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OMEGA-3

Malnutrition generally refers to deficiencies, excesses, or imbalances in energy and/or nu-
trient intake and encompasses three categories including undernutrition, overweight/obe-
sity, and micronutrient malnutrition.1,2 The consequences of malnutrition have significant 
and lasting effects which impact economic, social, and healthcare systems globally.3 The mag-
nitude of the negative impact of malnutrition may be greatest when considering one of the 
most affected populations, children. According to the World Health Organization, 224 million 
children under the age of 5 are under nourished, where 41 million are overweight or obese.4 
Likewise, 45% of deaths of this group are linked to undernutrition and obesity is in the rise 
in almost every country worldwide.4 Malnutrition is not only related to a range of noncom-
municable diseases but is considered to cause a range of issues which negatively impact the 
individual over their entire lifespan5,6 and future generations via epigenetic mechanisms.7 
One of the primary concerns with child malnutrition is the negative impact it has on brain 
development and cognitive functioning altering physical and psychological characteristics 
and wellbeing of the child and their future self.

During development, the central nervous system (CNS) and brain are susceptible to a va-
riety of factors which influence brain development and cognitive functioning.8 These factors 
include both environmental and biological factors (i.e., genes and cellular mechanisms) and 
their interaction.9 Nutrition is an especially significant environmental factor because of the 
influence it has on gene expression and epigenetics10 and the specific cellular and develop-
mental mechanisms which depend on essential nutrients for proper function and growth.11 
Likewise, with increasing duration of malnutrition, these problems are exacerbated increas-
ing the long-term and more serious consequences and lifelong residual effects.12
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144 10. OMEGA-3 AND COGNITION IN CHILDREN WITH MALNUTRITION

Specific nutrients are critical during different developmental epochs and for specific cellu-
lar mechanisms which underlie brain development and cognitive functioning. One nutrient 
of significant importance to both development and day-to-day functioning is omega-3 fatty 
acids. The following chapter reviews the specifics of how malnutrition in children can impact 
development and cognitive performance. Details are provided on the specific influence of 
both undernutrition and overweight/obesity on cognitive performance. Moreover, the bulk 
of the following specifically highlights the empirical evidence demonstrating the effect that 
Omega-3 fatty acid consumption or supplementation has on cognition and neuropsycholog-
ical performance in children with malnutrition.

MALNUTRITION AND COGNITION IN CHILDREN

The World Health Organization (WHO) defines malnutrition as “the cellular imbalance 
between the supply of nutrients and energy and the body’s demand to ensure growth, main-
tenance and specific functions”13 resulting in accumulated energy, protein, or micronutrient 
deficits that may negatively affect growth, development, and other pertinent outcomes.14 
It has been demonstrated that children who experience retardation in growth during early 
childhood have increased probabilities of cognitive, motor, and language deficits along with 
poorer outcomes in academic performance and slowed cognitive development.15

In comparison to the body, the brain develops rapidly during the first years of life reach-
ing 80% of adult weight by age 2,16 but this rapid growth increases vulnerabilities to the 
negative effects of nutritional deficiencies.17 Animal models have demonstrated that malnu-
trition during this period of rapid development can alter the number of cell,18 the migration 
of cells,19 neuronal myelination,20 formation of synapses,21 hippocampal formation,22 and 
neurotransmission.23 In addition, undernourished children may have less energy which may 
result in less exploratory behaviors and interest in learning which also impacts cognitive 
development.24 This association between malnutrition and development of cognition is well 
established by cross-sectional studies, however, only a few longitudinal studies have been 
conducted and no international statistics exist which demonstrate the actual progress of cog-
nitive development in children.25

Various findings which demonstrate the influence malnutrition has on child development 
and cognition have arisen from specific geographical incidents, such as famine or lacking a 
specific nutrient in a local area. However, it is important to consider that nutrients do not 
act in isolation but act within complex system and sequences which are integral to specific 
and general mechanisms which require the provision of other micronutrients.15 This is es-
pecially true when considering the impact of nutrition on brain development and cognitive 
functioning.

IMPACT OF UNDERNUTRITION ON COGNITIVE FUNCTION

The impact of undernutrition, that is, lacking in energy and/or specific micronutrients, had 
been demonstrated to impact brain development and cognitive function starting during preg-
nancy through adolescence. The nutritional guidelines for pregnant mothers and infants have 
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been greatly influenced by findings showing theses critical effect of nutrition. Malnutrition 
may begin before the child is even born, when the mother is undernourished, as is often the 
case in low-income countries.26 However, in western countries, delays in fetal growth is often 
the result of a medical conditions for example with severe hypertension,27 or if the mother 
consumes higher levels of alcohol.28

Also undernourishment during this period is associated with decreased birth weight, de-
lays in cognitive development and with a decrease of 4–8 points in IQ scores compared to 
children with normal birth weight.29 Frequently malnutrition during pregnancy is also fol-
lowed by poor nutrition during the first months and years of life further resulting in severely 
stunted growth.30 Stunting of growth in early childhood caused by a nutritional deficiency is 
associated with poorer cognitive development, academic performance in later childhood,25 
and specifically protein-energy malnutrition can cause delays in growth of the hippocampus 
and cortex.31 Furthermore, reviews of the both animal and human studies have shown that 
mild but persistent malnutrition during the first 2 years of life negatively affects reasoning, vi-
suospatial functions, language development, attention, academic achievement, IQ, and learn-
ing.32 Research on brain development and cognition have demonstrated that some nutrients 
may more influential than others, including proteins, energy, certain fats, iron, zinc, copper, 
iodine, selenium, vitamin A, choline, and folic acid. Micronutrient deficiencies are a major 
concern among children in developing countries, which affect their growth and cognitive 
development.33 The specific profiles or lack of resources with regional diets which have little 
variation may result in lack of important micronutrients essential for development.34

IMPACT OF OVERWEIGHT/OBESITY ON COGNITIVE FUNCTION

Obesity is a special form of malnutrition considered as over nutrition, as opposed to un-
dernutrition, but it is considered malnutrition because it is likely that the diet has a low den-
sity of nutrients along with a high content of fats and carbohydrates.35 Obesity represents a 
rapidly growing problem greatly affecting developed regions and is steadily increasing in 
developing countries36 and is considered a world pandemic37. Childhood obesity and the 
associated burden of associated diseases and disorders are greatly impacting healthcare sys-
tems in the United States and abroad, and the increase in prevalence continues to rise.38 In 
2010, it was estimated that 43 million children worldwide, including 35 million in developing 
countries, were overweight or obese, and it is expected that this number will continue to grow 
to 60 million by 2020.39

Childhood obesity is not only associated with many major adverse health consequences 
but predisposes them as adults to hypertension, dyslipidemia, diabetes, cardiovascular dis-
ease (CVD), stroke, and many types of cancer.39 Correspondingly, childhood obesity is asso-
ciated with poorer cognitive function and future outcomes such as academic performance 
and cognitive functioning.40 Dietary components such as high saturated fats and sugars may 
also have a detrimental impact on brain function although much of this evidence is derived 
from animal models.41 Brain-derived neurotrophic factor (BDNF) appears to function at the 
crossroads of cognitive and metabolic regulation.42 BDNF modulates insulin resistance and 
glucose metabolism and deletion or polymorphisms of BDNF are related to abnormal hippo-
campal function among rodent and human studies.43 Exposure to a diet high in saturated fat 
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and sucrose, independent of obesity, was related to decreased BDNF in the hippocampus and 
poorer learning and memory performance.44

A recent review of the literature concluded that overweight and obesity may result in 
lower academic performance as measured as literacy, numeracy, and school grades,45 but 
only a few studies have investigated a possible connection between being obesity and/or 
overweight and cognitive performance in children. Associations have been demonstrated 
between overweight status and poor school performance among all children from 7th to 9th 
grade, but not from 3 to 6.46 It has been found that obese children have a worse performance 
in mental updating, understanding of language and memory in comparison with normal 
weight children.47 Likewise, others have observed that, among Chinese elementary school 
children, children with severe obesity had a significantly lower IQ than controls.48 An asso-
ciation between the BMI percentile category and cognitive impairment in the visuospatial 
organization and general mental capacity, the importance of these findings can be judged by 
noting that the adverse effects of increasing body weight status on the functioning of cogni-
tion begin to play as early as in childhood.49

DEFICIENCIES OF SPECIFIC MICRONUTRIENTS  
AND BRAIN DEVELOPMENT

It is well established that nutritional deficiencies can affect the brain and alter develop-
ment and subsequent behavior permanently as seen with the prime examples of iron, folic 
acid, zinc, and iodine deficiency. Studies of these micronutrients have established evidence 
which has been used to inform public policy and community interventions to better health 
outcomes and promote healthy development in children. Furthermore, this area of research 
demonstrates the increased need to better understand the influence of malnutrition, espe-
cially considering the influence of specific nutrients, on important outcomes which impact 
may affect the individual over their whole lifespan and even future generations.

The importance of nutrition to development is highlighted by the following specific micro-
nutrients and their impact on cognitive functioning, likewise, it is important to consider the 
implications of malnutrition where the child or the pregnant mother is lacking basic sustenance. 
Any of the micronutrient deficiencies may occur alone or concurrently in individuals lacking 
sufficient caloric intake exacerbating the impact of malnutrition on development and cognition, 
especially in the epochs of development where specific micronutrients and energy are critical.

Iron deficiency anemia is the most prevalent nutritional deficiency worldwide, and it is 
estimated that up to half of all children worldwide are deficient in iron.50 In children, the re-
lationship between iron and cognitive development has been well researched, however, there 
are mixed results.15 Meta-analysis has demonstrated that short-term iron treatment for ane-
mia in children under 3 did not improve cognitive development, however in older children, 
there have been results indicated that supplementation did increase IQ.51–53 Iron appears to 
modify the development processes in hippocampal neurons by altering dendritic growth54 
which may cause long-lasting effects on neural structure and behavior.55 If a deficiency of iron 
occurs in the 6–12 months of life, the damage may be irreversible.56

Folic acid is another example of a nutrient vital to brain development. Deficiency of folic acid 
between 21 and 28 days after embryo is fertilized and implanted, when the neural tube is closed, 
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predisposes the fetus to a congenital malformation, called a neural tube defect.57 If there is not 
enough folic acid, in this critical period, there is an irreversible change in the structure and func-
tion of the brain, supplementation of folic acid can prevent this and associated fetal mortality.58 
Furthermore, vitamin B12 is often given alongside folic acid because of its critical and connected 
roles in metabolism mechanisms. Since folate and vitamin B12 are metabolically associated, defi-
ciency of one can influence the functioning of the other.59 Like folic acid, B12 deficiency has been 
showed to cause brain atrophy and demyelination of nerve cells that directly affect cognitive and 
language development in the long term.60 An important function of B12 in the nervous system is 
the metabolism of the fatty acids necessary for the maintenance of the myelin sheath surround-
ing the axon and with long-term deficiency can cause irreversible brain damage.59

Another major problem worldwide is zinc deficiency, affecting 40% of the world’s popula-
tion.61 Zinc is involved in the process of neurogenesis,62 maturation and migration of neurons,63 
and overall in motor functioning64 and cognitive development.65 Likewise it is plays a criti-
cal role in in synaptic transmission66 especially in hippocampal neurons, involved in learning 
and memory67 and is known to modulate neurotransmitters, including glutamate and gamma- 
aminobutyric acid receptors (GABAs).68 Evidence has demonstrated changes motor develop-
ment and cognitive performance,69–71 however some have demonstrated no benefits72,73 and the 
exact mechanism which zinc is acting on behavior and cognitive development is undecided.74

Additionally, iodine deficiency is a significant global problem, which is especially import-
ant in developing children and during pregnancy75 and can result in hypothyroidism, caus-
ing an insufficient production of thyroid hormones.76 These hormones play a critical role in 
brain development and neurological processes, including differentiation of neuronal cells, 
maturation and migration, myelination, neurotransmission, and synaptic plasticity.77,78 Past 
meta-analysis of the importance of iodine to cognitive development has shown significant ef-
fects on measures of cognition.79 Similarly, a more recent meta-analysis using more advanced 
techniques and only studies from China, where the soil has a severe iodine deficiency, show 
similar results. It was found that there was a decrease of 12.3 points in the IQ of those children 
whose mothers lived in regions with iodine deficient soil as compared to those who lived in 
regions with sufficient soil iodine concentrations.80 However, the association between mild to 
moderate maternal iodine deficiency and cognitive development is not as clear as it is when 
iodine deficiency is severe.81

As seen with iron, folic acid, zinc, and iodine micronutrients deficiencies of essential fatty 
acids are now considered to play a major role in development and cognitive function. Of 
interest are omega-3 polyunsaturated fatty acids (PUFAs) and its importance in biological 
mechanisms, brain structure, and behavior. The primary role that omega-3 plays in brain and 
behavior can further be demonstrated by the findings from studies in which supplement of 
omega-3 in children with malnutrition.

OMEGA-3, BRAIN DEVELOPMENT, AND COGNITION  
IN MALNUTRITION

The role of omega-3 fatty acids has been the focus for a broad range psychological issues 
and pathologies in children ranging from behavioral problems, attention deficit hyperac-
tive disorder (ADHD), psychotic mania, autism spectrum disorder, and mood disorders.82  
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The basis of this area of research is that omega-3 polyunsaturated fatty acids (PUFAs) are 
important for physiological functioning especially in the CNS and have been shown to as-
sociate with decreased neuroinflammation.83 Like the previously mentioned micronutrients, 
humans depend on dietary sources for essential fatty acids including omega-3 and omega-6 
fatty acids. Linoleic acid (LA), the omega-6 precursor, and α-linoleic acid (ALA), the omega-3 
precursor, are major essential fatty acids. ALA can be modified by the body into eicosatetrae-
noic acid (EPA) and docosahexaenoic acid (DHA), however, these conversions are slow and 
inefficient.84 The main dietary sources of EPA and DHA are fatty fish such as salmon, herring, 
tuna and halibut, while ALA comes mainly from plant sources such as canola oil, walnuts, 
and flaxseed.85

Both omega-3 and omega- 6 are beneficial for health, however omega-6 is more prevalently 
consumed in western diets, while omega-3 is consumed less86 and children who consume 
high levels of omega-6 are at risk of consuming low levels of omega-3.87 The ratio of omega-6 
to omega-3 consumption is of concern in westernized diets, as ratios are as high as 10:1 to 20:1 
and are a large departure from the 1:1 ratio proposed by evolutionary perspectives.88 This 
ratio is thought to be important to proper balance of lipids in brain tissues and brain function-
ing.89 Increased blood serum level ratios of omega-6 to omega-3 have also been found to asso-
ciate with increased risk for obesity, increased symptoms of ADHD, and increased symptoms 
of Autism Spectrum Disorder.90 Lack of omega-3 from dietary sources produces deficiencies 
in the biological systems because of the inefficient conversion, which promotes inflammation, 
pathogenesis of disease, and hinders optimal brain functioning.91

The role of fatty acids in development and cognition is important as apparent when 
looking at brain tissue composition and the role that fatty acids play in brain cellular 
functioning and structure.92 Sixty percent of brain tissue is composed of lipids93 and is 
unique in its levels of specific fatty acids, with high levels of AA and DHA and lower lev-
els of EPA.94 The consumption of these essential fatty acids helps to conserve the neuronal 
membranes of this unique lipid composition which vital for the proper functioning of the 
CNS.95 Specifically, 30%–40% of the lipids which comprise the cellular membranes in gray 
matter are DHA and higher concentrations are found synaptic membranes.96 Omega-3 
PUFAs have been associated with the integrity of the CNS and are important for develop-
ment and functioning of the CNS.97

Essential fatty acids, especially DHA, contribute to the optimal functioning of neuronal 
membranes and neurotransmission, including the influence on inflammation, deficiencies of 
fatty acids are associated with problems with behavior, learning, and cognition.98,99 Likewise, 
studies have shown that deficiency of omega-3 is associated with problems of the endocanna-
binoid system which helps regulate neuronal activities associated with mood and behavior.100 
Animal models demonstrate that maternal deficiency of omega-3 during gestation affects the 
development of the brain in the offspring and was associated with offspring spatial mem-
ory problems.101 Omega-3 deficiency has also be associated with problems in learning and 
brain functioning and these behavioral deficits are thought to be the result of problems with 
the synthesis of phospholipids (which make up brain cell membranes), transportation and 
utilization of glucose, and decreased neuron size in the hippocampus, hypothalamus, and 
cerebral cortex.98

The regulation of membrane fluidity and gene expression is believed to be particularly 
important during infant and childhood development.102 Likewise, problems in the fatty acid 
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metabolism are also related with neurodevelopmental disorders such as attention deficit hy-
peractivity disorder, dyslexia, dyspraxia, and autistic spectrum disorder.103 However, most 
research on the association between omega-3 intake and cognitive development has focused 
on preterm or low-birth-weight babies.8

The accumulation of DHA in the brain begins in the uterus, mainly in the second half 
of pregnancy, when gray matter growth accelerates.104 In the last trimester of gestation and 
the first months of life DHA storage in the brain continues to increase, this is when neuro-
genesis is very active and neuroblast migration, differentiation and synaptogenesis occur.105 
Therefore preterm infants, who do not receive the intrauterine supply of DHA in the third 
trimester, they may have DHA deficiencies which will make them vulnerable to reductions in 
neuronal growth and decreased regional cortical gray matter volumes.105

As realized with other micronutrients, Omega-3 deficiency has been the focus of investiga-
tions to improve health and psychological functioning associated with the bulk of these stud-
ies have centered around the first couple years of life when development is rapidly occurring. 
However, it is important to consider that development is an ongoing process and is not uni-
form across individuals, especially when considering cognitive development.106 Likewise, 
effects from early malnutrition are seen to cause lasting effects on cognitive abilities into ad-
olescence and even young adulthood.106,107

When considering normal cognitive development, research has demonstrated benefi-
cial effects from nutritional supplementation of omega-3. A recent systematic review and 
 meta-analysis conducted by Shulkin and colleagues demonstrated that omega-3 supplemen-
tation improves child cognitive development.108 Their meta-analysis included 15 randomized 
controlled trials including 2525 children with 20 different intervention types (supplementation 
with different combinations of DHA, EPA, AA at different time periods). They demonstrated 
that these studies, which had an average supplementation duration of about 7 months and 
measures taken after an average of 16 months, that both material and infant supplementation 
improved cognitive development as measured by the Bayley Scales of Infant Development 
(BSID) having a standard mean difference (SMD) of 0.21 and 0.24, respectively. The effect size 
was greatest (SMD = 0.40), on the psychomotor development subscale of the BSID when DHA 
and/or EPA was used. However, the combined use of DHA and AA had the greatest effect 
size (SMD = 0.17) on the mental development index used. The use of high-quality RCTs and 
differential intervention types aids in bettering the understanding of the effects of omega-3 
supplementation in normal development, showing that there are clear benefits. Likewise, it is 
equally important to explore the differences in children with malnutrition, as this population 
represents one that is highly susceptible to cognitive deficits which are caused by lack of en-
ergy and nutrients to ensure optimal growth and development.

SUPPLEMENTATION AND IMPACT ON COGNITION  
WITH UNDERNUTRITION

In respect to undernutrition, it is important to explore avenues to aid children with 
the associated health and cognitive issues which may arise, especially in respect to cogni-
tive functioning. This large, growing, and underserved population characterizes a unique 
group where early intervention aids development and functioning throughout the lifespan. 

B. OMEGA FATTY ACIDS: BRAIN AND NEUROLOGICAL DEVELOPMENT

Author's personal copy



150 10. OMEGA-3 AND COGNITION IN CHILDREN WITH MALNUTRITION

However, there is limited research on the direct effects of only omega-3 supplementation on 
cognitive function in undernourished children, especially when it comes to studies which use 
high-quality methodology such as randomized controlled trials. Furthermore, many of the 
results from studies connecting changes in cognition are controversial.

The use of other types of supplementation methods has been explored as well. Dalton et al. 
used a fish-flour spread to deliver omega-3 PUFAs to children to better understand the influ-
ence on cognitive outcomes.109 One hundred and eight three children ages 7–9 who attended a 
primary school which served low SES community in Northern Cape Province of South Africa 
were randomized into two groups. Of the children who were participated in the study, an-
thropometric indices indicated that malnutrition was present, approximately 26% were clas-
sified as having stunting, 23.6% were classified as underweight, and 9.7% were classified as 
having wasting. No significant differences were seen between control or treatment groups in 
any demographic or anthropometric measurements. Both groups received two slices of bread 
with a 25 g of spread one which had marine fish flour and was designed to deliver 892 mg 
of DHA per week. This was provided to the children over a 6-month period for 104 days 
only taking place when school in session. Children were evaluated using the Hopkins Verbal 
Learning test (HVLT), a Reading test, and a Spelling test. This single-blind study found that 
for two of the subtests of the HVLT, that there were marginally significant treatment effects 
and for two others significant treatment effects, demonstrating that the treatment group was 
able to recall and recognize more words from the learning phase of the test. Likewise, it was 
seen that the treatment group had a significant increase in the Reading test, however, for the 
Spelling test did not change significantly from baseline. However, the control groups scores 
on the Spelling test actually declined significantly from baseline, which may have been due 
to high temperatures experienced during the follow-up testing. The authors indicate that this 
increase in cognitive performance is likely due to the community have no intake of fatty fish 
and very low consumption of lean fish and the supplementation increasing blood levels of 
DHA in the treatment group. However, these findings come from children with and without 
undernutrition, so it makes it difficult to indicate the true effect that omega-3 is having on 
children with undernutrition. About 20% of their low SES community sample could be classi-
fied as having undernutrition but similar studies have found mixed results of omega-3 using 
such samples.

Muthayya and colleagues conducted research with children ages 6–10 in two primary 
schools serving low SES communities in Bangalore, India. This double-blind randomized 
controlled trial used four different treatment groups to determine the effects of high and 
low micronutrient supplementation and high and low omega-3 PUFA supplementation. A 
total of 598 children participated and intervention lasted 12 months. After the intervention 
all four groups had significant improvements in weight and height, however, there were no 
significant differences between low and high omega-3 PUFA supplements. Likewise, mea-
sures of cognitive performance increased in all treatment groups as well. Low micronutrient 
treatment was the most beneficial on cognitive performance at 12 months, however, no signif-
icant effects or interactions were found when exploring the differences between low and high 
omega-3 PUFA treatments. The authors purport that the use of only 100 mg of omega-3 might 
be too low to see effects and that the use of a placebo control group would aid in making com-
parisons. Likewise, the children from this study were not all malnourished, inclusion criteria 
stated that they must not be severely malnourished, which makes it difficult to make clear 
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conclusions about the effects of omega-3 on cognition in malnourished children. Only a small 
percentage of children who were included in the study could be classified as undernourished 
with 15% being classified as stunting and 20% being classified as underweight. The effect of 
omega-3 supplementation on cognition has likewise been studied in combination with iron 
supplementation, in similar samples of children, who have iron deficiency and come from 
low-income villages in eastern South Africa.

To better understand the combined effect of iron and omega-3 supplementation, 
Baumgartner and colleagues employed a randomized placebo-controlled double-blind de-
sign.110 They used this design to investigate the effects of iron supplementation, DHA/EPA, 
and the combination of Iron and DHA/EPA supplementation in 321 children ages 6–11 who 
had iron deficiency. Four treatment groups were used Iron and placebo, Placebo and DHA/
EPA, Iron and DHA/EPA, and Placebo and Placebo. The intervention lasted for 8.5 months 
and cognitive performance was assessed using four subtests of the Kaufman Assessment 
Battery for children (KABC-II) and the HVLT at baseline and conclusion of treatment. The 
groups were assessed using anthropometric indices, but all different categories were included 
in the study. Notably, their sample had a wider variation in the sample proportion classified 
as having malnutrition. The largest proportion of the sample, 31.5% had mild stunting (height 
for age z-scores less than −1 SD but greater than −2 SD), next 21.5% were overweight, 7.2% 
obese, 6.2% stunting, and 2.1% as underweight. Mixed results were found treatment effects 
regarding changes in cognitive performance, iron supplementation showed small significant 
effects on recall for HVLT, however, DHA/EPA supplementation had a large negative effect 
for working memory and for girls with iron deficiency a large negative effect on long-term 
memory subtests. Boys in the DHA/EPA group tended to benefit from supplementation hav-
ing higher scores on the long-term memory subtest. The authors support this finding by the 
example of an animal study which found that using DHA/EPA or iron alone in rats which 
are deficient in both leads to poorer performance on working memory and memory tasks. 
Furthermore, they state that both the mechanisms which iron and PUFAs play in neurotrans-
mission and in inflammation may influence their findings. However, again their study did 
not specifically determine the impact of omega-3 on undernutrition, their sample had a large 
mixture of children with differential nutritional status and anthropometric categorization. 
With this in consideration, it is important to acknowledge that their findings may be impre-
cise when trying to make conclusions about the effects of omega-3 on cognition in children 
with undernutrition.

Portillo Reyes et  al. addressed this gap in the literature by determining the effects of 
omega-3 supplementation in children ages 8–12 classified as having mild to moderate levels 
of malnourishment as defined by being 85%–95% in height/age and 70%–90% in weight/
height.111 The study used a randomized double-blind placebo-controlled and case-controlled 
designed which supplemented children over a 3-month period using a daily dose of 180 mg 
of DHA and 270 mg of EPA. The children who received the omega-3 supplementation at con-
clusion showed significant changes in tests of processing speed, visuoperceptual integra-
tion, visuoconstructive integration, attention, and executive functioning. When comparing 
the treatment group with the placebo group, 63% (12 of 19) of the neuropsychological mea-
sures showed changes indicating moderate to large effect sizes, as measured by Cohen’s d, 
whereas the placebo group only showed changes in 10.5% (2 of 19) of measures. Likewise, 
when unique change for each participant was calculated as an index of clinical significant, it 
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was found that 70% or more of children in the omega-3 supplementation treatment group had 
large improvements (d > 0.80) in processing speed (Symbol Search), coordination visuomotor 
(Block Design), perceptual integration (Embedded Figures), attention (Letter Cancellation), 
and executive functioning (Letter/Number Sequencing & Matrix Reasoning). Even though 
blood serum levels of omega-3 or the omega-6/3 ratio were not obtained, nutritional ques-
tionnaires indicated that this sample of mild to moderate malnourished children was not 
frequently consuming foods rich in omega-3; 8% indicated consuming a portion of fish two or 
more times per week, 39% one portion per week, and 19% one portion per 2 weeks. Likewise, 
typical Mexican diets, especially in northern regions, are high in omega-6. Considering this, 
the supplementation of omega-3 in this sample of children and the effects which are seen in 
cognitive functioning are in line with studies demonstrating the importance to physiological 
brain functions.

The improvements in visuoperception may be due to the effect of omega-3 that has on bi-
ological mechanisms underlying vision and visual processing, such as seen with newborn 
children.112 Furthermore, electrophysiology studies also demonstrate that supplementation 
of omega-3 improves direct measures of neuro functioning underlying visual processing.113 
Findings of increased processing speed with omega-3 may point to the effect which it has on 
brain structure, brain cell membranes and myelin, and neurotransmission. Witte et al. found 
that omega-3 supplementation improved the structural integrity of white matter in older adults 
which others have found as related to the cognitive speed of processing.114 Likewise, the impor-
tance of omega-3 to the composition of neuronal membranes may be driving the enhancement 
seen in processing speed via its influence on membrane fluidity in membrane protein incorpo-
ration and function,115 signal transduction speed, and neurotransmission.102 These same phys-
iological benefits of omega-3 supplementation also may be driving improves in attention and 
executive functioning which rely heavily on the integration of information from different brain 
areas and quick processing speed to produce improvements in cognitive measures. These im-
provements are in line with findings from studies showing that omega-3 improves symptoms 
of attention deficit disorder116,117 and reductions in decline seen in older adults.118

The effect of omega-3 consumption in undernourished children is substantial to aid in 
the development process and lifelong functioning when it comes to both physiological and 
psychological well-being. Early intervention with omega-3 or nutritional education may be 
able to aid these children’s functional role in society. This large and underserved population 
is important however, it is also important to understand how omega-3 consumption may in-
fluence the deficits which are seen with overnutrition. Childhood obesity is a growing prob-
lem and the long-term physiological, psychological, and societal consequences are just being 
revealed, however, the small number of studies available does seem to indicate that omega-3 
is just as important to the overweight and obese children as it is with undernourished child 
populations in the same and other unique ways.

SUPPLEMENTATION AND IMPACT ON COGNITION  
WITH OVERWEIGHT/OBESE CHILDREN

The consumption of more omega-3 fatty acids has been associated with enhancements 
in cognition (depending on the population) while on the other hand consumption of a 
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 westernized diet (high in saturated fats and calories) has been associated with brain physiol-
ogy119,120 and is associated with poorer cognitive function.121 Researchers have started to fill 
the gap on how omega-3 fatty acids influence cognitive functioning, especially concerning 
childhood obesity, where early prevention and treatment can maximize individual and socie-
tal benefits by deterring lifetime concurrency of disease and comorbid conditions. However, 
there are large gaps in the literature concerning the effects of omega-3 fatty acids or the ratio 
of omega-6 to omega-3 with respect to cognitive performance in children who are overweight 
or obese. Furthermore, the evidence is now growing which demonstrates that increased di-
etary intake of omega-3 fatty acids may aid in prevention and treatment of obesity via actions 
on the mechanisms underlying appetite.122

Regarding the relationship of omega-3 and cognitive functioning in childhood obesity, 
very limited evidence exists. Haapala and colleagues conducted a study with 386 normal 
weight and 58 overweight children ages 6–8 years old and found that higher levels of EPA and 
DHA in blood plasma of the obese children were associated with higher scores on the non-
verbal reasoning (as measured by Raven’s Colored Progressive Matrices).122 However, they 
did not find any significant associations between normal-weight children’s level of blood 
EPA and DHA and scores. They point out that earlier studies which investigated the levels of 
EPA and DHA have had mixed results in respect to cognition in normal weight children, only 
combined levels of blood EPA and DHA had an association with working memory in one 
study123 whereas another study found no association.124

They highlight that their study included child weight status as a modifying factor, which 
have a stronger influence on cognitive performance via reductions in inflammation, which 
is known to be associated with excess body fat. However, their study only found associ-
ations with levels of EPA and DHA in plasma triacylglycerols, which reflect recent fatty 
acid consumption and not with fatty acids in plasma cholesteryl esters or phospholipids, 
which reflect consumption over the prior months. However, their findings of these direct 
associations do reflect findings from Harris and colleagues which found that children who 
had increased levels of palmitic acid and arachidonic acid had associated biomarkers of 
increased low-grade inflammation, whereas omega-6 and total polyunsaturated fatty acids 
were associated with decreased inflammation.125 Furthermore, the findings from Haapala 
et al. also agree with findings from studies using animal models, adult populations, and 
aging populations.126–128

CONCLUSIONS

The investigation of cognitive development and the relationship between diet and cogni-
tion are both emerging fields. However, some clear connections have been made concerning 
normal development and nutrition which has arisen from observations of the consequences 
when diets are restricted, deficient, or have excesses. The role that essential fatty acids play 
in the brain and cognition, especially concerning omega-3, biological are critical to structure 
and function; however, mixed results have been seen with normal populations. Even though 
the research on child development is large, the exact timeline of cognitive development has 
no standards making it hard to compare and indicate how omega-3 is influencing develop-
mental mechanisms and the observable cognitive performance.
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However, when examining the studies which explore populations with malnutrition, the 
small amount of evidence seems to indicate a large benefit to development and cognition. 
However, there is a definite lack of research which uses high-quality designs and methodolo-
gies and specific populations of malnourished to determine the differential effects of omega-3 
in this varied umbrella category. Future investigations should consider looking at specific 
profiles of malnourished children (i.e., mild undernourished, severely undernourished) to 
better determine the influence of omega-3 consumption on cognitive functioning. Many of 
the studies try to use omega-3 supplementation as a community intervention with low SES 
children to better cognitive outcomes, however, fail to make specific comparisons within the 
different profiles of these children.

Public policy and nutritional agencies are taking heed to the evidence with suggestions 
about omega-3 consumption as expert committees have started recommending it during 
pregnancy129 and for adult populations for cardiovascular health.130 Likewise, nutritional 
agencies are including omega-3 suggestions.131 However, the greatest magnitude of impact 
may be in the growing number of children who consume a western diet or those who live 
in low SES communities. With the growing rates of childhood obesity, due partly to the con-
sumption of calorie-dense but nutritionally deprived foods,132 there is a great concern, espe-
cially when considering the effects of malnutrition on cognitive functioning. The deficits in 
cognitive function along with long-term epigenetic consequences may be impossible to factor 
in when calculating the overall impact malnutrition is having globally.

References
 1. Elia M. Defining, recognizing, and reporting malnutrition. Int J Low Extrem Wounds. 2017;16(4):230–237.
 2. Cederholm T, Barazzoni R, Austin P, et al. ESPEN guidelines on definitions and terminology of clinical nutri-

tion. Clin Nutr. 2017;36(1):49–64.
 3. Alderman H. Long term consequences of early childhood malnutrition. Oxford Econ Pap. 2006;58(3):450–474.
 4 World Health Organization. Malnutrition. http://www.who.int/news-room/fact-sheets/detail/malnutrition. 

Published February 16, 2018. Accessed April 4, 2018.
 5. Roseboom TJ, Meulen JHVD, Ravelli AC, Osmond C, Barker DJ, Bleker OP. Effects of prenatal exposure to the 

Dutch famine on adult disease in later life: an overview. Mol Cell Endocrinol. 2001;185(1–2):93–98.
 6. Susser E, St Clair D. Prenatal famine and adult mental illness: interpreting concordant and discordant results 

from the Dutch and Chinese famines. Soc Sci Med. 2013;97:325–330.
 7. Szutorisz H, Hurd YL. Feeding the developing brain: the persistent epigenetic effects of early life malnutrition. 

Biol Psychiatry. 2016;80(10):730–732.
 8. Rosales FJ, Reznick  JS, Zeisel SH. Understanding the role of nutrition in the brain and behavioral develop-

ment of toddlers and preschool children: identifying and addressing methodological barriers. Nutr Neurosci. 
2009;12(5):190–202.

 9. Bryan J, Osendarp S, Hughes D, Calvaresi E, et al. Nutrients for cognitive development in school-aged children. 
Nutr Rev. 2004;62(8):295–306.

 10. Attig L, Gabory A, Junien C. Early nutrition and epigenetic programming: chasing shadows. Curr Opin Clin 
Nutr Metab Care. 2010;13(3):284–293.

 11. Hibbeln JR, Gow RV. Omega-3 fatty acid and nutrient deficits in adverse neurodevelopment and childhood 
behaviors. Child Adolesc Psychiatr Clin N Am. 2014;23(3):555–590.

 12. Barrett DE, Radke-Yarrow M, Klein RE. Chronic malnutrition and child behavior: effects of early caloric supple-
mentation on social and emotional functioning at school age. Dev Psychol. 1982;18(4):541–556.

 13. De Onís M, Monteiro C, Akré  J, Glugston G. The worldwide magnitude of protein-energy malnutrition: an 
overview from the WHO global database on child growth. Bull World Health Organ. 1993;71(6):703–712.

 14. Mehta NM, Corkins MR, Beth L, et al. Defining pediatric malnutrition. J Parenter Enteral Nutr. 2013;37(4):460–481.

B. OMEGA FATTY ACIDS: BRAIN AND NEUROLOGICAL DEVELOPMENT

Author's personal copy

http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0010
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0015
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0015
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0020
http://www.who.int/news-room/fact-sheets/detail/malnutrition
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0025
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0025
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0030
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0030
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0035
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0035
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0040
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0040
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0040
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0045
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0045
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0050
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0050
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0055
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0055
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0060
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0060
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0065
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0065
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0070


 REFERENCES 155

 15. Nyaradi A, Li J, Hickling S, Foster J, Oddy WH. The role of nutrition in children’s neurocognitive development, 
from pregnancy through childhood. Front Hum Neurosci. 2013;7:.

 16. Bryan J, Osendarp S, Hughes D, Calvaresi E, Baghurst K, Klinken J-W. Nutrients for cognitive development in 
school-aged children. Nutr Rev. 2004;62(8):295–306.

 17. Benton  D. The influence of dietary status on the cognitive performance of children. Mol Nutr Food Res. 
2010;54(4):457–470.

 18. Babu S, Sinha RA, Mohan V, et al. Effect of hypothyroxinemia on thyroid hormone responsiveness and action 
during rat postnatal neocortical development. Exp Neurol. 2011;228(1):91–98.

 19. Gilbert ME, Ramos RL, McCloskey DP, Goodman JH. Subcortical band heterotopia in rat offspring following 
maternal Hypothyroxinaemia: structural and functional characteristics. J Neuroendocrinol. 2014;26(8):528–541.

 20. Yusuf HKM, Haque Z, Mozaffar Z. Effect of malnutrition and subsequent rehabilitation on the development of 
mouse brain myelin. J Neurochem. 1981;36(3):924–930.

 21. Velasco  I, Bath  S, Rayman  M. Iodine as essential nutrient during the first 1000  days of life. Nutrients. 
2018;10(3):290.

 22. Granados-Rojas L, Larriva-Sahd  J, Cintra L, Gutiérrez-Ospina G, Rondán A, Dıáz-Cintra S. Prenatal protein 
malnutrition decreases mossy fibers-CA3 thorny excrescences asymmetrical synapses in adult rats. Brain Res. 
2002;933(2):164–171.

 23. Debassio W, Kemper T, Tonkiss J, Galler J. Effect of prenatal protein deprivation on postnatal granule cell gen-
eration in the hippocampal dentate gyrus. Brain Res Bull. 1996;41(6):379–383.

 24. Mathangi DC, Namasivayam A. Effect of chronic protein restriction on motor co-ordination and brain neu-
rotransmitters in albino rats. Food Chem Toxicol. 2001;39(10):1039–1043.

 25. Engle PL, Fernández PD. INCAP studies of malnutrition and cognitive behavior. Food Nutr Bull. 2010;31(1):83–94.
 26. Grantham-McGregor S, Cheung YB, Cueto S, Glewwe P, Richter L, Strupp B. Developmental potential in the 

first 5 years for children in developing countries. The Lancet. 2007;369(9555):60–70.
 27. Henriksen T, Clausen T. The fetal origins hypothesis: placental insufficiency and inheritance versus maternal 

malnutrition in well-nourished populations. Acta Obstet Gynecol Scand. 2002;81(2):112–114.
 28. Carter RC, Jacobson JL, Molteno CD, Dodge NC, Meintjes EM, Jacobson SW. Fetal alcohol growth restriction 

and cognitive impairment. Pediatrics. 2016;138(2):e20160775.
 29. Pallotto  EK, Kilbride  HW. Perinatal outcome and later implications of intrauterine growth restriction. Clin 

Obstet Gynecol. 2006;49(2):257–269.
 30. Dewey KG, Begum K. Long-term consequences of stunting in early life. Matern Child Nutr. 2011;7:5–18.
 31. Lee  K-H, Calikoglu  AS, Ye  P, D’Ercole  AJ. Insulin-like growth factor-I (IGF-I) ameliorates and IGF binding 

Protein-1 (IGFBP-1) exacerbates the effects of undernutrition on brain growth during early postnatal life: 
Studies in IGF-I and IGFBP-1 transgenic mice. Pediatr Res. 1999;45(3):331–336.

 32 Laus MF, Duarte Manhas Ferreira vales L, Braga Costa TM, Sousa Almeida S. Early postnatal protein- 
calorie malnutrition and cognition: A review of human and animal studies. Int J Environ Res Public Health 
2011;8(2):590–612.

 33. Díaz JR, Cagigas A, de las Rodríguez R. Micronutrient deficiencies in developing and affluent countries. Eur J 
Clin Nutr. 2003;57(S1):S70–S72.

 34. Teodosio N, Lago E, Romani S, Guedes R. A regional basic diet from Northeast Brazil as a dietary model of 
experimental malnutrition. Arch Latinoam Nutr. 1990;40(4):533–547.

 35. Tanumihardjo SA, Anderson C, Kaufer-Horwitz M, et al. Poverty, obesity, and malnutrition: an international 
perspective recognizing the paradox. J Am Diet Assoc. 2007;107(11):1966–1972.

 36. Abarca-Gómez L, Abdeen ZA, Hamid ZA, et al. Worldwide trends in body-mass index, underweight, over-
weight, and obesity from 1975 to 2016: a pooled analysis of 2416 population-based measurement studies in 
128·9 million children, adolescents, and adults. The Lancet. 2017;390(10113):2627–2642.

 37. Ludwig DS. Epidemic childhood obesity: not yet the end of the beginning. Pediatrics. 2018;141(3):e20174078.
 38. Malecka-Tendera E, Mazur A. Childhood obesity: a pandemic of the twenty-first century. Int J Obes (Lond). 

2006;30(S2):S1–S3.
 39. Freemark  M. Childhood obesity in the modern age: global trends, determinants, complications, and costs. 

Pediatr Obes. 2017;3–24.
 40. Eichen  DM, Appleton-Knapp  S, Boutelle  KN. Childhood obesity and cognitive function. Pediatr Obes. 

2017;539–551.
 41. Das UN. Obesity: genes, brain, gut, and environment. Nutrition. 2010;26(5):459–473.

B. OMEGA FATTY ACIDS: BRAIN AND NEUROLOGICAL DEVELOPMENT

Author's personal copy

http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0075
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0075
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0080
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0080
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0085
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0085
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0090
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0090
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0095
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0095
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0100
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0100
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0105
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0105
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0110
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0110
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0110
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0115
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0115
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0120
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0120
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0125
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0130
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0130
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0135
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0135
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0140
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0140
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0145
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0145
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0150
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0155
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0155
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0155
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0160
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0160
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0165
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0165
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0170
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0170
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0175
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0175
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0175
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0180
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0185
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0185
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0190
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0190
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0195
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0195
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0200


156 10. OMEGA-3 AND COGNITION IN CHILDREN WITH MALNUTRITION

 42. Gómez-Pinilla F. Brain foods: the effects of nutrients on brain function. Nat Rev Neurosci. 2008;9(7):568–578.
 43. Egan MF, Kojima M, Callicott JH, et al. The BDNF val66met polymorphism affects activity-dependent secretion 

of BDNF and human memory and hippocampal function. Cell. 2003;112(2):257–269.
 44. Molteni R, Barnard R, Ying Z, Roberts C, Gómez-Pinilla F. A high-fat, refined sugar diet reduces hippocampal 

brain-derived neurotrophic factor, neuronal plasticity, and learning. Neuroscience. 2002;112(4):803–814.
 45. Burkhalter TM, Hillman CH. A narrative review of physical activity, nutrition, and obesity to cognition and 

scholastic performance across the human lifespan. Adv Nutrition. 2011;2(2):201S–206S.
 46. Mo-suwan L, Lebel L, Puetpaiboon A, Junjana C. School performance and weight status of children and young 

adolescents in a transitional society in Thailand. Int J Obes (Lond). 1999;23(3):272–277.
 47. Portillo V, Puente A, Pérez M, Loya Y. Deterioro neuropsicológico en niños mexicanos con estados nutricionales 

alterados: Desnutrición leve a moderada vs. obesidad. Rev Neurophys Neurophys Neuroci. 2011;11(2):133–146.
 48. Li X. A study of intelligence and personality in children with simple obesity. Int J Obes Relat Metab Disord: J Int 

Assoc Study Obesity. 1995;19(5):355–357.
 49. Li Y, Dai Q, Jackson JC, Zhang J. Overweight is associated with decreased cognitive functioning among school-

age children and adolescents. Obesity. 2008;16(8):1809–1815.
 50. World Health Organization. Iron deficiency anemia: Assessment, prevention and control: a guide for program manag-

ers; 2001.
 51. Gauntlett E, Hugman R, Kenyon P, Logan P. A meta-analysis of the impact of community-based prevention and 

early intervention action. Policy Res Paper. 2001;11.
 52. Sachdev H, Gera T, Nestel P. Effect of iron supplementation on mental and motor development in children: 

systematic review of randomized controlled trials. Public Health Nutr. 2005;8(02).
 53. Falkingham M, Abdelhamid A, Curtis P, Fairweather-Tait S, Dye L, Hooper L. The effects of oral iron supple-

mentation on cognition in older children and adults: a systematic review and meta-analysis. Nutr J. 2010;9(1).
 54. Jorgenson LA, Wobken JD, Georgieff MK. Perinatal iron deficiency alters apical dendritic growth in hippocam-

pal CA1 pyramidal neurons. Dev Neurosci. 2003;25(6):412–420.
 55. Lozoff B, Beard J, Connor J, Felt B, Georgieff M, Schallert T. Long-lasting neural and behavioral effects of Iron 

deficiency in infancy. Nutr Rev. 2008;64:S34–S43.
 56. Beard JL. Why Iron deficiency is important in infant development. J Nutr. 2008;138(12):2534–2536.
 57. Botto LD, Moore CA, Khoury MJ, Erickson JD. Neural-tube defects. N Engl J Med. 1999;341(20):1509–1519.
 58. Blencowe H, Cousens S, Modell B, Lawn J. Folic acid to reduce neonatal mortality from neural tube disorders. 

Int J Epidemiol. 2010;39(1):110–121.
 59. Benton D. Neurodevelopment and neurodegeneration: Are there critical stages for nutritional intervention? 

Nutr Rev. 2010;68:S6–S10.
 60. Dror DK, Allen LH. Effect of vitamin B12 deficiency on neurodevelopment in infants: current knowledge and 

possible mechanisms. Nutr Rev. 2008;66(5):250–255.
 61. Maret W, Sandstead HH. Zinc requirements and the risks and benefits of zinc supplementation. J Trace Elem 

Med Biol. 2006;20(1):3–18.
 62. Levenson CW, Morris D. Zinc and neurogenesis: making new neurons from development to adulthood. Adv 

Nutr. 2011;2(2):96–100.
 63. Frederickson CJ, Suh SW, Silva D, Frederickson CJ, Thompson RB. Importance of zinc in the central nervous 

system: the zinc-containing neuron. J Nutr. 2000;130(5):1471S–1483S.
 64. Black  MM. The evidence linking zinc deficiency with Children’s cognitive and motor functioning. J Nutr. 

2003;133(5):1473S–1476S.
 65. Bhatnagar S, Taneja S. Zinc and cognitive development. Br J Nutr. 2001;85(S2):S139.
 66. Huang EP. Metal ions and synaptic transmission: think zinc. Proc Natl Acad Sci. 1997;94(25):13386–13387.
 67. Frederickson CJ, Danscher G. Chapter 6 zinc-containing neurons in hippocampus and related CNS structures. 

Prog Brain Res. 1990;83:71–84.
 68. Hosie AM, Dunne EL, Harvey RJ, Smart TG. Zinc-mediated inhibition of GABAa receptors: discrete binding 

sites underlie subtype specificity. Nat Neurosci. 2003;6(4):362–369.
 69. Penland JG, Sandstead HH, Alcock NW. A preliminary report: effects of zinc and micronutrient repletion on 

growth and neuropsychological function of urban Chinese children. J Am Coll Nutr. 1997;16(3):268–272.
 70. Sandstead HH, Penland JG, Alcock NW. Effects of repletion with zinc and other micronutrients on neuropsy-

chologic performance and growth of Chinese children. Am J Clin Nutr. 1998;68(2):470S–475S.

B. OMEGA FATTY ACIDS: BRAIN AND NEUROLOGICAL DEVELOPMENT

Author's personal copy

http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0205
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0210
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0210
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0215
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0215
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0220
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0220
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0225
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0225
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0230
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0230
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0235
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0235
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0240
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0240
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0245
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0245
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0250
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0250
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0255
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0255
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0260
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0260
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0265
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0265
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0270
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0270
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0275
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0280
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0285
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0285
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0290
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0290
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0295
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0295
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0300
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0300
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0305
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0305
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0310
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0310
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0315
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0315
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0320
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0325
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0330
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0330
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0335
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0335
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0340
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0340
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0345
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0345


 REFERENCES 157

 71. Penland J, Sanstead H, Egger N, et al. Zinc, iron and micronutrient supplementation effects on cognitive and 
psychomotor function of Mexican-American school children. FASEB J. 1999;13:A921.

 72. Hamadani JD, Fuchs GJ, Osendarp SJ, Khatun F, Huda SN, Grantham-McGregor SM. Randomized controlled 
trial of the effect of zinc supplementation on the mental development of Bangladeshi infants. Am J Clin Nutr. 
2001;74(3):381–386.

 73. Castillo-Durán C, Perales CG, Hertrampf ED, Marín VB, Rivera FA, Icaza G. Effect of zinc supplementation on 
development and growth of Chilean infants. J Pediatr. 2001;138(2):229–235.

 74. Penland  JG. Behavioral data and methodology issues in studies of zinc nutrition in humans. J Nutr. 
2000;130(2):361S–364S.

 75. Zimmermann  MB, Hess  SY, Molinari  L, et  al. New reference values for thyroid volume by ultrasound in 
 iodine-sufficient schoolchildren: a World Health Organization/nutrition for health and development iodine 
deficiency study group report. Am J Clin Nutr. 2004;79(2):231–237.

 76. Delange F. The disorders induced by iodine deficiency. Thyroid. 1994;4(1):107–128.
 77. Skeaff S. Iodine deficiency in pregnancy: the effect on neurodevelopment in the child. Nutrients. 2011;3(2):265–273.
 78. Cao X-Y, Jiang X-M, Dou Z-H, et al. Timing of vulnerability of the brain to iodine deficiency in endemic cretin-

ism. New England J Med. 1994;331(26):1739–1744.
 79. Bleichrodt N, Born MP. A meta-analysis of research on iodine and its relationship to cognitive development. The dam-

aged brain of iodine deficiency. New York: Cognizant Communication; 1994:195–200.
 80. Qian M, Wang D, Watkins WE, Gebski V, Yan YQ, Li M. The effects of iodine on intelligence in children: a 

 meta-analysis of studies conducted in China. Asia Pac J Clin Nutr. 2005;14(1):32.
 81. Zimmermann MB. Iodine deficiency. Endocr Rev. 2009;30(4):376–408.
 82. Kidd PM. Omega-3 DHA and EPA for cognition, behavior, and mood: clinical findings and structural- functional 

synergies with cell membrane phospholipids. Altern Med Rev. 2007;12(3):207.
 83. Mori TA, Beilin LJ. Omega-3 fatty acids and inflammation. Curr Atheroscler Rep. 2004;6(6):461–467.
 84. Davidson MH. Omega-3 fatty acids. Curr Opin Lipidol. 2013;24(6):467–474.
 85. Giles  GE, Mahoney  CR, Kanarek  RB. Chapter  25- omega-3 fatty acids and cognitive behavior. In: 

Watson RR, Meester FD, eds. Omega-3 Fatty Acids in Brain and Neurological Health. Boston: Academic Press; 
2014:303–325.

 86. Huffman SL, Harika RK, Eilander A, Osendarp SJM. Essential fats: How do they affect growth and development 
of infants and young children in developing countries? A literature review. Matern Child Nutr. 2011;7:44–65.

 87. Briend A, Dewey KG, Reinhart GA. Fatty acid status in early life in low-income countries - overview of the 
situation, policy and research priorities. Matern Child Nutr. 2011;7:141–148.

 88. Simopoulos A. An increase in the Omega-6/Omega-3 fatty acid ratio increases the risk for obesity. Nutrients. 
2016;8(3):128.

 89 Yehuda S. Omega-6/omega-3 ratio and brain-related functions. Omega-6/Omega-3 Essential Fatty Acid Ratio: 
The Scientific Evidence. 2003;92:37–56.

 90. Parletta N, Niyonsenga T, Duff J. Omega-3 and omega-6 polyunsaturated fatty acid levels and correlations with 
symptoms in children with attention deficit hyperactivity disorder, autistic spectrum disorder and typically 
developing controls. Lakshmana MK, ed. PLoS One. 2016;11(5):e0156432.

 91. Calder  PC. Marine omega-3 fatty acids and inflammatory processes: Effects, mechanisms and clinical rele-
vance. Biochim Biophys Acta (BBA) – Mol Cell Biol Lipids. 2015;1851(4):469–484.

 92. Luchtman DW, Song C. Cognitive enhancement by omega-3 fatty acids from child-hood to old age: Findings 
from animal and clinical studies. Neuropharmacology. 2013;64:550–565.

 93. O'Brien JS, Sampson EL. Lipid composition of the normal human brain: gray matter, white matter, and myelin. 
J Lipid Res. 1965;6(4):537–544.

 94. Crawford  MA, Williams  G, Hassam  AG, Whitehouse  WL. Essential fatty acids and fetal brain growth. The 
Lancet. 1976;307(7957):452–453.

 95. Brenna JT, Diau G-Y. The influence of dietary docosahexaenoic acid and arachidonic acid on central nervous 
system polyunsaturated fatty acid composition. Prostaglandins Leukot Essent Fatty Acids. 2007;77(5–6):247–250.

 96. Pottala JV, Yaffe K, Robinson JG, Espeland MA, Wallace R, Harris WS. Higher RBC EPA + DHA corresponds 
with larger total brain and hippocampal volumes: WHIMS-MRI study. Neurology. 2014;82(5):435–442.

 97. Dyall SC. Long-chain omega-3 fatty acids and the brain: a review of the independent and shared effects of EPA, 
DPA and DHA. Front Aging Neurosci. 2015;7.

B. OMEGA FATTY ACIDS: BRAIN AND NEUROLOGICAL DEVELOPMENT

Author's personal copy

http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0350
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0350
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0355
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0355
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0355
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0360
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0360
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0365
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0365
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0370
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0370
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0370
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0375
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0380
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0385
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0385
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0390
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0390
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0395
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0395
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0400
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0405
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0405
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0410
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0415
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0420
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0420
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0420
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0425
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0425
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0430
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0430
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0435
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0435
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0440
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0440
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0440
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0445
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0445
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0450
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0450
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0455
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0455
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0460
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0460
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0465
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0465
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0470
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0470
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0475
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0475


158 10. OMEGA-3 AND COGNITION IN CHILDREN WITH MALNUTRITION

 98. McNamara  RK, Carlson  SE. Role of omega-3 fatty acids in brain development and function: potential im-
plications for the pathogenesis and prevention of psychopathology. Prostaglandins Leukot Essent Fatty Acids. 
2006;75(4–5):329–349.

 99. Yehuda S, Rabinovitz S, Mostofsky DI. Essential fatty acids and the brain: From infancy to aging. Neurobiol 
Aging. 2005;26(1):98–102.

 100. Lafourcade M, Larrieu T, Mato S, et al. Nutritional omega-3 deficiency abolishes endocannabinoid-mediated 
neuronal functions. Nat Neurosci. 2011;14(3):345–350.

 101. Labrousse VF, Leyrolle Q, Amadieu C, et al. Dietary omega-3 deficiency exacerbates inflammation and reveals 
spatial memory deficits in mice exposed to lipopolysaccharide during gestation. Brain Behav Immun. 2018;.

 102. Innis SM. Dietary (n-3) fatty acids and brain development. J Nutr. 2007;137(4):855–859.
 103. Richardson AJ, Ross MA. Fatty acid metabolism in neurodevelopmental disorder: a new perspective on as-

sociations between attention-deficit/hyperactivity disorder, dyslexia, dyspraxia and the autistic spectrum. 
Prostaglandins, Leukotrienes and Essential Fatty Acids (PLEFA). 2000;63(1–2):1–9.

 104. Koletzko B, Lien E, Agostoni C, et al. The roles of long-chain polyunsaturated fatty acids in pregnancy, lactation 
and infancy: review of current knowledge and consensus recommendations. J Perinat Med. 2008;36(1).

 105. McNamara RK. DHA deficiency and prefrontal cortex neuropathology in recurrent affective disorders. J Nutr. 
2010;140(4):864–868.

 106. Branca F. Nutritional solutions to major health problems of preschool children: How to optimise growth and 
development. J Pediatr Gastroenterol Nutr. 2006;43(Suppl 3):S4–S7.

 107. Wang C, An Y, Yu H, et al. Association between exposure to the Chinese famine in different stages of early life 
and decline in cognitive functioning in adulthood. Front Behav Neurosci. 2016;10.

 108. Shulkin ML, Pimpin L, Bellinger D, et al. Effects of omega-3 supplementation during pregnancy and youth 
on neurodevelopment and cognition in childhood: a systematic review and meta-analysis. FASEB J. 2016;30(1 
Supplement):295.5.

 109. Dalton A, Wolmarans P, Witthuhn RC, van Stuijvenberg ME, Swanevelder SA, Smuts CM. A randomised con-
trol trial in schoolchildren showed improvement in cognitive function after consuming a bread spread, contain-
ing fish flour from a marine source. Prostaglandins Leukot Essent Fatty Acids. 2009;80(2–3):143–149.

 110. Baumgartner  J, Smuts CM, Malan L, et al. Effects of iron and n-3 fatty acid supplementation, alone and in 
combination, on cognition in school children: A randomized, double-blind, placebo-controlled intervention in 
South Africa. Am J Clin Nutr. 2012;96(6):1327–1338.

 111. Portillo-Reyes V, Pérez-García M, Loya-Méndez Y, Puente AE. Clinical significance of neuropsychological im-
provement after supplementation with omega-3 in 8–12 years old malnourished Mexican children: A random-
ized, double-blind, placebo and treatment clinical trial. Res Dev Disabil. 2014;35(4):861–870.

 112. Kirby A, Woodward A, Jackson S. Benefits of omega-3 supplementation for schoolchildren: Review of the cur-
rent evidence. Br Educ Res J. 2010;36(5):699–732.

 113. Bauer I, Crewther DP, Pipingas A, Rowsell R, Cockerell R, Crewther SG. Omega-3 fatty acids modify human 
cortical visual processing—a double-blind, crossover study. PLoS One. 2011;6(12):e28214.

 114. Turken U, Whitfield-Gabrieli S, Bammer R, Baldo JV, Dronkers NF, Gabrieli JDE. Cognitive processing speed 
and the structure of white matter pathways: convergent evidence from normal variation and lesion studies. 
Neuroimage. 2008;42(2):1032–1044.

 115. Horrocks LA, Farooqui AA. Docosahexaenoic acid in the diet: its importance in maintenance and restoration of 
neural membrane function. Prostaglandins Leukot Essent Fatty Acids. 2004;70(4):361–372.

 116. Weber WA, Tallman MJ, Blom TJ, Schurdak  JD, Patino LR, McNamara RK. Effects of docosahexaenoic acid 
supplementation on cortical network integrity in medication-free children with attention-deficit/hyperactivity 
disorder: A preliminary multimodal neuroimaging trial. J Nutr Therapeut. 2018;6(4):92–106.

 117. Artukoglu BB, Bloch MH. Editorial: Can omega-3 fatty acids improve executive functioning? Will this reduce 
ADHD and depression? J Child Psychol Psychiatry. 2018;59(6):615–617.

 118. Sydenham E, Dangour AD, Lim W-S. Omega 3 fatty acid for the prevention of cognitive decline and dementia. 
Sao Paulo Med J. 2012;130(6):419.

 119. Farooqui AA. Neurochemical effects of long term consumption of high fat diet. High Calorie Diet and the Human 
Brain. 2015;29–76.

 120. Fu Z, Wu  J, Nesil T, Li MD, Aylor KW, Liu Z. Long-term high-fat diet induces hippocampal microvascular 
insulin resistance and cognitive dysfunction. Am J Physiol-Endocrinol Metab. 2017;312(2):E89–E97.

B. OMEGA FATTY ACIDS: BRAIN AND NEUROLOGICAL DEVELOPMENT

Author's personal copy

http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0480
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0480
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0480
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0485
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0485
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0490
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0490
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0495
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0495
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0500
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0505
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0505
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0505
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0510
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0510
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0515
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0515
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0520
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0520
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0525
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0525
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0530
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0530
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0530
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0535
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0535
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0535
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0540
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0540
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0540
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0545
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0545
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0545
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0550
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0550
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0555
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0555
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0560
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0560
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0560
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0565
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0565
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0570
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0570
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0570
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0575
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0575
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0580
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0580
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0585
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0585
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0590
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0590


 FURTHER READING 159

 121. Freeman LR, Haley-Zitlin V, Rosenberger DS, Granholm A-C. Damaging effects of a high-fat diet to the brain 
and cognition: a review of proposed mechanisms. Nutr Neurosci. 2013;17(6):241–251.

 122. Haapala EA, Viitasalo A, Venäläinen T, et al. Plasma polyunsaturated fatty acids are directly associated with 
cognition in overweight children but not in normal weight children. Acta Paediatr. 2016;105(12):1502–1507.

 123. Montgomery P, Burton JR, Sewell RP, Spreckelsen TF, Richardson AJ. Low blood long chain omega-3 fatty acids 
in UK children are associated with poor cognitive performance and behavior: a cross-sectional analysis from 
the DOLAB study. PLoS One. 2013;8(6):e66697.

 124. Boucher O, Burden MJ, Muckle G, et al. Neurophysiologic and neurobehavioral evidence of beneficial effects of 
prenatal omega-3 fatty acid intake on memory function at school age. Am J Clin Nutr. 2011;93(5):1025–1037.

 125. Harris C, Demmelmair H, von Berg A, et al. Associations between fatty acids and low-grade inflammation in 
children from the LISAplus birth cohort study. Eur J Clin Nutr. 2017;71(11):1303–1311.

 126. Fourrier C, Sauvant J, Aubert A, Layé S, Joffre C, Castanon N. Effect of an omega-3/antioxidants supplemented 
diet on emotional and cognitive alterations and neuroinflammatory processes associated with obesity. Glia. 
2015;63:E327.

 127. Issa AM, Mojica WA, Morton SC, et al. The efficacy of omega–3 fatty acids on cognitive function in aging and 
dementia: a systematic review. Dement Geriatr Cogn Disord. 2006;21(2):88–96.

 128. Lukaschek K, von Schacky C, Kruse J, Ladwig K-H. Cognitive impairment is associated with a low Omega-3 
index in the elderly: results from the KORA-age study. Dement Geriatr Cogn Disord. 2016;42(3–4):236–245.

 129. Greenberg JA, Bell SJ, Ausdal WV. Omega-3 fatty acid supplementation during pregnancy. Rev Obstet Gynecol. 
2008;1(4):162–169.

 130. Siscovick DS, Barringer TA, Fretts AM, et al. Omega-3 polyunsaturated fatty acid (fish oil) supplementation 
and the prevention of clinical cardiovascular disease. Circulation. 2017;135(15):e867–e884.

 131. Institute of Medicine. Dietary Reference Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol, Protein, 
and Amino Acids. Washington, DC: The National Academies Press; 2005.

 132. Anderson PM, Butcher KF. Childhood obesity: trends and potential causes. Future Child. 2006;16(1):19–45.

Further Reading
 133. Muthayya S, Eilander A, Transler C, et al. Effect of fortification with multiple micronutrients and n–3 fatty 

acids on growth and cognitive performance in Indian schoolchildren: The CHAMPION (Children’s health and 
mental performance influenced by optimal nutrition) study. Am J Clin Nutr. 2009;89(6):1766–1775.

 134. Witte AV, Kerti L, Hermannstädter HM, et al. Long-chain Omega-3 fatty acids improve brain function and 
structure in older adults. Cereb Cortex. 2013;24(11):3059–3068.

 135. Campbell S, Bello N. Omega-3 fatty acids and obesity. J Food Nutr Disord. 2012;01(02).

B. OMEGA FATTY ACIDS: BRAIN AND NEUROLOGICAL DEVELOPMENT

Author's personal copy

http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0595
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0595
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0600
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0600
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0605
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0605
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0605
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0610
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0610
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0615
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0615
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0620
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0620
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0620
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0625
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0625
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0630
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0630
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0635
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0635
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0640
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0640
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf9000
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf9000
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0645
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0650
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0650
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0650
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0655
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0655
http://refhub.elsevier.com/B978-0-12-815238-6.00010-9/rf0660

	Omega-3 and Cognition in Children with Malnutrition
	Omega-3
	Malnutrition and Cognition in Children
	Impact of Undernutrition on Cognitive Function
	Impact of Overweight/Obesity on Cognitive Function
	Deficiencies of Specific Micronutrients and Brain Development
	Omega-3, Brain Development, and Cognition in Malnutrition
	Supplementation and Impact on Cognition with Undernutrition
	Supplementation and Impact on Cognition with Overweight/Obese Children
	Conclusions
	References
	Further Reading


