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Abstract: Executive function skills are an essential aspect of cognition and are influenced in early life by multiple factors. 

One of the significant factors that influence brain development is nutrition, which plays a specific role in the brain’s 

developmental processes and functioning from fetal to adult age. Infants in their early life rely on breastmilk for nutrition. 

Knowledge of the composition of breast milk and the biochemical composition of the brain has led to the identification of 

critical nutrients needed for the brain’s growth, development, and functioning. Key nutrients for brain development are those 

that, when deficient during the precise, sensitive periods of early brain development, could have long-term adverse effects on 

brain functioning. This narrative review highlights the importance of some key nutrients in early brain development and 

executive functions, including cognitive performances in infants and toddlers. Lipids are crucial for brain development. 

Long-chain polyunsaturated fatty acids (LC-PUFA) and sphingomyelin are the key ingredients to influence cognitive 

performance potentially. Early development of executive function precursors in infants and toddlers is an essential foundation 

for executive functions outcomes in early childhood or adulthood. Evidence suggests that specific nutrients such as 

phospholipids, including sphingomyelin and LC-PUFAs (docosahexaenoic acid), are essential for developing higher-level 

cognitive functions. 

Keywords: Executive Function, Cognitive Skills, Brain Development, Long-chain Polyunsaturated Fatty Acids, LC-PUFA, 

Sphingomyelin, Docosahexaenoic Acid, DHA 

 

1. Introduction 

Optimal nutrition is vital for brain development. [1] 

Nutrition plays an indispensable role in several processes, 

including cell proliferation, deoxyribonucleic acid (DNA) 

synthesis, neurotransmitters synthesis, hormone metabolism, 

and other crucial constituents of enzyme systems in the brain. 

[2] Infancy is a critical period for brain development, setting 

the stage for cognitive, motor, and socio-emotional skills 

development from childhood to adulthood. [1] As the brain 

grows rapidly in the first 2 years of life, it is during this period 

that it is also vulnerable to nutritional insults. [2] 

This narrative review describes brain development during 

infancy, highlighting the landmark processes in 
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neurodevelopment. The development of cognitive and 

executive functions in infants and the importance of postnatal 

nutrition, focusing on specific nutrients that affect brain 

development and executive function, are discussed here. It 

further evaluates the evidence of the impact of supplementing 

specific nutrients such as sphingomyelins and long-chain 

polyunsaturated fatty acids (LC-PUFA) on cognitive and 

executive functions. 

2. Methodology 

PubMed, Google Scholar, Cochrane library, some 

non-indexed Indian journals were searched for interventional 

studies, descriptive studies, cross-sectional studies, and 

review articles concerning the role of micronutrients in brain 

development and executive functions, including cognitive 

functions performances. The key search words included 

“brain development AND infants and toddlers”, 

“micronutrients AND cognitive function”, “nutrients AND 

brain growth and development”, “executive function 

development in infants and toddlers AND nutrients”, 

“protein-energy malnutrition AND cognitive development”, 

“LC-PUFAs AND cognition”, “iron AND psychomotor 

performance” “sphingomyelin AND cognition,” “Vitamin 

B12 AND cognition,” “folate AND cognition.” 

3. Human Brain Development 

The human brain has around 80 to 100 billion neurons and 

close to 100 billion glial cells (since the glia to neuron ratio is 

less than 1:1). [3, 4] The neurons form more than a 

quadrillion synapses. [5] The average length of neurons in 

the human brain is nearly 100 km, and the brain vasculature 

extends over 600 km of capillaries. Therefore, each neuron is 

within 20 µm of a capillary. [6] Although the human adult 

brain is about 2% of the body weight, its oxygen 

consumption is about 20% and utilizes up to 25% of calories 

available to the body. [7] 

 

Figure 1. The sequence of events in brain maturation [7–9]. 
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Critical Processes Involved in Neurodevelopment 

The fundamental physiological processes involved in brain 

development include neurogenesis, migration, synaptogenesis, 

apoptosis, myelination, and arborization of axons (Figure 1). 

[7, 8] The sequence of brain maturation begins with 

neurulation or the development of neurons, followed by 

several cycles of neurogenesis or the production of new 

neurons. Subsequently, synaptogenesis enables the 

establishment of new connections between neurons. 

Simultaneously, apoptosis facilitates the elimination of 

under-utilized neurons. Axons that connect neurons are 

insulated by fatty myelin through myelination, which helps to 

insulate and hasten action potentials traveling between the 

neurons. Further dendritic ramifications (arborization) enable 

the dendrites to branch throughout life. [7–9] 

The neurulation begins around preconception, and the 

neurogenesis begins at around 6 weeks and continues until 26 

weeks of gestation. Synaptogenesis begins around 20 weeks 

of gestation and continues postnatally to peak at 2–3 years. 

Synaptic pruning through apoptosis starts at 6 weeks of 

gestation and continues till 4 years of postnatal age. 

Myelination begins around 12 weeks of gestation and 

continues until the sixth decade of life. While dendritic and 

axonal arborization also follows a similar pattern as 

myelination. [7, 8] 

Brain development is continuous with differing 

time-stamps and comprises anatomical, cognitive, and 

psychosocial developments. Brain growth occurs through a 

sequence of various physiologically overlapping processes, 

which begin at a very early stage in utero and continue to the 

sixth decade of life. [7] It has been well established that the 

growth and development of the brain are very rapid in the first 

few years of life. 

The brain volume of neonates is about 25%–30% of its 

adult volume; it doubles in the first year of life, increases to 

80% of adult size by 2 years, and reaches 90–92% by 9 years. 

[10, 11] The brain volume achieved by the first year of life 

determines the intelligence in the coming years. [10] 

Although the basic structural and functional development 

occurs rapidly in the first 2 years of life, the brain matures 

slower during childhood. [11] 

The developmental trajectories of the brain accelerate 

during the early years of life but are different for different 

structural/anatomical sites and functional levels. For instance, 

there is robust grey-matter growth and slower cortical 

white-matter growth in the first year of life. [11] Further, the 

development of the cerebral cortex and myelination of the 

white matter are hallmark processes that occur during infancy 

and childhood. [12] 

4. Development of Cognitive and 

Executive Functions in Infants and 

Toddlers 

The development of monoamine neurotransmitter 

systems such as dopaminergic, noradrenergic, serotonergic, 

and histaminergic begins at the pre-natal stage and rapidly 

progresses until 3 years. The hippocampus, involved in 

mediating recognition and spatial memory, grows rapidly 

for at least the first 18 months. The intense growth of the 

prefrontal cortex occurs during the first 6 months. The rapid 

development of the hippocampus is evident up to 18 months. 

[13] The neurotransmitters mediate several psychological 

functions. [13] The hippocampus mediates several 

cognitive functions such as spatial, short-term, or working 

memories, while the prefrontal cortex is involved in 

executive functions. [14, 15] 

Executive functions develop rapidly during infancy and 

childhood. [16] Executive functions collectively refer to 

complementary skills of inhibitory control, working memory, 

and cognitive flexibility, which assists in reasoning, 

problem-solving, and planning. [17, 18] The age between 3 

to 5 years is critical for developing executive functions. A 

rapid increase in inhibitory control could be witnessed 

between 5 and 8 years. [19] While working memory is 

distinctly observed between 3 and 4 years. [20] Researchers 

believe that performance of executive functions in early life 

is likely to predict outcomes, such as academic achievements 

in terms of goal-setting, planning, and organizing; general 

intelligence; social skills; health; or wealth, in later 

childhood or life. [16, 18] 

The seat of executive functions in the prefrontal cortex and 

up to 3–6 years (i.e., preschool to kindergarten), the executive 

functions depend on the development of the prefrontal cortex 

and the interconnected neural regions—cortical and 

subcortical structures. [19] Besides brain development, 

several positive, negative, direct, or indirect early life 

experiences also impact the development of executive 

functions. Some of the factors that can cause a significant 

impact are [20, 21]: 

1. Child-related factors (gestational age, weight at birth). 

2. Activities of the child (physical activity, sleep, media 

use). 

3. Early education. 

4. Environment (socioeconomic status, interactions with 

parents and teachers). 

5. Nutrition (healthy vs. unhealthy diet). 

5. Key Nutrients Involved in Brain 

Development 

Critical nutrients for brain development are those that, 

when deficient during the precise, sensitive periods of early 

brain development, could have long-term adverse effects on 

brain functioning. [13] Based on preclinical and experimental 

studies, certain vital nutrients have been identified to 

modulate the development of the brain during fetal and early 

postnatal life (Table 1). [22–25] During childhood, the brain 

consumes 60% of the basal energy in the form of glucose. [7] 

Nutrients can influence neuroanatomy, neurophysiology, and 
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neurochemistry. Nutrients such as protein, iron, zinc, selenium, 

iodine, folate, vitamin A, choline, and LC-PUFA are essential 

for neuronal cell growth and development. Nutrient deficiency 

affects the processes of neural cell development, including cell 

differentiation, synaptogenesis, and dendritic arborization. In 

addition, nutrients also influence neurochemistry 

(neurotransmitter synthesis, receptor synthesis, and 

neurotransmitter reuptake mechanisms) and neurophysiology 

(changes in metabolism and signal propagation). [22] 

The neurodevelopmental processes are rapid between 24 

and 42 weeks of gestation, making the brain highly susceptible 

to nutrient insufficiency. Protein-energy malnutrition and 

postnatal growth failure chiefly affect neurodevelopment, 

with preclinical studies suggesting the outcome as smaller 

brains with global deficits. [13, 22] Iron deficiency during the 

neonatal period is associated with modifications in 

myelination, amino acid/ biogenic amine neurotransmitter 

synthesis, and energy metabolism in the hippocampal. 

Autonomic nervous system regulation and the development of 

hippocampal and cerebellar structures are vulnerable to zinc 

deficiency. [22] Thus, it is crucial to provide optimal nutrition 

during the early years of life. 

Table 1. Key nutrients in brain growth and development [22–25]. 

Nutrient Neurological processes or functions affected by key nutrients 

Protein-energy Cell proliferation, cell differentiation, synaptogenesis 

α-lactalbumin Neurotransmitter synthesis 

Long-chain polyunsaturated fatty acids Myelin formation, synaptogenesis 

Phospholipids Myelination 

Iron Monoamine synthesis, neuronal and glial energy metabolism, myelin formation 

Copper Neurotransmitter synthesis, antioxidant activity, neuronal and glial energy metabolism 

Zinc DNA synthesis, the release of neurotransmitters 

Vitamins B1, B2, B6, B12, and folate Neurotransmitter synthesis and functioning, myelination, brain energy metabolism 

Choline *DNA methylation, myelin synthesis, neurotransmitter synthesis 

Lutein Brain electrical activity 

*DNA: Deoxyribonucleic acid. 

A longitudinal birth cohort study (n=1559) assessed 

children for malnutrition at 3 years and found that those 

malnourished had had a 15.3-point deficit in intelligence 

quotient at age 11 years independent of psychosocial 

adversity. [26] Chronically protein-energy malnutrition 

adversely impacted higher cognitive processes as children 

(n=40) performed poorly on attention, working memory, 

learning and memory, and visuospatial ability tests. 

However, children performed well on the test of motor 

speed and coordination. [27] Few studies included in a 

systematic review of placebo-controlled randomized 

controlled trials on n-3 LC-PUFA showed a positive effect 

on cognition when omega-3 index equivalence was higher 

than >6%. Studies providing intervention with a daily 

supplementation dose of ≥450 mg DHA + EPA showed 

improved cognition. [28] When supplemented with 

soy-derived phosphatidylserine, children with ADHD 

(n=36) showed significant improvement in short-term 

auditory memory and visual sustained attention 

performance (inattention and impulsivity). [29] 

Psychomotor evaluation in children with iron deficiency 

and iron-deficiency anemia showed slow development in 

four functional areas of development on the Denver II 

Developmental Screening Test (social/personal, fine motor 

function, language, and gross motor functions). [30] In the 

Pune Maternal Nutrition Study (n=108), children born to 

mothers with low plasma vitamin B12 (<77 pM at 28 weeks 

of gestation) lagged on tests reflective of sustained 

attention and short-term memory compared to children born 

to mothers with high plasma vitamin B12 (>224 pM). [31] 

In a subcohort of an interventional study, cobalamin and 

folate status was significantly linked to cognitive 

performance. The mental development index score 

increased by 1.3 for every 2-fold increment in plasma 

cobalamin concentration. Independent of cobalamin status, 

folate levels in plasma were positively associated with 

mental development index scores. [32] Evidence from 

clinical studies supports the relevance of certain vital 

nutrients in supporting executive functions and 

higher-order cognitive functions among infants and 

children (Table 2). [25–39] 

Table 2. Role of critical nutrients in executive functions of the brain [26–32]. 

Nutrient Role in executive functions Age group and study type 

Protein 
Working memory, comprehension, attention 

capacity, learning, and memory 

3-11 years (Longitudinal study) 

5–7 years and 8–10 years (Observational cohort study) 

LC-PUFAs (DHA, EPA, 

ARA) 

Working memory, attention, reasoning, information 

processing, verbal learning, and memory 
4–25 years (Systematic review) 

Phospholipids Visual sustained attention 4–14 years (Randomized control trial) 

Iron Cognition, socio-emotional and motor skills 
6 to 12 months; 13 to 36 months; and 37 to 72 months (Observational 

study) 

Vitamin B12 and folate Cognition and motor skills 12–18 months (cohort from a randomized interventional trial) 

LC-PUFA: Long-chain polyunsaturated fatty acid; DHA: Docosahexaenoic acid; ARA: Arachidonic acid; EPA: Eicosapentaenoic acid. 
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6. Significance of Lipids in Brain 

Development and Functioning 

To understand the significance of lipids in brain 

development and function, understanding the lipid 

composition of the brain is important. Lipids are one of the 

predominant components of the human brain, making up 

over 50% of the brain matter. [40] The brain also contains 

about 25% PUFA in the form of docosahexaenoic acid (DHA; 

12–14% of total fatty acids) and arachidonic acid (AA; 8–10% 

of total fatty acids). [41] Phospholipids form an integral part 

of cell membranes and are also found in high levels in 

dendrites, myelin sheath, and synapses. Phospholipids help 

in the signaling function of brain cells. [42] 

Glycerophospholipids, sphingolipids, and cholesterol are the 

major components of neural cell membranes and are the 

essential lipids necessary for brain development and the 

maintenance of cellular processes. [43] 

Analysis of breast milk indicates that sphingomyelin is one 

of the major phospholipids, accounting for approximately 37% 

of the phospholipid fraction of breast milk fat. [44]. Long-chain 

PUFAs account for 15% of 15% of the total lipids in breast milk. 

[45]. Preterm breast milk had higher concentrations of 

sphingomyelin and other lipids/polar lipids than term breast 

milk. [46] 

6.1. Role of LC-PUFA in Infants and Toddlers 

Rapid accretion of DHA in the brain by 30-folds is evident 

from early trimester (week 30) to 2 years, postnatal. This 

period signifies a rapid increase in brain volume. The 

accretion of DHA postnatally, during lactation, is 

approximately 70–80 mg/day. [47] Docosahexaenoic acid is 

an indispensable brain nutrient and plays a critical role in 

several neurological processes and functions related to 

cognitive performance. [48] Docosahexaenoic acid supports 

normal IQ development and helps preserve visuospatial 

learning and memory. In children, low levels of LC-PUFA, 

including DHA in the blood, have been associated with 

specific developmental and behavioral disorders, including 

attention deficit hyperactivity disorder, dyslexia, and 

dyspraxia. [49] 

Evidence supports the role of LC-PUFAs in improving 

long-term cognitive outcomes. Colombo et al. assessed 

cognition beyond 18 months and longitudinal cognitive 

change from 18 months to 6 years between children who were 

fed variable amounts of DHA (0.32%, 0.64%, and 0.96% of 

total fatty acids) and ARA (0.64%) and children who were not 

fed LC-PUFAs as infants. A positive effect on cognitive 

assessments (rule learning and inhibition tasks, Peabody 

Picture Vocabulary Test, and Weschler Primary Preschool 

Scales of Intelligence) was observed over 3–6 years. [34] 

Similarly, Willatts et al. studied the effects of dietary 

LC-PUFAs in infancy on measures of cognitive function at 6 

years of age. For 4 months, infants were randomly assigned to 

receive formula containing either DHA and ARA or no 

LC-PUFAs. Breastfed infants were included as the control 

group. Although there was no difference in the IQ scores 

between infants fed with LC-PUFAs or without LC-PUFAs, 

infants fed with LC-PUFAs were able to process information 

at a faster rate than those who did not receive LC-PUFAs at the 

age of 6. [39] 

6.2. Role of Sphingomyelins in Infants 

Sphingomyelin is a critical and abundantly found 

sphingolipid in the central nervous system. It is abundant in 

the myelin sheath surrounding the neuronal axons. [25, 44] 

Data highlights that sphingomyelin levels increase from 2% at 

birth to 15% at 3 years of age, which correlates with the 

critical process of myelination. Lipid rafts of the human cortex 

contain nearly 38% sphingomyelin. [50] The presence of a 

significant quantity of sphingomyelin in breast milk and the 

central nervous system adds evidence to its role in cognitive 

development. [44] 

An exploratory observational study investigated the link 

between early dietary sphingomyelin and later cognitive 

development. The study reported higher milk sphingomyelin 

levels correlated to better verbal development (r=0.65, 

p<0.001) and higher myelin content. In-vitro models further 

reiterated the role of sphingomyelin in augmenting the 

maturation and differentiation of oligodendrocytes. Thus, the 

authors concluded that dietary sphingomyelin significantly 

influences cognitive development in healthy children and, this 

is achieved potentially by increased axonal myelination. [44] 

Timby and colleagues conducted a randomized controlled 

trial to compare the cognitive scores among infants receiving 

experimental formula containing low protein, low energy, and 

fortified with sphingomyelin; standard formula or breastmilk 

up to 6 months of age. Their cognitive scores were assessed at 

12 months of age. As assessed with Bayley Scales of Infant 

and Toddler Development, Third Edition, the cognitive score 

was higher in those who received sphingomyelin-fortified 

milk compared to those infants who had received standard 

formula. Based on the outcome of this study, the author opined 

that sphingomyelin-fortified milk could be an option for 

reducing the gap in cognitive development between breastfed 

and formula-fed infants. [51] 

6.3. Role of Sphingomyelins in Toddlers 

In toddlers, the significance of nutrition and specific 

nutrients such as sphingomyelin, an essential component of 

myelin, is remarkable because myelination is associated with 

learning, information processing, or cognitive performance 

and sphingomyelin is important for myelination. [46] 

Between 1 and 5 years, myelination occurs early in the 

somatosensory, motor, visual, and auditory cortices but late in 

frontal and temporal cortices. The cognitive ability and 

intelligence across childhood are affected by variations in the 

morphology and difference in the rate of development of the 

cortices. [52] In a relatively large cohort of infants, toddlers, 

and young children aged between 10 months and 4 years, 
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Deoni et al. reported quantitative differences in patterns of 

brain development. Infant formula with higher levels of DHA, 

ARA, choline, and sphingolipids was associated with 

increased levels of myelin development, while myelin 

development was slowest among infants on formula with 

lower levels of sphingolipids and lipids. Further, a marked 

decline in cognitive activity was evident in children who had 

received formula with the lowest sphingolipids/other lipids. 

The cognitive activity in infants with rapid myelination was 

comparable to infants fed with breastmilk. [53] 

As early nutrition significantly impacts the brain and 

cognitive development, it is impossible to rule out a strong 

relationship between brain structure and cognitive 

performance. Deoni et al. compared the longitudinal 

trajectories of brain and neurocognitive development in 

exclusively breastfed children with formula-fed (three 

different formulas with varying quantities of DHA, ARA, 

choline, and sphingolipids, folic acid, vitamin B12, and iron) 

infants. This study was part of an ongoing longitudinal study, 

the Brown University Assessment of Myelination and 

Behavior Across Maturation (BAMBAM). This study 

enrolled children between birth and 5 years of age. Myelin 

development was increased in infants fed with formula with 

higher DHA, ARA, choline, and sphingolipids. Myelin 

development was slowest in infants fed with the lowest DHA, 

ARA, choline, and sphingolipids. A marked decline in 

cognitive function observed across early childhood in those 

with the slowest myelination corresponded to the degree of 

myelination. A formula with a similar trend in myelination to 

breastfeeding also showed a similar trend in cognitive 

tendencies. Therefore, among the key ingredients in the 

formula (ARA, DHA, folic acid, iron, choline, 

sphingomyelin, B12, and phosphatidylcholine) that is 

involved in myelination, sphingomyelin and 

phosphatidylcholine have a profound effect on the whole 

brain, while the rest of the nutrients are actively involved in 

the development in focal brain areas. [53] 

A recent policy statement published by the American 

Academy of Pediatrics calls on healthcare providers to help 

children meet specific nutritional demands for building a 

healthy brain during the critical window between conception 

and age 2. [54] 

7. Summary 

Infancy is characterized by rapid brain growth and 

development. Executive function skills are an essential aspect 

of cognitive processing and are characterized by 

attention-regulation skills involved in conscious, 

goal-directed problem-solving action. Nutrition influences the 

development of the brain and has a role in the development of 

executive functions. While several nutrients are necessary for 

brain growth and functioning, certain vital nutrients like 

LC-PUFAs (DHA, ARA), phospholipids including 

sphingomyelin, play a vital role in brain development and 

function during the early years of life. The role of 

sphingomyelins in functional and structural aspects of 

neuronal myelination may render it essential for cognitive 

development and executive function precursors in infants and 

toddlers. 

Conflict of Interest 

None 

Funding 

No outside funding or grants were necessary for this 

project. 

Acknowledgements 

All named authors for this manuscript meet the 

International Committee of Medical Journal Editors (ICMJE) 

criteria for authorship. All authors take full responsibility for 

the integrity of the work and have given final approval for the 

published version. The authors acknowledge Dr. Punit 

Srivastava from Mediception Science Pvt. Ltd 

(www.mediception.com), Gurgaon, India, for providing 

writing and editing assistance for this project. 

 

References 

[1] Prado E. L., Dewey K. G. (2014). Nutrition and Brain 
Development in Early Life. Nutr. Rev, 72 (4), 267–284. doi: 
10.1111/nure.12102. 

[2] Nyaradi A., Li, J., Hickling S., Foster J., Oddy, W. H. (2013). 
The Role of Nutrition in Children’s Neurocognitive 
Development, from Pregnancy through Childhood. Front. Hum. 
Neurosci., 7: 97. doi: 10.3389/fnhum.2013.00097. 

[3] Azevedo F. A. C., Carvalho L. R. B., Grinberg L. T., Farfel J. 
M., Ferretti R. E. L., Leite R. E. P., et. al. (2009). Equal 
Numbers of Neuronal and Nonneuronal Cells Make the Human 
Brain an Isometrically Scaled-up Primate Brain. J. Comp. 
Neurol., 513 (5), 532–541. doi: 10.1002/cne.21974. 

[4] von Bartheld C. S., Bahney J., Herculano-Houzel S. (2016) The 
Search for True Numbers of Neurons and Glial Cells in the 
Human Brain: A Review of 150 Years of Cell Counting: 
Quantifying Neurons and Glia in Human Brain. J. Comp. 
Neurol., 524 (18), 3865–3895. doi: 10.1002/cne.24040. 

[5] Ascoli G. A. (2015). On Synaptic Circuits, Memory, and 
Kumquats. N. Engl. J. Med., 373 (12), 1170–1172. doi: 
10.1056/NEJMcibr1509692. 

[6] Wong A. D., Ye M., Levy A. F., Rothstein J. D., Bergles D. E., 
Searson P. C. (2013). The Blood-Brain Barrier: An Engineering 
Perspective. Front. Neuroengineering, 6: 7. doi: 
10.3389/fneng.2013.00007. 

[7] Steiner P. (2019). Brain Fuel Utilization in the Developing 
Brain. Ann. Nutr. Metab., 75 (1), 8–18. doi: 
10.1159/000508054. 

[8] Picton T. W., Taylor M. J. (2007). Electrophysiological 
Evaluation of Human Brain Development. Dev. Neuropsychol., 
31 (3), 249–278. doi: 10.1080/87565640701228732. 



 Journal of Food and Nutrition Sciences 2022; 10(1): 19-26 25 

 

[9] Shafai T., Mustafa M., Compsos S., Niake L. (2018). The 
Influence of Breastfeeding and the Infant’s Social Environment 
on Neuroplasticity and Brain Development: The First 1000 
Days. In Selected Topics in Breastfeeding, Mauricio Barría P., 
R., Ed., IntechOpen, 2018. doi: 10.5772/intechopen.73209. 

[10] Choe M., Ortiz-Mantilla S., Makris N., Gregas M., Bacic J., 
Haehn D., et. al. (2013). Regional Infant Brain Development: 
An MRI-Based Morphometric Analysis in 3 to 13 Month Olds. 
Cereb. Cortex, 23 (9), 2100–2117. doi: 10.1093/cercor/bhs197. 

[11] Gilmore J. H., Knickmeyer R. C., Gao W. (2018). Imaging 
Structural and Functional Brain Development in Early 
Childhood. Nat. Rev. Neurosci., 19 (3), 123–137. doi: 
10.1038/nrn.2018.1. 

[12] Croteau-Chonka E. C., Dean D. C., Remer J., Dirks H., 
O’Muircheartaigh J., Deoni S. C. L. (2016). Examining the 
Relationships between Cortical Maturation and White Matter 
Myelination throughout Early Childhood. NeuroImage, 125, 
413–421. doi: 10.1016/j.neuroimage.2015.10.038. 

[13] Cusick S. E., Georgieff M. K. (2016). The Role of Nutrition in 
Brain Development: The Golden Opportunity of the “First 1000 
Days.” J. Pediatr., 175, 16–21. doi: 10.1016/j.jpeds.2016.05.013. 

[14] Gilbert P. E., Kesner R. P., DeCoteau W. E. (1998). Memory for 
Spatial Location: Role of the Hippocampus in Mediating 
Spatial Pattern Separation. J. Neurosci., 18 (2), 804–810. doi: 
10.1523/JNEUROSCI.18-02-00804.1998. 

[15] Uytun M. C. Development Period of Prefrontal Cortex | 
IntechOpen https://www.intechopen.com/chapters/63179 
(accessed 2021 -09 -30). 

[16] Munakata Y., Michaelso, L., Barker J., Chevalier N (2013). 
Executive Functioning During Infancy and Childhood: In: 
Tremblay RE, Boivin M, Peters RDeV, eds. Morton JB, topic 
ed. Encyclopedia on Early Childhood Development [online] | 
https://www.child-encyclopedia.com/executive-functions/acco
rding-experts/executive-functioning-during-infancy-and-child
hood (accessed 2021 -05 -30). 

[17] Blair C. (2017). Educating Executive Function. Wiley Interdiscip. 
Rev. Cogn. Sci., 8 (1–2), e1403. doi: 10.1002/wcs.1403. 

[18] Diamond A., Ling D. S. (2016). Conclusions about 
Interventions, Programs, and Approaches for Improving 
Executive Functions That Appear Justified and Those That, 
despite Much Hype, Do Not. Dev. Cogn. Neurosci., 18, 34–48. 
doi: 10.1016/j.dcn.2015.11.005. 

[19] N. R. C. 2015. Transforming the Workforce for Children Birth 
Through Age 8: A Unifying Foundation, National Academies 
Press: Washington, D. C., 2015, p 19401. doi: 10.17226/19401. 

[20] Ackerman D. J., Friedman-Krauss A. H. (2017). Preschoolers’ 
Executive Function: Importance, Contributors, Research 
Needs and Assessment Options: Preschoolers’ Executive 
Function. ETS Res. Rep. Ser., 2017 (1), 1–24. doi: 
10.1002/ets2.12148. 

[21] Cohen J. F. W., Gorski M. T., Gruber S. A., Kurdziel L. B. F., 
Rimm E. B. The Effect of Healthy Dietary Consumption on 
Executive Cognitive Functioning in Children and Adolescents: 
A Systematic Review. 13. 

[22] Georgieff M. K. (2007). Nutrition and the Developing Brain: 
Nutrient Priorities and Measurement. Am. J. Clin. Nutr., 85 (2), 
614S-620S. doi: 10.1093/ajcn/85.2.614S. 

[23] Jenkins T., Nguyen J., Polglaze K., Bertrand P. (2016). 
Influence of Tryptophan and Serotonin on Mood and Cognition 
with a Possible Role of the Gut-Brain Axis. Nutrients, 8 (1), 56. 
doi: 10.3390/nu8010056. 

[24] Swaminathan S., Edward B. S., Kurpad A. V. (2013). 
Micronutrient Deficiency and Cognitive and Physical 
Performance in Indian Children. Eur. J. Clin. Nutr., 67 (5), 
467–474. doi: 10.1038/ejcn.2013.14. 

[25] Tanaka K., Hosozawa M., Kudo N., Yoshikawa N., Hisata K., 
Shoji H., et. al. (2013). The Pilot Study: 
Sphingomyelin-Fortified Milk Has a Positive Association 
with the Neurobehavioural Development of Very Low Birth 
Weight Infants during Infancy, Randomized Control Trial. 
Brain Dev., 35 (1), 45–52. doi: 
10.1016/j.braindev.2012.03.004. 

[26] Liu J., Raine A., Venables P. H., Dalais C., Mednick S. A. 
(2003). Malnutrition at Age 3 Years and Lower Cognitive 
Ability at Age 11 Years: Independence From Psychosocial 
Adversity. Arch. Pediatr. Adolesc. Med., 157 (6), 593–600. doi: 
10.1001/archpedi.157.6.593. 

[27] Kar B. R., Rao S. L., Chandramouli B. A. (2008). Cognitive 
Development in Children with Chronic Protein Energy 
Malnutrition. Behav. Brain Funct., 4 (1), 31. doi: 
10.1186/1744-9081-4-31. 

[28] van der Wurff I. S. M., Meyer B. J., de Groot R. H. M. 
(2020). Effect of Omega-3 Long Chain Polyunsaturated 
Fatty Acids (n-3 LCPUFA) Supplementation on Cognition 
in Children and Adolescents: A Systematic Literature 
Review with a Focus on n-3 LCPUFA Blood Values and 
Dose of DHA and EPA. Nutrients, 12 (10), 3115. doi: 
10.3390/nu12103115. 

[29] Hirayama S., Terasawa K., Rabeler R., Hirayama T., Inoue T., 
Tatsumi Y., et. al. (2014). The Effect of Phosphatidylserine 
Administration on Memory and Symptoms of Attention-Deficit 
Hyperactivity Disorder: A Randomised, Double-Blind, 
Placebo-Controlled Clinical Trial. J. Hum. Nutr. Diet., 27 (s2), 
284–291. doi: 10.1111/jhn.12090. 

[30] Pala E., Erguven M., Guven S., Erdogan M., Balta T. (2010). 
Psychomotor Development in Children with Iron Deficiency 
and Iron-Deficiency Anemia. Food Nutr. Bull., 31 (3), 431–435. 
doi: 10.1177/156482651003100305. 

[31] Bhate V., Deshpande S., Bhat D., Joshi N., Ladkat R., Watve S., 
et. al. (2008). Vitamin B12 Status of Pregnant Indian Women 
and Cognitive Function in Their 9-Year-Old Children. Food 
Nutr. Bull., 29 (4), 249–254. 

[32] Strand T. A., Taneja S., Ueland P. M., Refsum H., Bahl R., 
Schneede J., et. al. (2013). Cobalamin and Folate Status 
Predicts Mental Development Scores in North Indian Children 
12–18 Mo of Age. Am. J. Clin. Nutr., 97 (2), 310–317. doi: 
10.3945/ajcn.111.032268. 

[33] Akman M., Cebeci D., Okur V., Angin H., Abali O., Akman A. 
(2007). The Effects of Iron Deficiency on Infants’ 
Developmental Test Performance. Acta Paediatr., 93 (10), 
1391–1396. doi: 10.1111/j.1651-2227.2004.tb02941.x. 

[34] Colombo J., Carlson S. E., Cheatham C. L., Shaddy D. J., 
Kerling E. H., Thodosoff J. M., et. al. (2013). Long-Term 
Effects of LCPUFA Supplementation on Childhood Cognitive 
Outcomes. Am. J. Clin. Nutr., 98 (2), 403–412. doi: 
10.3945/ajcn.112.040766. 



26 Nithya Franklyn et al.:  Impact of Key Nutrients on Brain and Executive Function Development in  

Infants and Toddlers: A Narrative Review 

[35] Dalton A., Wolmarans P., Witthuhn R. C., van Stuijvenberg M. 
E., Swanevelder S. A., Smuts C. M. (2009). A Randomised 
Control Trial in Schoolchildren Showed Improvement in 
Cognitive Function after Consuming a Bread Spread, 
Containing Fish Flour from a Marine Source. Prostaglandins 
Leukot. Essent. Fatty Acids, 80 (2–3), 143–149. doi: 
10.1016/j.plefa.2008.12.006. 

[36] Idjradinata P., Pollitt E. (1993). Reversal of Developmental Delays 
in Iron-Deficient Anaemic Infants Treated with Iron. Lancet Lond. 
Engl., 341 (8836), 1–4. doi: 10.1016/0140-6736(93)92477-b. 

[37] Kim J. Y., Kang S. W. (2017). Relationships between Dietary 
Intake and Cognitive Function in Healthy Korean Children and 
Adolescents. J. Lifestyle Med., 7 (1), 10–17. doi: 
10.15280/jlm.2017.7.1.10. 

[38] Osendarp S. J. M., Baghurst K. I., Bryan J., Calvaresi E., 
Hughes D., Hussaini M., et. al. (2007). Effect of a 12-Mo 
Micronutrient Intervention on Learning and Memory in 
Well-Nourished and Marginally Nourished School-Aged 
Children: 2 Parallel, Randomized, Placebo-Controlled Studies 
in Australia and Indonesia. Am. J. Clin. Nutr. 2007, 86 (4), 
1082–1093. doi: 10.1093/ajcn/86.4.1082. 

[39] Willatts, P., Forsyth S., Agostoni C., Casaer P., Riva E., Boehm G. 
(2013). Effects of Long-Chain PUFA Supplementation in Infant 
Formula on Cognitive Function in Later Childhood. Am. J. Clin. 
Nutr., 98 (2), 536S-542S. doi: 10.3945/ajcn.112.038612. 

[40] Chang C. Y., Ke D. S., Chen J. Y. (2009). Essential Fatty Acids 
and Human Brain. Acta Neurol. Taiwanica, 18 (4), 231–241. 

[41] Joffre C. (2019). Polyunsaturated Fatty Acid Metabolism in the 
Brain and Brain Cells. In Feed Your Mind - How Does 
Nutrition Modulate Brain Function throughout Life?, 
Bosch-Bouju, C., Layé, S., Pallet, V., Eds., IntechOpen, 2019. 
doi: 10.5772/intechopen.88232. 

[42] Li J., Wang X., Zhang T., Wang C., Huang Z., Luo X., et. al. 
(2015). A Review on Phospholipids and Their Main 
Applications in Drug Delivery Systems. Asian J. Pharm. Sci., 
10 (2), 81–98. doi: 10.1016/j.ajps.2014.09.004. 

[43] Hussain G., Wang J., Rasul A., Anwar H., Imran A., Qasim M., 
et. al. (2018). Role of Cholesterol and Sphingolipids in Brain 
Development and Neurological Diseases. Lipids Health Dis., 
18 (1), 26. doi: 10.1186/s12944-019-0965-z. 

[44] Schneider N., Hauser J., Oliveira M., Cazaubon E., Mottaz S. 
C., O’Neill B. V., et. al. (2019). Sphingomyelin in Brain and 
Cognitive Development: Preliminary Data. eneuro, 6 (4), 
ENEURO.0421-18.2019. doi: 
10.1523/ENEURO.0421-18.2019. 

[45] Ramiro-Cortijo D., Singh P., Liu Y., Medina-Morales E., Yakah, 
W., Freedman S. D., et. al. (2020). Breast Milk Lipids and Fatty 
Acids in Regulating Neonatal Intestinal Development and 
Protecting against Intestinal Injury. Nutrients, 12 (2), 534. doi: 
10.3390/nu12020534. 

[46] Dei Cas M., Paroni R., Signorelli P., Mirarchi A., Cerquiglini L., 
Troiani S., et. al. (2020). Human Breast Milk as Source of 
Sphingolipids for Newborns: Comparison with Infant 
Formulas and Commercial Cow’s Milk. J. Transl. Med., 18 (1), 
481. doi: 10.1186/s12967-020-02641-0. 

[47] Garg P., Pejaver R. K., Sukhija M., Ahuja A. (2017). Role of 
DHA, ARA, & Phospholipids in Brain Development: An 
Indian Perspective. Clin. Epidemiol. Glob. Health, 5 (4), 155–
162. doi: 10.1016/j.cegh.2017.09.003. 

[48] Weiser M., Butt C., Mohajeri M. (2016). Docosahexaenoic 
Acid and Cognition throughout the Lifespan. Nutrients, 8 (2), 
99. doi: 10.3390/nu8020099. 

[49] Kuratko C., Barrett E., Nelson E., Salem N. (2013). The 
Relationship of Docosahexaenoic Acid (DHA) with Learning 
and Behavior in Healthy Children: A Review. Nutrients, 5 (7), 
2777–2810. doi: 10.3390/nu5072777. 

[50] Dawson G. (2015). Measuring Brain Lipids. Biochim. Biophys. 
Acta BBA - Mol. Cell Biol. Lipids, 1851 (8), 1026–1039. doi: 
10.1016/j.bbalip.2015.02.007. 

[51] Timby N., Domellöf E., Hernell O., Lönnerdal B., Domellöf M. 
(2014). Neurodevelopment, Nutrition, and Growth until 12 Mo 
of Age in Infants Fed a Low-Energy, Low-Protein Formula 
Supplemented with Bovine Milk Fat Globule Membranes: A 
Randomized Controlled Trial. Am. J. Clin. Nutr., 99 (4), 860–
868. doi: 10.3945/ajcn.113.064295. 

[52] Deoni S. C. L., Dean D. C., Remer J., Dirk, H., 
O’Muircheartaigh J. (2015). Cortical Maturation and 
Myelination in Healthy Toddlers and Young Children. 
NeuroImage, 115, 147–161. doi: 
10.1016/j.neuroimage.2015.04.058. 

[53] Deoni S., Dean D., Joelson S., O’Regan J., Schneider N. (2018). 
Early Nutrition Influences Developmental Myelination and 
Cognition in Infants and Young Children. NeuroImage, 178, 
649–659. doi: 10.1016/j.neuroimage.2017.12.056. 

[54] Schwarzenberg S. J., Georgieff M. K., (2018). COMMITTEE 
ON NUTRITION. Advocacy for Improving Nutrition in the 
First 1000 Days to Support Childhood Development and Adult 
Health. Pediatrics, 141 (2), e20173716. doi: 
10.1542/peds.2017-3716. 

 

 


