and 10.9 times greater risk
of mortality during the first 6 months of life [27]. Nearly two-thirds of children are
transitioned to semisolid or soft foods by 6 to 8 months, but far fewer children are
transitioned to diets in which they are fed with the frequency or diversity recom-
mended for healthy growth, or are breastfed well into the second year of life, as
recommended by WHO and UNICEF (United Nations Children’s Fund) (Figure 1.4).

RISK FACTORS FOR CHILD STUNTING

A recent review consolidated data from 137 developing countries to examine risk
factors for stunting among children 2 years of age [29]. The findings, illustrated in
Figure 1.5, underscore the importance of the first 300 days in the etiology of stunting,
and the need to develop and expand interventions that address the causes of preterm
birth and intrauterine growth restriction in particular. Much research is currently

Fetal growth restriction
and preterm birth
Environmental

factors

Maternal nutrition

and infection

Child nutrition

and infection

Teenage motherhood
and short birth intervals

T
0 5 10 15

Millions of attributable stunting cases
_ Central Asia _ East Asia/Pacific
_ Latin American/Caribbean North Africa/Middle East
_ South Asia _ Sub-Saharan Africa

FIGURE 1.5 Number of stunting cases among children 2 years of age in 2011, attributable
to risk factor clusters. (Reproduced from Danaei G, Andrews KG, Sudfeld CR et al., PLoS
Med 2016; 13(11):e1002164. With permission.)
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ongoing to understand the extent to which factors, such as hygiene and sanitation and
aflatoxins, influence stunting risk. Additionally, adolescent pregnancy, common in
many countries in which stunting is most prevalent, is getting considerable attention
as a risk factor for stunting [30].

PUBLIC HEALTH AND ECONOMIC IMPORTANCE
OF NUTRITION AND THE FIRST 1,000 DAYS

From an epidemiological perspective, the 1,000 days is a critical window in terms
of mortality risk and other health outcomes. Over 6 million children under the age
of 5 die each year, primarily in low- and middle-income countries [27]. The epide-
miological burden of under-5 mortality is increasingly shifting to neonatal mortality:
42% of under-5 deaths occurred during the neonatal period in 2013, compared with
37% in 1990, suggesting that more attention needs to be paid to the factors that pre-
dispose children to early mortality [31].

The links between chronic undernutrition and child development have received
greater attention over the past decade, building on early work that examined the effects
of severe malnutrition in childhood on intelligence and school performance [29]. The
first Lancet series on child development in developing countries identified several
studies suggesting that term infants born with intrauterine growth restriction were
associated with adverse developmental outcomes in the first several years of life, but
identified a lack of studies that had outcomes followed up in later childhood [32]. More
recently, meta-analyses have quantified the economic consequences of stunting and
have estimated that early life growth faltering in low-income countries cost nearly
70 million years of educational attainment per birth cohort, resulting in total economic
costs of over $616 billion at purchasing power parity-adjusted exchange rates [33].

CONCLUSION

The first 1,000 days represent a life window when growth rates and neuroplasticity
are at their peak and where nutritional deficiencies can exert their most devastating
impacts. Ensuring that the nutritional needs of women, infants, and young children
are met during this period can help avert child mortality and lifelong disease burden,
maximize growth, and enable children to reach their cognitive and developmental
potential, particularly when combined with psychosocial stimulation. While these
impacts represent a strong epidemiological rationale for focusing interventions on
this window, it is important to remember that neither growth nor brain development
stops at 1,000 days, and that ensuring good nutrition through the lifecycle is likely to
have the greatest absolute benefit in terms of health and other outcomes.
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INTRODUCTION

Adequate nutrition during the early years of life is of paramount importance for growth,
development, and long-term health through adulthood. It is during infancy and early
childhood that irreversible faltering in linear growth and cognitive deficits occur [1,2].
Poor nutrition during this critical period contributes to significant morbidity and mortal-
ity [3]. Similarly, the increasing prevalence of childhood obesity worldwide is associ-
ated with an increased risk of unfavorable health outcomes later in life and decreased
longevity [4]. Apart from contributing positively to child survival, the quality of infant
and young child feeding is fundamental to achieving optimal growth and development.

Pediatricians and other health professionals rely largely on the assessment of chil-
dren’s growth status to determine whether infant and young child nutrition is ade-
quate. Growth charts are thus essential items in the pediatric toolkit for evaluating
the degree to which physiological needs for growth and development are being met.
However, the evaluation of child growth trajectories and the interventions designed
to improve child health are highly dependent on the growth charts used.

In 2006, the World Health Organization (WHO) released new standards for assess-
ing the growth and development of children from birth to 5 years of age [5,6]. The
standards were the product of a detailed process initiated in the early 1990s, which

17
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involved various reviews of the uses of anthropometric references and alternative
approaches to developing new tools to assess growth [7]. The WHO standards were
developed to replace the National Center for Health Statistics (NCHS)/WHO inter-
national growth reference [8], the limitations of which have been described in detail
elsewhere [9]. The purpose of this chapter is to describe the WHO Child Growth
Standards, provide their background and rationale, detail how the charts were devel-
oped, and outline the main innovative aspects they offer. It also provides information
on complementary charts for assessing the growth of fetuses, newborns by gesta-
tional age, preterm infants, and children over 5 years of age.

RATIONALE FOR DEVELOPING THE WORLD HEALTH
ORGANIZATION CHILD GROWTH STANDARDS

The WHO standards date back to the early 1990s, when the WHO initiated a com-
prehensive review of the uses and interpretation of anthropometric references, and
conducted an in-depth analysis of growth data from breastfed infants. This analysis
showed that the growth pattern of healthy breastfed infants deviated to a signifi-
cant extent from the NCHS/WHO international reference [10]. The review group
concluded from these and other related findings that the NCHS/WHO reference
did not adequately describe the physiological growth of children, and that its use to
monitor the health and nutrition of individual children or to derive estimates of child
malnutrition in populations was flawed. In particular, the reference was inadequate
for assessing the growth pattern of healthy breastfed infants, because it was based
on predominantly formula-fed infants, as are most national growth charts in use
today. The group recommended the development of new standards, adopting a novel
approach that would describe how children should grow when free of disease and
when their care follows healthy practices such as breastfeeding and nonsmoking [7].
This approach would permit the development of a standard, as opposed to a refer-
ence merely describing how children grew in a particular place and time. Although
a standard and a reference both serve as a basis for comparison, each enables a dif-
ferent interpretation. Since a standard defines how children should grow, deviations
from the pattern it describes are evidence of abnormal growth. A reference, on the
other hand, does not provide as sound a basis for such value judgments, although in
practice references often are mistakenly used as standards.

Following a resolution from the World Health Assembly endorsing these recom-
mendations (Resolution WHA47.5 on Infant and Young Child Nutrition, May 1994),
the WHO Multicentre Growth Reference Study (MGRS) [11] was launched in 1997
to collect primary growth data that would allow the construction of new growth
charts consistent with “best” health practices.

DESIGN OF THE WHO MULTICENTRE GROWTH REFERENCE STUDY

The goal of the MGRS was to describe the growth of healthy children. Implemented
between 1997 and 2003, the MGRS was a population-based study conducted in six
countries from diverse geographical regions: Brazil, Ghana, India, Norway, Oman,
and the United States [11]. The study combined a longitudinal follow-up from birth
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to 24 months, with a cross-sectional component of children aged 18 to 71 months. In
the longitudinal component, mothers and newborns were enrolled at birth and vis-
ited at home a total of 21 times (at weeks 1, 2, 4, and 6; monthly from 2 to 12 months;
and bimonthly in the second year).

The study populations lived in socioeconomic conditions favorable to growth. The
individual inclusion criteria were: no known health or environmental constraints to
growth, mothers willing to follow MGRS feeding recommendations (i.e., exclusive or
predominant breastfeeding for at least 4 months, the introduction of complementary
foods by 6 months of age, and continued breastfeeding to at least 12 months of age);
no maternal smoking before and after delivery; single term birth; and the absence of
significant morbidity. Term low birth weight infants were not excluded. The eligibility
criteria for the cross-sectional component were the same as those for the longitudinal
component, with the exception of infant feeding practices. A minimum of 3 months of
any type of breastfeeding was required for participants in the study’s cross-sectional
component. Rigorously standardized methods of data collection and procedures for
data management across sites yielded exceptionally high-quality data. A full descrip-
tion of the MGRS and its implementation in the six study sites is found elsewhere [11].

The length of the children was strikingly similar among the six sites (Figure
2.1), with only about 3% of variability in length being due to intersite differences, as
compared to 70% for individuals within sites [12]. The striking similarity in growth
during early childhood across human populations means either a recent common ori-
gin as some suggest [13] or a strong selective advantage associated with the current
pattern of growth and development across human environments.
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FIGURE 2.1 The mean length (centimeters) from birth through 2 years for each of the
six study sites. (Reproduced from WHO Multicentre Growth Reference Study Group, Acta
Paediatr 2006, (Suppl 450):56—65. With permission.)
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CONSTRUCTION OF THE WHO CHILD GROWTH STANDARDS

Of 1,743 mother—child dyads enrolled in the MGRS longitudinal sample, 882 complied
fully with the study’s infant-feeding and nonsmoking criteria, and completed the follow-
up period of 24 months. The remaining mother—child dyads did not comply with the
study criteria (n = 654), dropped out of the follow-up (n = 201), or experienced mor-
bidity which affected their growth (n = 6). The compliant sample (n = 882) was used
to construct the WHO standards from birth to 2 years of age, combined with 6,669
children from the cross-sectional sample from age 2 to 5 years [14]. Data from all sites
were pooled to construct the standards [12]. The generation of the standards followed
state-of-the-art statistical methodologies that are described in detail elsewhere [6].
Weight-for-age, length/height-for-age, weight-for-length/height, and body mass
index-for-age percentile and z-score values were generated for boys and girls aged
0 to 60 months and released in April 2006. The concordance between the smoothed
curves and observed or empirical percentiles was excellent and free of bias at both
the median and the edges, indicating that the resulting curves are a fair description of
physiological growth of healthy children [6]. Detailed results of the MGRS study and
the construction of the growth standards are available elsewhere [5,6]. The full set
of tables and charts is presented on the WHO growth standards website (www.who
.int/childgrowth/en), together with tools such as software and training materials that
facilitate their application [15,16]. Figure 2.2 presents as an example the indicator of
length/height-for-age, for boys aged O to 2 years (charts are available for different
age groups). The length/height-based charts for the O to 5 years age group presents a
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FIGURE 2.2 The length/height-for-age for boys aged 0 to 2 years (percentiles).
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disjunction of 0.7 cm at 24 months, which corresponds to the change from measuring
recumbent length to standing height.

Standards for other anthropometric variables (i.e., head circumference, mid-
upper arm circumference, and triceps and subscapular skinfolds) were released in
2007 [17], and growth velocity standards for weight, length, and head circumfer-
ence in 2009 [18,19]. The latter show striking differences compared to the U.S.-
based reference values for weight and length gains most commonly used prior to
the release of the WHO standards. The main differences relate to the spread of the
distribution across the range of percentiles. Figure 2.3 presents, as an example, the
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FIGURE 2.3 Three-month increments in length from birth to 24 months for WHO
Standards and U.S.-based reference values for (a) boys and (b) girls. (Reproduced from de
Onis M, Siyam A, Borghi E. et al., Pediatrics 2011, 128:e18-26. With permission.)



22 The Biology of the First 1,000 Days

WHO three-month length increments for boys and girls from birth to 24 months
compared to the U.S.-based reference values [19]. The use of growth velocity has
considerable potential for the early identification of abnormal growth and treatment
responses. However, apart from the inherent complexities of interpreting growth
velocity, the dearth of reliable reference values has been a major impediment to
gaining a better understanding of how to use growth velocities in a way that is help-
ful to clinicians. The WHO growth velocity standards fill this gap by providing a
biologically robust tool, which reflects age-specific changes in the rate of growth
for a varied selection of measurement intervals to suit pediatric follow-up routines
in different settings.

The WHO standards do not include sexes-combined charts, and present separate
charts for boys and girls for all anthropometric indicators. There are significant sex
differences in the attained growth of boys and girls that justify the need to use sepa-
rate charts. Figure 2.4 illustrates these differences for the indicator weight-for-age;
the same applies to other growth indicators.

Last, windows of achievement for the six gross motor milestones collected in the
MGRS (i.e., sitting without support, hands-and-knees crawling, standing with assis-
tance, walking with assistance, standing alone, and walking alone) are also available
in a published paper [20] and on the website (Figure 2.5).
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FIGURE 2.4 Attained weight-for-age for boys and girls.
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FIGURE 2.5 Windows of motor development milestone achievement in months.
(Reproduced from WHO Multicentre Growth Reference Study Group, Acta Paediatr 2006,
(Suppl 450):86-95. With permission.)

INNOVATIVE ASPECTS OF THE WHO CHILD GROWTH STANDARDS

The WHO standards were derived from children who were raised in environ-
ments that minimized constraints to growth, such as poor diets and infection. In
addition, their mothers followed healthy practices, such as breastfeeding their
children and not smoking during and after pregnancy. The standards depict nor-
mal human growth under optimal environmental conditions, and can be used to
assess children everywhere, regardless of ethnicity, socioeconomic status, and
type of feeding.

Another key characteristic of the new standards is that they explicitly identify
breastfeeding as the biological norm, and establish the breastfed child as the norma-
tive model for growth and development. As an advocacy tool for the protection and
promotion of breastfeeding, the new standards have the potential to significantly
strengthen health policies and public support for breastfeeding.
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Third, the pooled sample from the six participating countries allowed the devel-
opment of a set of truly international growth standards, which underscore the
fact that child populations grow similarly across the major regions of the world
when their health and care needs are met. It also provides a tool that is timely and
appropriate for the ethnic diversity seen within countries, and the evolution toward
increasingly multiracial societies in the Americas and Europe, as elsewhere in the
world.

Fourth, the wealth of data collected allowed not only the replacement of the
current NCHS international references on attained growth (weight-for-age, length/
height-for-age, and weight-for-length/height), but also the development of new stan-
dards for triceps and subscapular skinfolds, head and arm circumferences, and body
mass index. These innovative references are particularly useful for monitoring the
increasing epidemic of childhood obesity.

Fifth, the study’s longitudinal nature also allowed the development of growth
velocity standards. Pediatricians will not have to wait until children cross an attained
growth threshold to make the diagnosis of undernutrition or overweight, since veloc-
ity standards will enable the early identification of children in the process of becom-
ing undernourished or overweight.

Last, the development of accompanying motor development reference data has
provided a unique link between physical growth and motor development. Although,
in the past, the WHO issued guidelines concerning attained physical growth, it has
not previously made recommendations for assessing motor development.

IMPLICATIONS OF ADOPTING THE WHO CHILD GROWTH
STANDARDS FOR PUBLIC HEALTH AND CLINICAL PRACTICE

The scrutiny that the WHO standards have undergone is without precedent in the
history of developing and applying growth assessment tools. Governments set
up committees to scrutinize the new standards before deciding to adopt them,
and professional groups conducted thorough examinations of the standards. The
detailed evaluation allowed the assessment of the impact of the new standards
and document their robustness and benefits for child health programs. Since their
release in 2006, the WHO growth standards have been widely implemented glob-
ally [21] in over 130 countries by September 2014 (Figure 2.6). Reasons for adop-
tion include: (1) the provision of a more reliable tool for assessing growth, which
is consistent with the Global Strategy for Infant and Young Child Feeding; (2) the
protection and promotion of breastfeeding; (3) the enablement of the monitoring
of malnutrition’s double burden, stunting and overweight; (4) the promotion of
healthy growth and protection of the right of children to reach their full genetic
potential; and (5) the harmonization of national growth assessment systems. In
adopting the WHO growth standards, countries have harmonized best practices in
child growth assessment, and established the breastfed infant as the norm against
which compliance with children’s right to achieve their full genetic growth poten-
tial is assessed.
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FIGURE 2.6 The implementation of the WHO Child Growth Standards in more than 300
countries (by September 2014).

Detailed examination of the WHO growth standards by technical and scientific
groups has provided a unique opportunity to validate their robustness and to improve
understanding of their broad benefits:

e The WHO standards identify more children as being severely wasted [22].
Besides being more accurate in terms of the prediction of mortality risk
[23-25], the use of the WHO standards results in shorter duration of treat-
ment, higher rates of recovery, fewer deaths, and reduced loss to follow-up
or need for inpatient care [26].

e The WHO standards confirm the dissimilar growth patterns between
breastfed and formula-fed infants, and provide an improved tool for cor-
rectly assessing the adequacy of growth in breastfed infants [27-29]. They
thereby considerably reduce the risk of unnecessary supplementation or
breastfeeding cessation, which are major sources of morbidity and mortal-
ity in poor hygiene settings.

e In addition to confirming the importance of the first 2 years of life as a
window of opportunity for promoting growth, the WHO standards demon-
strate that intrauterine retardation in linear growth is more prevalent than
previously thought [1], making a strong case for the need for interventions
to start early in pregnancy and ideally before.

e Another important feature of the WHO standards is that they demon-
strate that undernutrition during the first 6 months of life is a consider-
ably more serious problem than previously detected [29,30], thereby
reconciling the rates of growth faltering observed in young infants, and
the prevalence of low birth weight and early abandonment of exclusive
breastfeeding.
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e The WHO standards also improve early detection of excess weight gain
among infants and young children [31,32], showing that obesity often begins
in early childhood, which is also when measures to tackle this global time
bomb should be put in place.

e Last but not least, the WHO standards are an important means of ensur-
ing the right of all children to be healthy, and to achieve their full physical
and mental growth potential. They provide sound scientific evidence that,
on average, young children everywhere experience similar growth patterns
when their health and nutrition needs are met. For this reason, the WHO
standards can be used to assess compliance with the UN Convention on the
Rights of the Child, which recognizes the duties and obligations to children
that cannot be met without attention to normal human development.

COMPLEMENTARY CHARTS FOR FETUSES, NEWBORNS
BY GESTATIONAL AGE, PRETERM INFANTS,
AND CHILDREN OLDER THAN 5 YEARS OF AGE

The WHO growth standards apply from birth to 5 years of age, and thus cannot be
used to assess the growth of fetuses, newborns by gestational age, preterm infants,
and children over 5 years of age. The recently completed International Fetal and
Newborn Growth Consortium for the 21st Century (INTERGROWTH-21st) Project
was designed to complement the WHO Child Growth Standards by providing com-
parable international standards for fetal growth from 9 weeks of gestation to birth
and newborn size (weight, length, and head circumference) according to gestational
age and sex [33].

Using a similar methodology and prescriptive approach to the MGRS [11], the
eligibility criteria applied by INTERGROWTH-21st to select study populations and
individual participants mirrored those used to construct the WHO Child Growth
Standards (i.e., healthy populations seemingly free of disease, following current
health recommendations, and living in environments highly unlikely to constrain
growth) [34]. Implemented in eight countries several years after completion of the
MGRS, the INTERGROWTH-21st project replicated the remarkable similarity in
the linear growth of fetuses and newborns across study sites as that observed in the
MGRS for children aged 0 to 60 months [12,35]. The results of the studies were also
in strong agreement: The mean birth length for term newborns in INTERGROWTH-
21st was 494 + 1.9 cm, compared to 49.5 + 1.9 cm in the MGRS [35]. Both stud-
ies consequently demonstrate that human growth potential is universal for healthy
populations from conception to at least 5 years of age, when health, environmental,
and care needs are met.

This view raises the inevitable question: How is the similarity in growth possible
given the enrolled populations’ distinct genetic backgrounds? It is true that tall parents
tend to have tall children, and that short parents tend to have short children, but such
expectations reflect interindividual rather than interpopulation variability. Moreover,
recent studies of the genetics of height have identified about 200 genes associated
with the genetic control of stature, explaining only approximately 10% of observed
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variability [36], which is much less than the 40% to 80% expected from earlier stud-
ies completed before the availability of genomic approaches. The small proportion
of variability explained by that large number of genes likely reflects the influences
on linear growth by nutrition and other care and environmental variables, in ways
that remain not fully understood. These considerations lead to the expectation that
most variation in growth exists among individuals rather than among populations,
an expectation borne out by both the WHO MGRS and the INTERGROWTH-21st
Project.

International standards for fetal growth, newborn-size, and preterm infants from
the INTERGROWTH-21st Project are available for routine clinical practice and
public health uses [37,38].

Contrary to the broad international consensus about the utility of the WHO Child
Growth Standards for assessing the growth of preschool children, far less is known
about the growth and nutritional status of school-aged children and adolescents.
Reasons for this lack of knowledge include the rapid changes in somatic growth,
problems in dealing with variations in maturation, and difficulties in separating nor-
mal variations from those associated with health risks. Consequently, there is far
less agreement with regard to which reference to use to assess the growth of school-
age children and adolescents. The release of the WHO Child Growth Standards for
preschool children, and increasing public health concern over childhood obesity,
stirred interest in developing appropriate growth curves for school-aged children and
adolescents [39]. Some authors emphasize the use of contemporary, convenient (i.e.,
recent and logistically feasible) samples [40], while others feel it would be better to
follow an approach analogous to the one used by the WHO in developing standards
for preschool children, based on a prescriptive design [41].

A significant inherent problem when updating growth curves using contempo-
rary samples is that the resulting weight-based curves, such as the body mass index
(BMI), are markedly skewed to the right, thereby redefining overweight and obesity
as “normal” [40,42]. This progressive redefinition of overweight and obesity cutoffs
due to the secular increase in the prevalence of these conditions results in a substan-
tial underestimation of the prevalence of childhood obesity [43].

In a recent Indian study [40], the 85th and 95th percentiles for BMI at 18 years
are above 25 and 30, respectively. As the authors themselves acknowledge, using
the 85th and 95th percentiles as cutoffs for defining overweight and obesity entails
accepting higher BMI (overweight children) as “normal” at all ages. To overcome
this flaw, the authors propose the use of the 75th percentile on the BMI curves as a
cutoff for screening for overweight boys and girls. A key question is whether recom-
mending a lower percentile, such as the 75th percentile, as the cutoff for defining
overweight is the appropriate way forward. The central purpose of growth charts is
to provide sensible cutoffs to screen for growth problems. Lowering the proposed
cutoffs for defining childhood overweight as updated growth curves become increas-
ingly skewed upward cannot be the solution. A better approach would be to construct
growth curves using samples that have achieved expected linear growth, while still
not being affected by excessive weight gain relative to linear growth.

The case made for using a national reference has traditionally been that it is more
representative of a country’s children than any other reference could be. However,
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given the child obesity epidemic, this no longer holds for either weight or BMI. As
soon as a new reference is produced, it is out of date.

In order to complement the growth standards for children under 5 years of age,
WHO developed a growth reference for school-aged children and adolescents, namely,
the WHO Reference 2007 for School-Aged Children and Adolescents [44]. These
curves are closely aligned with the WHO Child Growth Standards at 5 years and pro-
vide a suitable reference for the 5 to 19 years age group, for use in conjunction with the
WHO Child Growth Standards from O to 5 years. The full set of tables and charts for
height, weight, and BMI is available at www.who.int/growthref/en, and includes appli-
cation tools such as software for clinicians and public health specialists [45].

CONCLUSION

The WHO Child Growth Standards were derived from children who were raised in
environments that minimized constraints to growth, such as poor diets and infection.
In addition, their mothers followed healthy practices, such as breastfeeding their
children and not smoking during and after pregnancy. The standards depict normal
human growth under optimal environmental conditions and can be used to assess
children everywhere, regardless of their ethnicity, socioeconomic status, or type of
feeding. They also demonstrate that healthy children from around the world, who
are raised in healthy environments and follow recommended feeding practices, have
strikingly similar patterns of growth. The International Pediatric Association has
officially endorsed the use of the WHO standards, describing them as “an effective
tool for detecting both undernutrition and overweight and obesity” [46].

Early recognition of growth problems, such as growth faltering and excessive
weight gain relative to linear growth, should become standard clinical practice via

¢ Routine collection of accurate weight and height measurements to enable
monitoring of childhood growth

¢ Interpretation of anthropometric indices, such as height-for-age and BMI-
for-age, based on the WHO Child Growth Standards

e Early intervention, after changes on growth patterns (e.g., upward or down-
ward crossing of percentiles) have been observed, to provide parents and
caregivers appropriate guidance and support
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INTRODUCTION

The importance of nutrition before and during pregnancy for women’s health and
fetal growth and development is well established, and the subject of other chapters in
this book (see Chapters 4, 24, and 27).

The dietary requirements of pregnant women are higher to meet the needs of
maternal tissue and plasma volume expansion, fetal growth, and preparation for
lactation. To partially meet these needs, a number of normal cardiovascular, renal,
endocrine, and metabolic changes during pregnancy improve the absorption and
utilization of nutrients [1]. Even among healthy women with adequate nutritional
status and reserves, these changes are insufficient to fully compensate for increased
nutrient needs during pregnancy, and dietary requirements are therefore higher than
those for nonpregnant women. Where women may not be able to meet their nutrient
requirements from their daily dietary intake, a number of intervention programs
exist, supported by recommendations from the World Health Organization (WHO)
and national governments. The impact of such interventions is similarly covered in
other chapters within this book.

In this chapter, we review nutrient requirements and recommended intakes during
pregnancy, providing a brief biological justification for each. The first three sections
focus on macronutrients, minerals, and vitamins, respectively. For each of these, we
rely heavily on both published references (see Box 3.1) and, specifically, on Dietary
Reference Intakes (DRIs; see Box 3.2). For each, we review the rationale, and pro-
vide an overview of current recommendations, including comments related to the
strength of the evidence for these and any inconsistencies among diverse recom-
mendation values. In each section, we make only brief reference to specific situations
during pregnancy that influence requirements and recommendations, specifically
adolescent pregnancy, obesity, gestational diabetes, multiple pregnancies, short
interpregnancy interval, and vegetarian diets, as most of these are the topics of other
chapters in this book. The fourth section briefly presents a number of food items or
components to be avoided during pregnancy, specifically heavy metals, caffeine, and
alcohol and other intoxicants. The final section provides some summary comments,
as well as potential areas for further research.

BOX 3.1 SOURCES

Primary sources for information on requirements and recommendations for
nutrition and dietary intake during pregnancy:

 Institute of Medicine (IOM)—http://iom.nationalacademies.org

e World Health Organization (WHO)—http://www.who.int/nutrition

* Food and Agriculture Organization (FAO)—http://www.fao.org
/nutrition/en

e International Federation of Gynecology and Obstetrics (FIGO)—
http://www.figo.org


http://iom.nationalacademies.org
http://www.who.int
http://www.fao.org
http://www.fao.org
http://www.figo.org
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BOX 3.2 DIETARY REFERENCE INTAKES

The Dietary Reference Intakes (DRIs) are a set of reference values for inter-
preting the adequacy of dietary nutrient intakes [2].

e The Estimated Average Requirement (EAR) is the daily intake level
that is estimated to meet the requirements of half of all healthy indi-
viduals in a population.

e The Recommended Dietary Allowance (RDA) is the daily intake
level that is sufficient to meet the nutrient requirements of nearly all
(97%—-98%) healthy individuals.

e The Adequate Intake (Al) is used when there is insufficient evidence
to establish an EAR from which a RDA can be based, and is the
recommended average daily intake level based on observed or experi-
mentally determined estimates of nutrient intake among apparently
healthy individuals, and is expected to meet or exceed the needs of
most individuals in a population.

e The Upper Limit (UL) is the highest average daily intake of a nutrient
that is likely to pose no risk of adverse health effects for nearly all
persons in the general population.

REQUIREMENTS AND RECOMMENDATIONS
FOR MACRONUTRIENTS DURING PREGNANCY

ENERGY

During pregnancy, basal metabolic rate and energy expenditure increase, and addi-
tional energy is required for storage in expanding maternal and fetal tissue as well as
the placenta. Multiple studies have estimated the energy costs of pregnancy by mea-
suring the increase in maternal basal metabolic rate and total energy expenditure.
Assuming an average desirable gestational weight gain of 12 kg, it is estimated that
between 76,048 and 76,652 additional kilocalories are required over the duration of
a pregnancy, and that requirements progressively increase by trimester [1,3,4] (see
Table 3.1).

Additional energy requirements are dependent on the expected weight gain of
the mother, for which there are a number of determinants. Prepregnancy nutritional
status (i.e., body mass index before pregnancy) is an important determinant of ideal
weight gain. In 2009, the Institute of Medicine (IOM) updated weight gain recom-
mendations for women based on prepregnancy body mass index (BMI; kg/m?).
Underweight women (BMI <18.5) are recommended to gain between 12.7 and 18.1 kg;
normal weight women (BMI 18.5 to 24.9) between 11.3 and 15.9 kg; overweight
women (BMI 24.9 to 29.9) between 6.8 and 11.3 kg; and obese women (BMI >30.0)
between 5.0 and 9.1 kg. It is recommended that women of short stature (<157 cm)
gain weight at the lower range for their prepregnancy BMI [1,3].
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TABLE 3.1
Additional Energy Requirements (kcal/day) during Pregnancy by Trimester
(Assuming a Gestational Weight Gain of 12 kg)

Reference
FAO, 2001 Butte and King, 2005 IOM and NRC, 2009
Ist trimester +69 +69 +0
2nd trimester +266 +265 +340
3rd trimester +496 +497 +452
Total pregnancy +76,530 +76,652 +76,048

Sources: Food and Agriculture Organization (FAO), Human energy requirements: Report of a joint FAO/
WHO/UNU Expert Consultation, Food and Nutrition Technical Report Series, Rome: Food and
Agriculture Organization, 2001; Butte NF, King JC, Public Health Nutr 2005, 8(7A):1010-27;
Institute of Medicine (IOM), National Research Council (NRC), Weight gain during pregnancy:
Reexamining the guidelines, Rasmussen KM, Yaktine AL, eds., Washington, DC: National
Academies Press, 2009.

For adolescents who are pregnant, energy requirements are further elevated by
continued growth and development. Although specific energy and/or weight gain
requirements have not been developed for pregnant adolescents, two studies suggest
that weight gains in the upper range of those listed for each BMI group would be
most appropriate for pregnant adolescents [5]. Based on limited evidence for multiple
pregnancies (i.e., 22 fetuses), the IOM [1] suggests the following gestational weight
gain recommendations for women with twins: between 16.8 and 24.5 kg for normal
weight woman, between 14.1 and 22.7 kg for overweight women, and between 11.3
and 19.1 kg for obese women. Recommendations for underweight women with mul-
tiple pregnancies are still lacking.

FAaT AND FATTY ACIDS

Fat is an important source of energy at all stages of life. Recommendations for fat
intake are set as a proportion of total energy from fat and, at this time, there is no
evidence to suggest that these should differ for pregnant women, compared to the
general population. The IOM sets a recommended range of total energy from fat
of 20% and 35% of daily total energy intake [2]. The International Federation of
Gynecology and Obstetrics (FIGO) recommends slightly lower percentages, that is,
between 15% and 30% [6].

Fatty acids can be categorized into two types: (1) nonessential fatty acids, which
can be synthesized by the body, including saturated fatty acids and monounsaturated
fatty acids; and (2) essential fatty acids, which cannot be synthesized by the body,
and need to be provided by the diet, including polyunsaturated fatty acids, such as
linoleic acid and a-linolenic acid. For saturated fatty acids and trans-fatty acids, rec-
ommendations for pregnant women are the same as for other adults; these nonessen-
tial fatty acids have been positively correlated with increased total and low-density
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lipoprotein (LDL) cholesterol levels and an increased risk of coronary heart diseases
[2,7], so their intake should be limited. There are no recommended daily intakes for
other nonessential fatty acids, as they can be synthesized by the body.

Over the past decade, interest has been rising in omega-3 fatty acids, specifically
docosahexaenoic acid (DHA), a fatty acid that is partly made by the body from
a-linolenic acid. As this fatty acid can be synthesized in the body, it is not consid-
ered to be an essential fatty acid; however, conversion of a-linolenic acid to DHA
is limited. Increased prenatal DHA intake has been associated with several posi-
tive cognitive and motor development outcomes in children [8], and supplementation
with 150 to 1,200 mg DHA per day may prolong gestation, increase birth weight,
and reduce the risk of preterm delivery [9]. Recommendations therefore suggest that
the intake of polyunsaturated fatty acids should be maintained or increased during
pregnancy. More precisely, based on estimated mean intakes of healthy pregnant
women, the IOM recommends 13 g linoleic acid per day and 1.4 g a-linolenic acid
per day. Moreover, the Perinatal Lipid Metabolism Research Project of the European
Commission recommends at least 200 mg DHA per day for pregnant women [10].
The Health Minister of Canada does not recommend any DHA supplementation;
however, it recommends that pregnant women consume at least 150 g of cooked fish
per week [11].

We found no studies or documents that provided varying recommendations for
fat or fatty acid intakes based on maternal nutritional status prepregnancy, or for
adolescents. The diet of vegetarian and vegan women is generally low in saturated
fats but is also very low to null in DHA. FIGO recommends that pregnant women
increase their intake of a-linoleic acid (ALA) to compensate for the low intakes of
DHA [6].

PROTEIN

Due to adaptations in protein metabolism during pregnancy [12], the synthesis
of protein in pregnant women is increased and protein is stored in the fetus, pla-
centa, and maternal tissues. Similar to fat, recommendations for protein intake are
expressed as a percent of total energy for protein; the IOM recommends 10% to 35%
of total energy from protein.

Many studies have examined protein requirements during pregnancy, based on
estimations of the total amount of protein deposited and nitrogen balance stud-
ies. The IOM recommends no additional intake of protein for the first half of the
pregnancy, as the metabolic adaptations are thought to compensate for increased
needs. During the second half of the pregnancy, the IOM set the estimated average
requirement (EAR) at 0.88 g/kg/day and the RDA at 1.1 g/kg/day. In 2007, a WHO/
Food and Agriculture Organization (FAO)/United Nations University (UNU) Expert
Consultation concluded, based on the estimated efficiency of protein utilization and
an addition gestational weight gain of 13.8 kg, that during the first, second, and third
trimesters of pregnancy, an additional 1 g,9 g, and 31 g protein per day are required,
respectively [13]. Despite this higher need, caution should be taken in increasing
intakes beyond recommendations. High protein supplements may have deleterious
effects, such as increased risk of small for gestational age, and both the Cochrane
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Review and the WHO Expert Consultation recommend against their use, and against
increasing protein intakes greatly above the requirements [13,14].

Based on one large effectiveness study and one nitrogen balance study, it is esti-
mated that pregnant adolescent girls require slightly higher amounts of protein:
1.5 g/kg/day [13]. The WHO Expert Consultation suggests that the recommended
intakes for women pregnant with twins should be 50 g additional per day during the
second and third trimesters. However, no currently published trial has investigated
this question, and recommendations for multiple fetus pregnancies have not been
developed [13]. In 2006, the IOM concluded that vegetarian and vegan women are
more likely to consume insufficient amounts of certain essential amino acids, and
are therefore at risk of suboptimal protein utilization and synthesis. Although cur-
rently limited evidence exists, vegetarian and vegan pregnant women should care-
fully ensure sufficient intakes in all essential amino acids, again avoiding the use of
high protein supplements [2].

CARBOHYDRATES

Carbohydrates are the primary source of energy for the cells of the pregnant women
and the fetus. Glucose is the main source of energy for the brain, and the carbohy-
drate requirements of pregnant women are based on the estimated additional glu-
cose needed for fetal brain development. Carbohydrates can be classified by their
glycemic index (GI). Diets rich in low GI carbohydrates have been proposed to help
prevent obesity-associated diseases, such as type 2 diabetes and coronary heart dis-
ease [15]. Studies with pregnant women have shown that a low GI diet can, among
other things, prevent excessive gestational weight gain, improve glucose tolerance
and, in the extent to which low GI foods are more likely to be rich in micronutrients,
increase their intakes [16].

As for the general population, the IOM recommends that, for pregnant women,
carbohydrates should provide 45% to 65% of the total energy. The IOM set the EAR
for pregnant women at 135 g/day and the RDA at 185 g/d, based on the amount of
carbohydrate on the EAR for the women, plus the amount of glucose needed for the
fetal brain. Due to limited evidence, there are currently no specific recommendations
for carbohydrate intake for obese women. However, low GI diets have been shown
to prevent excessive weight gain, as well as increase weight loss after delivery [17].
In women with gestational diabetes, a low GI diet has been associated with lower
insulin use and lower postprandial glucose levels [18].

REQUIREMENTS AND RECOMMENDATIONS
FOR MINERAL INTAKES DURING PREGNANCY

IrON

Anemia remains one of the most common problems to affect women worldwide, and
iron deficiency is among one of its many important causes. Anemia during pregnancy
is associated with an increased risk of preterm birth, low birth weight, and reduced
neonatal health, as well as reduced iron stores in the fetus [19]. The requirements in
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iron rise progressively during pregnancy, especially during the second and third tri-
mesters when fetal growth is most rapid. Although iron absorption increases during
pregnancy [20], iron intake is often insufficient, even in middle- and high-income
populations [21]. The total amount of iron required for a normal pregnancy (for a
women of 55 kg) is approximately 1,190 mg [20]. During the first trimester, the daily
iron requirements increase by ~0.8 mg, during the second trimester they increase by
between 4 and 5 mg, and during the third trimester by more than 6 mg [20]. Based
on the estimated iron requirements of pregnancy, the IOM set the RDA for pregnant
woman at 27 mg iron per day. The UL for iron is set at 45 mg iron per day.

As these levels of iron intake are not often reached by pregnant women, iron
supplementation during pregnancy is implemented in countries where the prevalence
of iron deficiency and anemia is high. Iron supplementation has been proven to be
effective in preventing maternal iron deficiency and in reducing the risk of low birth
weight, and the current WHO recommendations suggest 30 to 60 mg/day [22,23],
together with folic acid (see “Folate” section, later). A short interpregnancy interval
(i.e., <12 months) is associated with a higher risk of preterm birth, low birth weight,
stillbirth, and neonatal death. A short interpregnancy interval is also associated with
a higher risk of maternal iron deficiency and anemia; women could therefore benefit
from higher iron intakes, although no specific recommendations have been devel-
oped [24].

The iron requirements of adolescent girls are high due to growth and menstrua-
tion and, during pregnancy, these are even further increased, putting pregnant ado-
lescent girls at a higher risk of iron deficiency and low body iron stores. Studies have
shown that the supplementation of pregnant adolescent girls with iron at current
recommendations (60 mg iron daily) is efficacious at improving and maintaining
iron status [25].

The prevalence of iron deficiency anemia is 2.4 to 4 times higher in twin preg-
nancies than in singleton pregnancies. The suggested Al for twin pregnancies is
30 mg iron daily. Specific recommendations for iron during multiple pregnancies
have not been developed. Obese pregnant women are at a higher risk of being iron
deficient due to reduced iron absorption induced by the rise in hepcidin [26]. Some
evidence suggests that this could have a negative impact on the iron transfer to, and
the iron status of, the fetus. How this may translate into specific higher recommen-
dations for iron during pregnancy in obese women has not been adequately studied
[26]. Pregnant women with a vegetarian or vegan diet are at a higher risk of being
iron deficient, because of the lower content and bioavailability of iron in vegetarian
diets. The IOM recommends an iron intake that is 1.8 times higher for vegetarians,
which corresponds to 48.6 mg iron per day instead of 27 mg per day for women with
omnivorous diets [2].

ZINC

Zinc plays an important role in growth and development, and its effects during preg-
nancy have been extensively studied. Maternal zinc deficiency during pregnancy
is associated with reduced fetal growth, low birth weight, and preterm labor and
preeclampsia [27]. A Cochrane Review [28] has concluded that there is moderate



42 The Biology of the First 1,000 Days

evidence that zinc supplementation (providing between 5 and 44 mg zinc per day)
can reduce the risk of preterm birth, 