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Abstract

There is increasing evidence from pre-clinical and human studies that nutrition in the late fetal and
early neonatal period has a significant impact on neurodevelopment across the lifespan. Certain
nutrients have particularly large effects in this time period, and their deficits cause greater long-
term risk. The mechanisms by which nutrients influence early brain growth and the sensitive
periods for when certain nutrients should be provided are being elucidated. Assessments of
nutritional status that index brain growth and predict long-term development are important to
assess the efficacy of early life nutritional therapies.

Conclusion—Optimizing nutrition during fetal and early postnatal life is a golden opportunity to

impact neurodevelopment and brain function across the lifespan.
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Overview

One of the most important relevant long-term health outcomes of early life experience is
neurodevelopment. Much of brain development in early life is highly pre-programmed and is
to a great extent experience-independent. Nevertheless, there are important and controllable
environmental factors that profoundly influence early brain development including nutrition,
reduction of toxic stress and environmental enrichment (1). Of these, nutrition falls in the
direct purview of medical caregivers and can be optimized to promote neurodevelopment or
can be ignored and thereby confer a risk to the developing nervous system. An important
issue is to identify more precisely the sensitive time windows within which to provide
nutritional interventions in order to promote optimal neurodevelopment in children (1).
Recent studies suggest that the window for nutrition is in late fetal and early postnatal life
with greater and greater recognition that postnatal nutritional success is highly dependent on
optimizing fetal nutritional status prior to birth (1,2). Therefore, a timely question is whether
appropriate assessments and interventions are being made during the period of greatest
vulnerability to the developing brain: from fetal life through the first two years of postnatal
life.
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Milestones in Early Brain Development

The newborn human brain undergoes a remarkable transformation in form and function
beginning at the age of extra-uterine viability at approximately 23-24 weeks post-
conceptional age (PCA) through the first two years of life (3). Even during the first four
months of that time span, from 24 weeks to 40 weeks PCA, the brain changes from a
smooth, bi-lobed, and relatively non-complex organ into one characterized physically by the
sulci and gyri more typical of the adult brain. The increased physical complexity reflects the
rapid rate of neuronal and glial growth and development within the brain. As these cells
become more complex and interconnected, brain functional capacity increases. Some
fundamental behavioral functions are already present at birth, implying that structural
connectivity of the relevant brain circuits have begun. Examples of these early developing
circuits include primary sensory systems such as hearing, touch and pain sensation, taste
and, to a lesser extent, vision (3,4). More complex behaviors such as recognition memory,
dependent in large part on hippocampal development, can even be demonstrated in the term
and preterm neonate (3,4,5). Other brain functions that are being supported through this
burst of circuit development and connectivity do not have obvious behavioral manifestations
at birth. Despite the lack of behavioral manifestations, the neural circuits underlying more
complex behaviors that will appear later in childhood are being constructed (3,4). For
example, behaviors such as working memory, set-shifting, multi-tasking, and attention that
are not present in the neonate nevertheless have their neural ontogenies prior to term birth.

Therefore, attention to neurodevelopment in preterm and term infants is important not only
for immediate function, but also for scaffolding for later-developing structures and circuits.
The time period starting in the last trimester of pregnancy and progressing through the first
12-24 months post-term is characterized by the development of primary circuits that serve
important functions. The brain regions and processes that are rapidly developing during this
time period include the hippocampus and striatum that support fundamental declarative and
implicit learning, respectively, myelination that supports speed of processing, and
monoamine neurotransmitter systems that support reward processing (4,6). Optimal
construction of these primary systems is key to proper development of later emerging higher
order neural systems that rely on the fidelity of the early developing systems (1). For
example, the later developing prefrontal cortex relies on initial connections from striatum
and hippocampus early in life. Perinatal events that affect hippocampus and striatal integrity,
such as nutrient/substrate restriction, result not only in abnormal function of these primary
areas, but also in abnormal frontal lobe function. Thus, it is not surprising that attention
deficit/hyperactivity behavioral phenotypes in middle childhood are more prevalent
following intrauterine growth restriction (7).

Principles of Nutrient-Brain Interactions

The principles that govern how nutrients regulate brain development during prenatal and
postnatal life are outlined in the following sections. These principles are key to reading and
understanding the frequently contradictory literature on nutrition and brain development (1).
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The Metabolic Demand of the Rapidly Growing Fetal/Neonatal Brain

The growth rate of the brain in this time period is among the highest during life span. The
neonatal brain in the human consumes 60% of the body’s total oxygen and therefore caloric
consumption (8). This truly remarkable value far exceeds that of non-human species
including monkeys, sheep and rodents as well as that of the adult human (8). Rapidly
growing organs are more vulnerable to damage if critical nutritional substrates that support
that growth are not provided in adequate amounts (9). In the case of the brain, however, this
increased vulnerability is counterbalanced by a higher degree of plasticity and amenability to
repair (10). Overall, there is consensus that vulnerability outweighs plasticity, a principle
that translates into a practice that encourages staying on developmental trajectory rather than
relying on “catch-up” after a period of deprivation. During normal development, the brain
goes from a highly plastic but functionally non-specific organ to a highly specific but much
less plastic one (10). The specification of the brain is manifested by the remarkable
behaviors it sub-serves. However, it appears that the cost of specification is loss of plasticity
and ability to repair itself after injury. This period of specification is characterized by rapid
growth and development and is often referred to as a critical or sensitive period (1). These
two terms are often used interchangeably, but important conceptual differences distinguish
them. Critical periods refer to epochs of development with a sharply defined time limit after
which repair of an abnormally developed system is no longer possible and thus the
neurodevelopmental effects are irreversible (1,10). Sensitive periods refer to broader time
epochs when a developing system is particularly responsive to being shaped by stimuli, eg
nutrients, but where the effects are not necessarily permanent (1,11). Nutrient effects on
brain development can exhibit either characteristic.

The Importance of Timing, Dose and Duration—Another major principle is that the
positive or negative effects of nutrients on the brain are based on the timing, dose and
auration of the exposure (9). This principle resides biologically in the fact that the brain is
not a homogenous organ. Rather, it is made up of distinct regions (eg, hippocampus, cortex,
striatum, cerebellum) and processes (eg, myelination, neurotransmitters), each of which has
a different developmental trajectory and set of nutrient requirements. The vulnerability of
the brain and thus the behavioral phenotype that results as a consequence of a nutrient deficit
is a function of two factors: when the nutrient deficit is likely to occur in the pediatric
lifespan and the region’s requirement for the nutrient at that time. Thus, nutrient deficits do
not typically show a “signature” brain-behavior effect because timing plays such a large role
in determining the behavioral phenotype. Based on this regionalization hypothesis, nutrients
can have global (eg, protein, energy, iodine) or regional (eg, iron) effects on the brain.

Design and Interpretation of the Nutrition-Brain Development Literature—
Clinical studies of the effect of nutritional interventions or nutritional status on
neurobehavioral outcomes must be designed and interpreted with the following rules in
mind, or true connections between nutrient and developmental outcome may be obscured.
Specifically, for a nutrient-brain connection to be verified or, alternately, unsupported, the
following must be considered: 1) the time (age) to start supplementation of a given nutrient
must be concomitant with development of the brain structures or circuitry known to be
dependent on that nutrient. Beginning an intervention too early or too late will likely have no
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measureable effect on the outcome of interest; 2) the dose and duration of supplementation
must be considered, as must be the current nutritional status of the population of interest. It
is important to note that provision of more of a dietary source of a nutrient or medicinal
supplementation of an already replete population, may not necessarily lead to better
outcomes; and 3) the appropriate neurobehavioral tests and outcome measures that test
neural circuits potentially altered by the nutrient must be applied at the correct assessment
age. Null findings on global tests (e.g., Bayley Scales of Infant Development; Wechsler
Preschool and Primary Scale of Intelligence) following nutrient supplementation trials are
common and may mask true, but more subtle nutrient-brain connections measureable by a
more specialized test.

Because of their required nuance in design and outcome assessment, these clinical nutrient-
brain relationships are typically not best assessed with meta-analyses. In an effort to increase
statistical power with greater sample size, this analytic method frequently combines studies
of different ages of the start of intervention, different dosages of nutrient and length of
supplementation period, and different neurobehavioral assessment tools, inevitably leading
to greater variability, increased type Il (beta) error, and overall null findings (12).

For example, a recent Cochrane Review (13) concluded that iron treatment in young children
under three years of age with iron deficiency anemia has no effect on psychomotor
development or cognitive function underscores the problems inherent in using meta-analyses
to examine nutrient and brain interactions. In that review, six studies providing iron for less
than 30 days to iron-deficient anemic children under the age of three were combined
statistically, with each study using a global test (Bayley Scales) to assess cognitive and
psychomotor development.

Although the specific age ranges of the included studies were not specified, birth to three
years includes a significant span of time—12 - 36 months—when brain iron deficiency would
not be expected to affect global outcome. The brain structures dependent on iron that would
dictate later global outcomes (the hippocampus and striatum) would have already developed
during the last trimester of pregnancy and the first 12 post-natal months. Repletion of iron
status in iron-deficient and anemic toddlers would instead be expected to improve behavioral
measures such as wariness and hesitancy that are secondary to the insults to dopaminergic
signaling secondary to iron deficiency that can occur at any age. Behavioral outcomes were
not assessed in the meta-analysis. Further, the duration of iron therapy was short (< 30 days)
in all studies, and the amount or formulation of iron given was not specified or known to be
the same.

Studies assessing nutrient and brain interactions require careful design that aligns the timing
of peak brain need for a nutrient with simultaneous provision of the adequate amounts of
nutrient. These studies also require alignment of the timing, dose, and duration of the
nutrient with circuit-specific outcome measures. Attention to these nuances is difficult to
ensure with a meta-analysis, but is requisite for accurate assessment of brain and nutrient
relationships.
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Nutrients that Affect Brain Development in the Ex Utero Fetus and Term

Neonate

All nutrients are important for structural and functional brain development, but those that
support energy, carbohydrate, protein, and fat metabolism are of particular importance (14).
Substrates that support mitochondrial health are relevant because mitochondrial function
appears to be programmable in early life and thus may influence lifespan health. Table 1
presents macronutrients, micronutrients, and vitamins/cofactors that are particularly
important for the developing brain. Each has been shown in humans or in pre-clinical
models to exhibit a critical or sensitive period early in life. Many demonstrate the property
that an early life deficiency results in life-long brain dysfunction. Epigenetic mechanisms
have been evinced for some nutrients’ long-term effects on genes regulating adult brain
function.

Whereas it is tempting to think of nutrient effects on the brain as predominantly “neuronal”,
non-neuronal cells including oligodendrocytes, astrocytes, and microglia can also be
affected (15, 16). Nutrients certainly affect anatomical structure through signaling pathways
such as mammalian Target of Rapamycin (mTOR) (17). The mTOR pathway senses the
status of important metabolic substrates such as amino acids, iron, glucose, and oxygen and
integrates their inputs through a multiple kinase-driven system to determine rates of actin
polymerization, protein translation, DNA transcription, and autophagy (17). Actin
polymerization is key to axonal and dendritic structural development and it is well
recognized that dendritic structural complexity correlates closely with function. Other
nutrients that have profound effects on brain anatomy include iodine, zinc, copper, choline,
vitamin A, and long-chain polyunsaturated fatty acids (LC-PUFAS) (14). Nutrients also
affect the function of the brain through their effects on neurotransmitter concentrations,
receptors, and re-uptake mechanisms (18). Nutrients that particularly affect neurotransmitter
function include protein, iron, zinc, copper, and choline. Nutrients also affect the
electrophysiologic potential of neurons through their effects on metabolic rate. The electrical
potential generated by neurons is a highly energy taxing process and relies on healthy
mitochondria generating adequate amounts of ATP (19). Thus, nutrients that support
oxidative and glycolytic metabolism are in high demand in the developing brain and include
glucose, protein, iron, and zinc (14).

Developmental Origins and the Brain: the true cost to society of early life

malnutrition

Altered nutrient status in fetal and early postnatal life can cause acute brain dysfunction only
during the period of deficiency through the mechanisms described above. If repletion of a
deficiency resolved all of the neurologic issues, catch-up nutritional management could be
relied upon to return the child to the normal developmental trajectory in order to optimize
outcomes. However, substantial evidence in pre-clinical models exists for several nutrients
including protein, energy, iron, choline, and LC-PUFAs (20,21,22,23,24) that early life
deficiencies confer neurologic risk well beyond the time of deficiency and in spite of
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complete nutrient repletion (Table 1). This risk includes altered developmental trajectory
resulting in adult dysfunction.

The adult dysfunction, quantified in some studies as loss of educational and job potential, is
the true cost to society of early life malnutrition. It has been estimated that eradication of the
three most common micronutrient deficiencies (i.e., iron, zinc, and iodine) would shift the
world’s 1Q by 10 points to the positive (25). Generalized fetal malnutrition as manifested by
intrauterine growth restriction reduces 1Q by 7 points at age 7 and increases the risk of
schizophrenia in adulthood (26). Fetal or early postnatal iron deficiency increases the risk of
autism, schizophrenia, depression, anxiety, and poorer executive function in adulthood (27,
28, 29). The role of early life nutrient status in the development of psychopathologies in
adulthood are supported by preclinical models as well as by these epidemiologic studies.
This conceptualization constitutes the mental health version of the Developmental Origins of
Health and Disease with respect to adult cardiovascular risk. The mechanisms by which
these long-term effects occur are an active area of research because prevention of them
would have high health and economic reward for societies. Two theories, which are not
mutually exclusive, can account for the observed long-term loss of synaptic plasticity by
early-life nutrient deficits.

Loss of Adult Neural Plasticity Through Residual Structural Deficits

One theory is that, in the brain, residual brain regional structural deficits from the neonatal
period permanently alter the integrity and function of the neural circuits containing the
affected brain region(s). These residual deficits appear to be the result of nutrient
deficiencies that occur during and'beyond the critical period of development of a particular
brain region, implying that the capacity for plasticity was no longer present when the
nutrient was repleted (10). Preclinical models of hippocampal neuron specific iron
deficiency demonstrate complete structural and functional recovery if iron is repleted during
the critical period of rapid growth, but not afterward (30).

Loss of Adult Neural Plasticity Through Epigenetic Modification of Chromatin
—The second theory is that nutrients can alter regulation of synaptic plasticity genes
through epigenetic modification of chromatin (Figure 1). Nutrients can affect both histone
biology (eg, methylation, acetylation) and DNA CpG island methylation. Several fetal/
neonatal nutritional conditions have been associated with brain epigenetic modifications that
last into adulthood in rodent models. Intrauterine growth restriction (IUGR) represents a
state of generalized fetal macro- and micronutrient malnutrition and has been associated
with disruption of hippocampal H4K20 histone methylation (20). LC-PUFA stats also
modified DNA methylation of BDNF (21). Iron deficiency alters the activity of JARID-
containing histone demethylases which also regulate BDNF expression and DNA
methylation in the hippocampus (23, 24). Choline, which can act as a methyl donor (22),
reverses BDNF suppression induced by iron deficiency when it is given in one of two critical
periods (31). Understanding the mechanisms behind the long-term effects provides an
opportunity for better timed interventions with nutrient supplements (eg, methyl diets) that
can work as potential epigenetic work-arounds to protect the developing brain when nutrient
supplementation is not possible.
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Clinical Studies of Early Nutritional Status and Neurodevelopment

In general, clinical studies in humans have reinforced the findings from pre-clinical animal
models of connections between many key nutrients and early brain development (Table 1).
The clinical literature on early provision of sufficient protein and iron and resultant brain
outcomes is perhaps most expansive, but work supporting a role for other macronutrients,
including polyunsaturated fatty acids (PUFASs), and micronutrients, including zinc, iodine,
and vitamin B12 and brain development is substantial and growing. The following sections
discuss the effects of macro and micronutrients provided during early life on short- and
long-term neurodevelopmental outcome, with an emphasis on the effects of protein and iron.

Macronutrient Effects on Brain Development

Protein—Macronutrient status and its anthropometric correlate, growth velocity (see
below), follow the timing, dose, and duration rules as they relate to brain development.
Improved linear growth is an important finding because linear growth prenatally and in early
infancy is a consistent predictor of neurobehavioral outcomes. The importance of protein
intake in early life was established by the landmark studies in Guatemala by Pollitt and
colleagues (32) who demonstrated that children whose mothers consumed a high-energy,
high-protein beverage in during pregnancy and who continued to consume the beverage until
they had reached two years of age had higher scores of general intellectual abilities,
including better information processing, numeracy, and vocabulary, compared to children
exposed to a beverage containing no protein.

Improving protein intake and linear growth in early life is critical to later cognition.
Pongcharoen et al. related the Intelligence Quotient (1Q), as measured by the Wechsler
Intelligence Scale, of 560 9-year-old Thai children to indices of birth size and rate of
postnatal growth (33). Researchers found that infant length at birth and throughout the first
12 months of life were strongly positively correlated with child 1Q at 9 years of age. Early
infancy (birth to 4 months) weight was also associated with 1Q at 9 years. No index of
growth after 12 months was related to 1Q in later childhood.

A supply of adequate protein and other nutrients that support growth and brain development
is critical even before birth. In a large cohort of Nepalese children who underwent testing for
cognitive testing at age 7-9 months (34), low birthweight was significantly associated with
poorer scores on the Universal Nonverbal Intelligence Test, tests of executive function, and
the Movement Assessment Battery for Children. Further analyses revealed that intra-uterine
growth restriction [IUGR, defined as being born small-for-gestational age (SGA), or < 101"
percentile of the reference], rather than being born preterm, drove the association between
low birthweight and poorer test scores. Given that the prevalence of SGA was more than
50% among the 7-9 year-old children tested, the impact on the collective developmental
trajectory of these children cannot be overstated. Optimizing maternal nutrition during
pregnancy would thus help prevent intrauterine growth restriction and associated cognitive
deficits present in the early school years of childhood.

Long-chain polyunsaturated fatty acids (LCPUFAs)—The effects of early-life
supplementation of LCPUFA’s on child development has been extensively studied. Although
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recent meta-analyses of LCPUFAS during gestation, infancy, and early childhood report no
significant benefit with regard to cognition and attention (35, 36), several smaller studies
suggest that benefit is apparent on more specialized tasks assessed in older children rather
than in infants and toddlers. One series of studies (37-39) examined the effect of maternal
supplementation with arachidonic acid (ARA, 20:4n-6) and docosahexaenoic acid (DHA,
22:6n-3) from week 18 of pregnancy to 3 months postpartum on infant cognitive outcomes.
Supplementation with ARA as compared to DHA provided no additional benefit on infant
cognitive outcomes or growth at 3 months of age (37), but infants whose mothers received
DHA during pregnancy exhibited better mental processing scores and 4 years of age (38)
and better sequential processing scores at 7 years of age (39). Similarly, a recent study found
no benefit of LCPUFA-fortified formula in infants at 18 months on standardized
developmental tests, but reported benefit in children at 4-6 years of age on more specific
tasks (40), such as rule-learning, inhibition, and vocabulary tests. These findings collectively
emphasize the need for continued follow-up of cohorts through later childhood when
children can be tested on more complex behaviors.

Micronutrient Effects on Brain Development

The clinical literature with regard to early life provision of other macronutrients, including,
and other micronutrients, including iodine, zinc, and vitamin B12, and brain development is
also growing.

Iron—Iron deficiency is a good paradigm for demonstrating the importance of timing, dose
and duration effects of nutrient deficiencies in humans. It is the most common nutritional
deficiency in the world and one of the top four causes of lost developmental potential among
children in low- and middle-income countries (41). 7he risk of iron deficiency is greatest in
pregnancy and early infancy and childhood, coinciding with periods of peak need for iron
for the developing fetal and infant brain. The importance of the timing of iron
supplementation and maintenance of early life iron sufficiency on distinct neurobehavioral
outcomes is clearly demonstrated in two sets of studies: 1) a series of studies in Nepal that
assessed cognitive and motor function in a group of 7-9 year-old Nepalese children whose
mothers had participated in a large, randomized controlled of prenatal micronutrient
supplementation and who were themselves part of a micronutrient supplementation study
between the ages of 12 and 35 months (42, 43, 44); and 2) a large study in China that
assessed pregnant women and their offspring in order, in part, to assess the independent
effects of prenatal vs. postnatal iron status on motor and cognitive development (45,46).

In the Nepal studies, school-aged children whose mothers received daily iron/folic acid from
early pregnancy to 12 weeks postpartum scored significantly better on tests of working
memory, inhibitory control, and fine-motor functioning compared to children whose mothers
received no iron/folic acid (42). However, daily iron/folic acid to children 12-36 months of
age whose mothers had received iron/folic acid in pregnancy conferred no additional benefit
43), and daily iron/folic acid from 12-36 months in toddlers whose mothers received no
supplementation in pregnancy did not significantly affect intellectual, executive, or motor
functioning at 7-to-9 years of age (44). These results collectively support the known benefit
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of prenatal iron, specifically in the last trimester, to support the hippocampal and striatal
development requisite for memory and executive functioning later in postnatal life.

The findings of the China study mirrored these findings and gave additional insight into
prenatal vs. postnatal effects of iron on cognitive and motor functioning. Geng et al. paired a
post-natal iron supplementation study with an infancy iron supplementation study and found
that infants born iron-deficient exhibited slower recognition of their mother’s voice at two
months of age, as measured by event-related potentials, than children born iron-sufficient
(46). Such poorer auditory recognition memory likely reflects the effect of iron deficiency
effects on the hippocampus predicted by developmentally timed pre-clinical models and is
consistent with the hippocampus developing rapidly between 28 weeks gestation and the
first postpartum year in humans.

A further analysis of the China study data exemplifies the differential effects that the timing
of introduction of iron can have on brain development and behavioral phenotypes (45).
Regardless of whether their mothers received iron in pregnancy, children who received iron
supplementation in infancy (between 6 weeks and 9 months) exhibited better gross motor
scores at 9 months than children who did not receive iron in infancy. This finding is in
apparent contrast to the demonstrated benefit of iron supplementation in pregnancy on
cognitive outcomes, but is in line with the fact that motor development starts after the
hippocampal and striatal development that underlies cognition. Motor control in infants
shifts from the primitive reflexes driven by the brain stem and midbrain to more coordinated
movements driven by the motor cortex around 3-4 months of age. This movement is
supported by the ongoing process of myelination that begins around 36 weeks gestation and
continues throughout the first two postnatal years.

The findings of the Nepalese and Chinese studies are thus consistent with established
principles of nutrient-brain interaction including developmental timing and circuit specific
effects. Supplementation after 12 months of age to improve cognitive outcomes or
supplementing only during pregnancy to improve motor outcomes would be outside of the
sensitive or critical windows of development for the structures and processes underlying
these functions. These relationships also underscore the necessity of selecting the correct
brain assessment tool. For example, it is possible that iron supplementation between 12 and
36 months in the Nepal studies would have improved socioemotional behavior, which is
known to be altered in iron deficiency, secondary to deficits in dopaminergic signaling.
Disruptions of this set of behaviors is apparent in infancy following prenatal iron deficiency
(47) and the behaviors continue to be dependent on iron throughout life (48,49).

The studies demonstrating long-lasting consequences of un-treated iron deficiency in
infancy, i.e., before 12 months of age, reinforce the supplementation studies showing benefit
of early introduction of iron. Such consequences include poorer inhibitory control
(diminished attentional control and greater risk taking) at 10 years of age and persistent
alternations in brain functional connectivity in adults who were iron-deficient as infants (50,
51). Pre-conceptional iron supplementation to optimize maternal and fetal iron status in
high-risk pregnant women Is being recognized as an important strateqy because it may
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contribute to improved neurobehavioral outcomes by ensuring that sufficient iron is available
for building brain architecture before the opening of critical windows of development (52).

lodine—/odine deficiency is the leading cause of preventable impaired mental function
worldwide, affecting an estimated two billion people. The developing brain is most
susceptible to iodine deficiency during the first trimester, when fetal T3 production depends
entirely upon supply of maternal T4. The harmful impact of severe iodine deficiency
(populations in which 30% of school-aged children have goiter and median population
urinary iodine concentration is below 20) on brain development is established. Women who
give birth in these areas often have children with cretinism, a form of severe mental
impairment, marked by deficits in hearing, speech, and gait, and 1Q of approximately 30
(53). The effectiveness of iodine supplementation in preventing cretinism was established in
1972, when in a study of 165,000 people in Papua New Guinea who lived in an area of
severe iodine deficiency and endemic cretinism, injection of iodized before conception or in
early pregnancy significantly reduced the incidence of cretinism and improved cognitive and
motor outcomes compared to women who received placebo (54, 55). Similar results were
also found in China, with children of pregnant women given iodized oil early in pregnancy
having significantly better cognitive outcomes at two and five years of age as compared to
children of women who received iodized oil later in pregnancy (56).

The effects of mild and moderate iodine deficiency during pregnancy on child
neurobehavioral outcomes have been less studied, although two recent studies both support
the importance of optimal iodine status from the beginning of pregnancy to best ensure child
developmental outcomes. In a study of pregnant Spanish women, Berbel at al. (57) divided
the women into three groups, and started iodine supplementation at either 4-6, 12-14, or
37-40 weeks of gestation. The authors observed a significantly improvement in
developmental quotient score at child age 18 months with earlier supplementation, with the
highest scores observed among children whose mothers’ supplementation began at 4-6
weeks gestation and the lowest score among women whose mothers began supplementation
at 37-40 weeks. Similarly, Velasco et al. (58) report higher psychomotor development scores
among two-year-old children born to mothers who received iodine supplementation that
started before 10 weeks gestations as compared to those who began supplementation in the
last month of pregnancy.

Zinc—Meta-analyses have failed to find a significant effect of early zinc supplementation
on child cognitive and motor outcomes, although disparate study designs and effect sizes in
the combined datasets were noted (59). Nevertheless, fetuses of zinc-deficient mothers
demonstrate decreased movement, lower heart rate variability, and altered autonomic
nervous system stability. They additionally demonstrate decreased preferential looking
behavior, but do not display differences in global cognitive tests.

Vitamin B12—Sufficient vitamin B12 is required for neuronal development and
myelination. In a review of 48 case reports of infant vitamin B12 deficiency, Dror and Allen
(60), report that all cases resulted from maternal deficiency, and two-thirds of the 48 reports
reported developmental regression in infants with B12 deficiency, marked by nerve
demyelination and cerebral atrophy. A recent study of maternal B12 supplementation
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reported no difference in global cognitive scores at 9 months in infants of supplemented
mothers (61). However, unsupplemented mothers had higher plasma homocysteine
concentrations that were associated with poorer infant scores in some domains.

Multiple nutrients including copper, folate, and choline that demonstrate an important role in
brain development and long-term consequences of deficiency are understudied with respect
to neurodevelopmental outcomes in young humans (Table 1). Prospective studies designed
to account for the nutrient-brain interaction principles of timing, dose, and duration are thus
needed for each nutrient with the appropriate assessment tool applied at the correct age to
test the structure or circuitry of interest.,

Assessment of Nutritional Effects on Brain Development

The positive or negative effects of nutrients on early brain development can be obvious or
subtle (Table 1). The fact that early life nutrient effects on the brain can last into adulthood
means that the tools that assess nutrient status and its relationship to developmental outcome
should be as sensitive and specific as possible to detect acute effects and predict long-term
sequelae (Table 2). The vast majority of the nutrient assessment-brain development literature
in children has focused on the relationship of neurodevelopmental outcome to overall growth
rates. Whereas micronutrient deficiencies can certainly suppress growth, failure to thrive has
been generally associated with macronutrient deficiency.

Traditionally, early growth has been used as a surrogate for nutritional status and nutrient
sufficiency. For healthy term born breastfed infants, expected growth patterns throughout
early life have been investigated and published as the World Health Organization (WHO)
curves (62). The curves were a great advancement in nutritional assessment because they
represent a standard, as opposed to a population, reference curve for humans. They are
currently being used in research studies to assess the relationship between early growth
patterns and relevant long-term health outcomes. However, determining optimal growth
goals for other populations, such as preterm infants, still requires collection of long-term
outcome data on neurodevelopment and metabolic status as a function of growth (63). For
example, the American Academy of Pediatrics has recommended for decades that growth
goals for the preterm infant replicate that of fetal growth in all anthropometric parameters;
however, whether this goal is achievable or optimal with respect to long-term
neurodevelopmental or metabolic health for this population remains unclear 30 years after
the recommendation was made (64).

The Relationship of Weight Gain to Neurodevelopment

Weight gain is the traditional metric of growth and represents the balance between energy
intake and expenditure. It is also the easiest and most accurate measure to obtain, and for
this reason adequate and/or optimal growth has been defined as weight gain for some time.
However, weight does not give a complete picture of the overall nutritional state of the
infant, and can be frequently confounded by non-nutritional weight gain. For this reason, it
is important to consider the impact of growth in other parameters, including length, head
circumference and body composition as well, when assessing the impact of growth on long-
term neurodevelopment.
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Preterm infants around the world continue to accrue macronutrient deficits and undergo
initial growth restriction during the first weeks of their hospitalization (65). Unfortunately,

they do not recover from these early deficits quickly and largely remain small compared to

healthy term counterparts at term corrected age. In 2013, approximately 50% of very low
birth weight infants were discharged with a weight below the 10t percentile and
approximately 30% below the 3 percentile (66). This growth failure occurs at a time when
many important neurological processes are occurring, and the association of poor neonatal
growth and suboptimal long-term neurodevelopment has been well documented.

Poor weight gain prior to term (while in the neonatal intensive care unit) has been associated
with worsened neurodevelopmental outcomes. Preterm infants in the highest quartile of
weight gain (21 grams/kg/day) had an 8-fold reduction in cerebral palsy and a 2.5-fold
reduction in any neurodevelopmental impairment at 18-22 months corrected age for
prematurity when compared to those in the lowest quartile of weight gain (12 grams/kg/day)
(67). A group of adults, who were born very low birth weight in Finland, and had faster
weight gain prior to term also had better neurocognitive abilities, executive functioning,
visual memory, and verbal flexibility (68). In contrast, faster weight gain from term to 12
months corrected age did not show the same neurodevelopmental benefit. Similarly, faster
weight gain velocities both prior to term and from term to 4 months corrected age, but not
between 4 and 12 months was associated with higher scores on developmental testing with
the Bayley Scales of Infant Development in a group of preterm infants born prior to 33
weeks gestation (69). Weight gain out of proportion to length, as indexed by an increased
BMI, prior to term was associated with improved outcomes. However, after term, this
association was no longer present.

Early catch-up growth in weight gain prior to term and likely until at least 4 months of age
appears to be beneficial for long-term neurodevelopment in the preterm population. Given
the ease of weight measurement, and therefore wide availability of data on weight gain,
along with its association with neurodevelopmental outcomes, this remains an important
measure to follow. However, because this metric does not give a complete picture of the
overall nutritional state of the infant and can be frequently confounded by non-nutritional
weight gain (eg, edema), other metrics should be utilized when using growth as a metric to
predict later neurodevelopmental outcomes.

The Relationship of Head Circumference to Neurodevelopment

Head circumference is also a relatively easy measure to obtain, is directly related to brain
volume, and is widely available clinically. Neonatal head growth, similar to weight gain, has
been associated with later 1Q. In a study involving more than 250 preterm infants, head
circumference gains during multiple time periods in early life were associated with higher
1Q scores at 5 years of age (70). The time period between hospital discharge and 3 months
corrected age was an especially critical time period, reiterating the importance of close
growth monitoring that continues beyond hospital discharge and is not focused solely on
weight gain. In this study, suboptimal head growth, defined as > 1 SD but < 2 SD below the
norm was associated with lower 1Q (90 vs. 98; p <0.001) compared to infants whose head
circumference was <1 SD from the norm in either direction. Similarly, in the Finnish study,
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increased head circumference gains prior to term were associated with increased 1Q score
and improved verbal flexibility, visual memory, and executive function in adulthood (68).
Faster head growth from term to 12 months of age was also associated with increased
performance IQ in adulthood in this group who was born at very low birth weight. Head
growth up to 5 years, but particularly prior to term, is critical for optimizing
neurodevelopment.

The Relationship of Linear Growth and Fat Free Mass (FFM) to Neurodevelopment

Linear growth, which represents lean body mass and protein accretion, and is more closely
associated with organ growth than overall weight gain, is underutilized in growth
assessment. Length measurements are more difficult to obtain and require appropriate
equipment (e.g., length boards) to obtain accurate repeated measures (71). Linear growth,
and fat free mass (FFM) gains are being more closely investigated as predictive biomarkers
of later neurodevelopment because of their closer relationship to neurodevelopmental
outcome than weight gain and fat mass.

Slower linear growth, irrespective of weight gain, is common among growth restricted
children and is associated with poorer neurodevelopmental outcomes in children who
experienced stunting prior to or after 40 weeks post-conceptional age (33, 72, 73). Linear
growth restriction in preterm infants is often more severe and persistent than poor weight
gain or restriction in head growth (72). Amongst very low birth weight preterm infants,
faster linear growth in the first year after hospital discharge, even after controlling for weight
and head growth, is associated with improved cognitive and language scores on the Bayley
Scales of Infant Development administered at 24 months corrected age for prematurity (72).
When tested in later childhood and adulthood, faster linear growth from term to 4 months
corrected age is associated with a lower risk of 1Q being less than 85 at age 8 and 18years in
a large cohort of low birth weight preterm infants (74). Faster postnatal linear growth from
birth to 2 years in preterm infants is associated with lower rates of cerebral palsy, as well as
improved cognitive and motor scores, among very low birth weight preterm infants (75).
Institutionalized children in Romania and children in Thailand exhibit a similar growth
pattern to preterm born infants, with significant linear growth stunting out of proportion to
weight suppression and also show comparable relationships between linear growth
suppression and poorer neurodevelopmental outcomes (33,73).

Recent technology has led to more research focused on describing infant body composition
changes in preterm infants and their relationship to later neurodevelopmental outcomes. The
main compositional components that have been studied are FFM and fat mass. FFM, similar
to linear growth, indexes protein status and organ growth. FFM gains prior to term, but also
throughout early childhood have been associated with better neurodevelopmental outcomes
and may be a more specific marker of brain growth than weight gain or linear growth alone
(76,77,78). Of note, gains in fat mass during these same time periods do not show the same
associations with neurodevelopment.

Faster gains in FFM prior to term and while hospitalized in the neonatal intensive care unit
are associated with higher standardized development scores in motor and cognitive domains
measured at 12 months of age by the Bayley Scales of Infant Development (76). Increased
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FFM gains prior to discharge from the NICU and throughout the first 4 months after
discharge are associated with faster speed of brain processing in infancy (measured via event
related potentials) (77). When tested at 4 years of age, early gains in FFM continued to be
associated with improved neurodevelopment on standardized testing, specifically, improved
working memory, faster speed of processing and higher 1Q (78). These findings support the
hypothesis that early life FFM gains are an important biomarker for brain growth and can
serve as a predictor of later neurodevelopment. Overall, associations between linear
growth/FFM accretion and neurodevelopmental outcomes could be explained by the positive
effects of protein intake on protein accretion and thus on neuronal differentiation. Optimal
protein status may have a direct effect of providing necessary amino acids for dendrite
structure, but also may act through stimulating the synthesis of important neural growth
factors such as insulin like growth factor-1 (IGF-1) and brain derived neurotrophic factor.
Further study is underway to better understand the role of the growth hormone axis in
linking growth to neurodevelopmental outcomes, as both IGF-1 levels and growth hormone
administration have been shown to be neuroprotective and neurostimulatory in animal
models, healthy children and growth hormone deficient children (79,80).

Improved growth in early life, a time of rapid growth and development of the brain, is
associated with improved neurodevelopment. Specifically, increases in weight, length, head
circumference and FFM gains improve speed of processing, language, cognitive and motor
scores and decrease rates of cerebral palsy. These findings emphasize the importance of
optimizing early growth in order to optimize neurodevelopmental outcomes among
vulnerable populations.

Whereas all nutrients are needed for the development and function of the brain, certain
nutrients have high impact on early brain development, including protein fats, iron, zinc,
iodine, and vitamin B12. The impact is greater in the fetal and early postnatal period because
of the high metabolic demands of the brain at that age. The positive or negative
neurobehavioral effects of these nutrients depends on the timing, dose, and duration of
provision or deprivation. Timing appears to play an important role because of the non-
homogenous nature of regional brain development and because of the unequal distribution of
prevalence of nutrient deficits in a population. Ensuring adequate fetal loading of nutrients
through better maternal care during pregnancy via provision of adequate nutrition and
reduction of obesity, hypertension, and glucose intolerance appears to be key to fostering
postnatal nutrient sufficiency. For the term neonate, human milk provides the optimal
support for neurodevelopment, whereas for at risk populations such as preterm infants, early
identification and correction of nutrient deficits is essential to maintain the brain on
trajectory through critical periods of development.
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Key Notes
1 Nutrients and growth factors regulate late fetal and early neonatal brain
development.
2. Early life nutritional deficits can affect brain function across the lifespan and

this loss of brain function is the true cost to society of early malnutrition.

3. Early provision of nutrition and accurate assessment of nutritional status are
key to optimizing long-term development.
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Figure 1.
Iron-dependent epigenetic modifications (A) that potentially modify genes that affect

neuronal differentiation during development and adult neural plasticity (B) (23,24,31)
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Nutrients with Particularly Large Effects on Early Brain Development and Subsequent Adult Function.

Nutrient Main Brain Process(es) Affected Evidence for Critical Early Deficiency Epigenetic
Period(s) for Neuro- Resultsin Adult M echanism of
development Dysfunction Long-term Effects
Protein Structure Yes Yes Suspected
Growth Factors
Neuro-transmitters
LC-PUFA Membrane integrity Yes Yes Yes
Signaling
Glucose Energetics Yes Yes No
Iron Energetics Yes Yes Yes
Myelination
Monoamine Neuro-transmission
Zinc Growth Factors Yes Yes No
Synaptic Efficacy
Copper Energetics Yes Yes No
Myelination
Neurotransmission
lodine Thyroid-dependent Yes Yes No
Myelination, Synaptogenesis, & Energy
Metabolism
Vitamin B12 Neuronal structure Yes Yes Yes
Myelination
Folate Neural Tube Closure Yes Yes Yes
Neuronal Structure
Choline Neurotransmitters Yes Yes Yes
Myelination
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Table 2

Strengths and Limitations of Growth Assessments as Predictors of Neurodevelopmental Outcomes

Assessment Strength Limitation
Weight Easily obtained Only a general connection to brain growth
Length Close connection to brain growth Difficult to obtain (accurately)

Head Circumference

Early sign of moderate malnutrition

Recovers first (spared) and thus not sensitive to mild malnutrition

Body Proportionality

Indication of stunting or underweight

Values are relative

Body Composition

Indication of metabolic risk

Interpolated or expensive
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