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Abstract

:

Malnutrition is prevalent in low-middle-income countries (LMICs), but it is usually clinically diagnosed through abnormal anthropometric parameters characteristic of protein energy malnutrition (PEM). In doing so, other contributors or byproducts of malnutrition, notably essential fatty acid deficiency (EFAD), are overlooked. Previous research performed mainly in high-income countries (HICs) shows that deficiencies in essential fatty acids (EFAs) and their n-3 and n-6 polyunsaturated fatty acid (PUFA) byproducts (also known as highly unsaturated fatty acids or HUFAs) lead to both abnormal linear growth and impaired cognitive development. These adverse developmental outcomes remain an important public health issue in LMICs. To identify EFAD before severe malnutrition develops, clinicians should perform blood fatty acid panels to measure levels of fatty acids associated with EFAD, notably Mead acid and HUFAs. This review demonstrates the importance of measuring endogenous fatty acid levels for measuring fatty acid intake in various child populations in LMICs. Featured topics include a comparison of fatty acid levels between global child populations, the relationships between growth and cognition and PUFAs and the possible mechanisms driving these relationships, and the potential importance of EFAD and HUFA scores as biomarkers of overall health and normal development.
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1. Introduction


In 2021, 45.4 million children under 5 years old suffered from wasting, and 149.2 million children under 5 years old were stunted globally [1]. Although the global prevalence of malnutrition-related growth failures has decreased overall in the past two decades, it is concentrated within a small number of low-middle-income countries (LMICs) [2]. In 2020, 94% of stunted children and 97% of wasting children either lived in Asia or Africa [2]. This is especially alarming when considering that many of the LMICs within these continents are unlikely to achieve at least one of the three 2030 Sustainable Development Goals regarding child malnutrition [2].



Childhood malnutrition, as it occurs during a period of rapid growth, can lead to abnormal physical and cognitive development, which can ultimately lead to increased morbidity and mortality in both childhood and adulthood [3]. Specifically, undernutrition during childhood can result in a low weight-for-age z-score (WAZ), a standardized measure of underweight, a low height-for-age z-score (HAZ), a standardized measure of stunting that is largely correlated with cognitive deficits, and a low weight-for-height z-score (WHZ), a standardized measure of recent, life-threatening weight loss referred to as wasting [1,3]. Undernutrition and micronutrient-related malnutrition can also lead to poor cognitive skills, such as verbal and spatial ability, reading and scholastic ability, and neuropsychologic performance [4]. Considering the prevalence of childhood malnutrition and its adverse outcomes, there is an urgent need to focus malnutrition prevention and remediation efforts on child populations in LMICs.



Childhood malnutrition can develop due to environmental, behavioral, municipal, and biological factors [5,6,7]. The identification of community childhood malnutrition in LMICs, however, is largely dependent on the physical manifestation of malnutrition, which is synonymous with protein energy malnutrition (PEM) [8]. Thus, malnutrition is often assessed using three categories of anthropometric measurements: those which assess body mass (such as weight), those which assess linear growth (such as height), and those which assess body composition (such as skinfold thickness, mid-upper arm circumference, and the relative proportions of subcutaneous fat and muscle) [9]. This is problematic because the sole use of anthropometric measurements to diagnose malnutrition can undermine the complexity of the condition. The anthropometric diagnosis of PEM does not allow clinicians to measure less apparent symptoms characteristic of malnourished individuals, such as impaired cognitive development. Additionally, PEM takes time to develop and, therefore, diagnose, meaning that the affected individuals were likely dealing with malnutrition for months or even years [10]. Finally, the focus on protein deficiency may prevent clinicians and healthcare workers from identifying other nutritional deficiencies, which may lead to PEM and more severe symptoms.



One such nutritional deficiency is essential fatty acid deficiency or EFAD. EFAD is a deficiency in the essential fatty acids (EFAs) linoleic acid (LA, 18:2n-6) and α-linolenic acid (ALA, 18:3n-3). It is prevalent in both LMICs and high-income countries (HICs), likely a consequence of the Westernization of diets globally which results in higher saturated fatty acid (SFA) intake and lower polyunsaturated fatty acid (PUFA) intake [11,12,13]. Since the human body cannot synthesize EFAs, humans must obtain them through the diet via food sources such as nut and vegetable oils [14]. Desaturase enzymes, such as delta-5-desaturase (D5D) and delta-6-desaturase (D6D), are two enzymes that modify the conversion of LA and ALA into their downstream omega-6 (n-6) and omega-3 (n-3) PUFA products [15,16]. As the body becomes deficient in n-3 ALA and n-6 LA (the fatty acids (FAs) which have the highest affinity for desaturases), it stops synthesizing n-3 and n-6 byproducts such as arachidonic acid (ARA, 20:4n-6 or triene) and begins converting the precursor omega-9 (n-9) FA oleic acid into Mead acid (tetraene, 20:3n-9) [17]. The tetraene:triene (T:T) ratio is the gold standard for diagnosing EFAD, as a value greater than 0.02 signifies deficiency, while values greater than 0.2 represent severe deficiency [18,19]. Mead acid levels > 0.21% of total FA may also be used as a clinical cut-point for severe EFAD diagnosis, as increases in Mead acid are associated with low EFA intake in populations which did not meet the criteria for EFAD [17,18].



T:T ratio and Mead acid levels correspond with physical symptoms of severe EFAD such as weight loss, skin changes, and visual and cognitive impairment as well as change in organ function [20,21,22]. The similarity between these adverse outcomes caused by EFAD and those caused by PEM demonstrates that the presence of EFAD and PEM in an individual may compound to produce more severe functional disruptions [9,23]. EFAD exacerbates the effects of PEM, and PEM may induce more severe EFAD because it disrupts the digestion and absorption of free fatty acids [9,23]. Thus, clinicians should consider assessing both EFAD and PEM in potentially malnourished individuals.



Clinicians may also measure other EFA byproducts to further elucidate the mechanisms relating EFAD to abnormal growth and cognitive development. Such byproducts include the PUFAs dihomo-gamma-linolenic acid (DGLA, 20:3n-6), arachidonic acid (ARA, 20:4n-6), docosatetraenoic acid (DTA, 22:4n-6), docosapentaenoic acid (DPA, 22:5n-6 or n-3), eicosapentaenoic acid (EPA, 20:5n-3), and docosahexaenoic acid (DHA, 22:6n-3). The metabolism of EFAs into their PUFA byproducts is not efficient in mammals, so ARA, EPA, and DHA are considered “conditionally essential” [24]. Research shows that excess dietary intake of both ARA and DHA may prevent EFAD due to the retro conversion of these PUFAs into ALA and ARA [20]. EFA byproducts display other important biological functions; DHA and ARA are the main fatty acids found in brain tissue, and they are rapidly incorporated into neural membranes and the retina during childhood [25,26,27]. The relative amounts of these metabolites, also known as highly unsaturated fatty acids (HUFAs), can additionally influence the inflammatory state of the body and further lead to adverse physiological outcomes [28]. More specifically, a higher percentage of n-3 HUFAs, notably DHA and EPA, among total fatty acids is associated with cognitive improvement at levels up to 10% total FA [29,30]. From measuring levels of these various fatty acids to establish associations with growth and cognition in child populations around the globe, researchers can further study the underlying mechanisms which drive this association. Thus, the measurement of HUFAs can allow researchers and clinicians to better understand how EFAD contributed to malnutrition symptoms.



The purpose of this review is as follows: (1) use current fatty acid levels from various child populations across the globe to demonstrate the importance of measuring endogenous fatty acid levels to measure FA intake; (2) to provide a comprehensive overview of the research relating fatty acids to growth and cognition in children and elucidate the underlying mechanisms responsible for these relationships; (3) introduce the potential importance of HUFAs to normal growth and cognitive development in children; and (4) promote the measurement of a comprehensive fatty acid panel to determine specific dietary or supplementation interventions which can lower EFAD, PEM complications, and the likelihood of childhood developmental issues carrying on into adulthood.




2. Comparison of PUFA Levels between Global Child Populations


Studies that reported FA levels in child populations 16 years of age and under demonstrate that FA levels, specifically EFA levels, vary greatly (Table 1). When comparing EFA levels, child whole-blood LA levels range from a low of 8.83% total FA in Pakistan [31] to a high of 36.8% in Uganda [32,33], and child whole-blood ALA levels range from 0.17% in Pakistan [31] and 0.54% in the United Kingdom [34]. HUFA levels also demonstrated variability. ARA levels were highest among South Korean children (15.3%) [35] and lowest among Cambodian children (3.6%) [36]. Moreover, EPA levels varied from 0.1% in Cambodia [36] to 0.84% in Inuit children living in Canada [37], and DHA levels varied from 0.8% in Cambodian children [36] to 8.3% in South Korean children [35]. Child populations had amounts of DGLA as low as 0.56% in Uganda [32,33] and as high as 19.1 ng/uL in Gambia [38], and DTA levels as high as 3.05% in Pakistan [31] and as low as 0.018% in Uganda [32,33]. DPAn-6 levels ranged from 0.01% (in Uganda) [32,33] to 3.32 ng/uL (in Gambia) [38], while DPAn-3 levels ranged from 0.067% (in Uganda) [32,33] to 11.9 ng/uL (in Gambia) [38]. Mead acid, which was the most understudied fatty acid, ranged from 0.07% in Burkina Faso [39] to 0.37% in Pakistan [31]. Although these FA levels were measured from a variety of FA pools which may reflect long- or short-term dietary intake, including whole blood, red blood cells, plasma, and serum [40,41,42], research shows that the relative percentages of fatty acids are comparable regardless of sample type [43]. A closer examination comparing LMIC child populations to HIC child populations may explain these wide ranges.



In general, child populations in LMICs did not necessarily have lower levels of EFAs and their HUFA metabolites (Table 1). Our observations do not fully support prior evidence which shows that gross national income is significantly correlated to higher ARA and DHA intake [55] and that LMIC populations are at an increased risk of underconsumption of important dietary FAs [56,57]. For instance, Tanzanian infants and children had DGLA and DPA n-6 levels higher than those in European and Colombian children [34,45,49,51,53,54], and South African and Ghanian children had higher levels of ARA than children from the United Kingdom, Norway, and Colombia [34,45,46,47,52,58]. In fact, southern Ghanian children had higher DHA levels than many of the HIC child populations observed [34,45,47,49,51]. Consequently, LMIC child populations had the highest level of a number of fatty acids. LA levels were the highest among Ugandan children aged 6–10 years (mean (SD): 36.8 (0.35)% total FA) [32,33], DGLA and DPAn-6 levels were highest among 3–9-month-old Gambian children (DGLA: 19.1 (6.49) ng/uL; DPAn-6: 3.32 (1.24) ng/uL)) [53], and DTA levels were highest among 0–5-year-old Pakistani children (median (IQR): 3.05 (2.13–3.85)% total FA) [31]. Lastly, DPAn-3 levels were highest among Gambian children aged 3–9 months (mean (SD): 11.9 (3.82) ng/uL) [38]. The discrepancy between our findings and previous results is likely because these earlier studies measured FA intake solely using food fatty acid composition and consumption data. By not measuring blood fatty acid levels, these studies relied on more subjective measures of FA intake and thus may not have accurately measured PUFA intake.



Considering these data, LMIC child populations tend to have higher levels of n-6 HUFAs, and HIC child populations tend to have higher levels of n-3 HUFAs. Since a higher proportion of n-3 HUFAs is linked to better health outcomes [28], children in LMICs may be at a greater health disadvantage during a critical developmental period. Mead acid levels cannot be compared by country income status because it was only measured in LMICs, but 0–5-year-old Pakistani children had the highest concentration of Mead acid (median (IQR): 0.37 (0.14–1.32)% total FA) [31]. As Mead acid is synthesized in both the absence of LA and ALA, which serve as the precursors for n-6 and n-3 HUFAs, respectively, children in LMICs may have lower levels of both n-6 and n-3 HUFAs which are both necessary in sufficient amounts during childhood [17,28,29,30]. Collectively, this evidence demonstrates that LMICs may be at a higher risk of unhealthful HUFA balance and lower HUFA levels overall, but it is difficult to compare the potential for EFAD across countries since Mead acid is not commonly measured or reported in studies performed in HICs.



FA levels among child populations differ greatly within country income categories (Table 1). For instance, Ugandan children aged 6–10 years have higher LA levels (mean (SD): 36.8 (0.35)% total FA) but lower DGLA (0.56 (0.20)%), DPAn-6 (0.014 (0.001)%, ALA (0.26 (0.10)%), and DPAn-3 levels (0.067 (0.003)%) [32,33] compared to other LMIC child populations within sub-Saharan Africa and Asia. Colombian children 5–12 years old, however, had LA levels (30.3 (3.10)%) [45] comparable to those of the Ugandan children. Additionally, 2–6-year-old southern Ghanian children had mean EPA levels of 0.80% (SD: 0.35) [47], which approach those of well-nourished Inuit children (0.84 (0.16)%) [37], whose diet consists primarily of cold-water fish, and healthy European children [49]. In Burkina Faso, which shares a border with Ghana, children’s whole-blood EPA levels (median (IQR): 0.13 (0.10, 0.18)%) [39] trended lower than those in southern Ghana [47]. Based on this evidence, it is important to compare LMIC child populations with one another rather than grouping them all together.



HIC child populations also exhibit variability in FA levels (Table 1). The mean DHA level of children 7–9 years old from the United Kingdom was 1.9% (SD: 0.53) [34], which was relatively low compared to LMIC child populations, notably Nepalese children from 0 to 12 months old (mean: 4.9%, SD not reported) [50]. Many other HIC child populations, however, had higher DHA levels than those seen in the United Kingdom, notably Inuit Canadian children aged 11–53 months (mean (SD): 2.67 (1.52)%) [37], Dutch children aged 7–8 years (2.8 (0.7)%) [51], Norwegian children aged 1 year (6.00 (1.00)%) [58], and South Korean children aged 4–6 years (8.3 (1.3)%) [35]. Although ALA levels were generally higher among HIC populations compared to LMIC populations, Colombian children aged 5–12 years (0.49 (0.15)%) [45] and children from the United Kingdom aged 7–9 years (0.54 (0.25)%) [34] had mean ALA levels which trended higher than those of other HIC child populations. 1-year-old Norwegian children (12 (2)%) [58] and 11–53-month Canadian Inuit children (10.11 (0.37)%) [37] had the highest ARA levels of the HIC populations, but they were still comparable to most LMIC child population ARA levels. LA and EPA levels were relatively comparable across HIC populations, but LA levels were noticeably higher among 7–8-year-old Dutch children (23.2 (2.3)%) [51] and 5–12-year-old Colombian children (30.3 (3.10)%) [45], and EPA levels were noticeably higher among 11–53-month-old Canadian Inuit children (0.84 (0.61)%) [37] compared to other HIC populations. The same is true for DPAn-3, which was also noticeably higher among Inuit children (1.54 (0.69)%) [37]. Overall, HIC child populations demonstrated fewer variations in FA levels than LMIC child populations.



Other factors besides country income status may contribute more substantially to differences in FA levels across child populations. Comparison of various child populations by age shows that older children, i.e., children 6–16 years old, demonstrate higher levels of LA and ALA, but younger children, i.e., 0–6 years old, demonstrate higher levels of DGLA, DPAn-6, EPA, DPAn-3, DHA, and Mead acid (Table 1). Thus, the age of children in the population of interest may influence their FA levels. Additionally, dietary intake largely influences FA levels. For instance, food frequency questionnaires from a study conducted in northern and southern Ghana demonstrated that the latter population consumed more fish compared to their counterpart due to their proximity to the Gulf of Guinea, which was confirmed by higher n-3 and lower n-6 whole-blood FA levels [46,47,59].



Dietary intake can also influence FA levels indirectly by altering the activity of the desaturase enzymes involved in the conversion of LA and ALA into their downstream PUFA byproducts, i.e., delta-5-desaturase (D5D) and delta-6-desaturase (D6D). Six-week EPA fish oil supplementation increased D5D activity by 25% and decreased D6D activity by 17% (p < 0.0001) [15]. FA intake also influences the expression of D5D and D6D by altering fatty acid desaturase (FADS) genotypes [60]. A study conducted among Greenlandic Inuit showed that the population experienced gradual changes in FADS1 and FADS2 expression over generations due to high n-3 PUFA consumption, which led to increased D5D activity [61]. Besides influencing the level of PUFAs in the blood, FADS expression may have implications for chronic disease, as increased FADS2 expression is linked to adverse health outcomes such as obesity, type 2 diabetes, and high triglyceride scores [60,62]. Factors such as dietary intake and genotypes should be considered over country income status as important determinants of population FA levels and resulting morbidities.



Overall, there is variability in the FA profiles of children globally. It is difficult to generalize and say that HIC child populations have more sufficient FA levels overall compared to those from LMICs. There is a trend, however, that LMICs have higher n-6 HUFA levels than HICs, while HICs have higher n-3 HUFA levels than LMICs, which may give children in HICs a health advantage. More researchers should consider measuring Mead acid levels in HICs populations to aid in comparison with levels of LMICs and determine if they have a similar prevalence of EFAD. Nevertheless, country income status may not be the best predictor of FA levels. Better determinants of FA levels include age, dietary intake, and genetics. To confirm these findings, more studies assessing the relationship between food consumption and FA levels in child populations of various age ranges are needed. Other studies should also be carried out to examine the effect of intake of certain fatty acids on epigenetics, notably the expression of FADS genotypes and resulting desaturase activity.




3. PUFAs and Growth Parameters


3.1. Associations between PUFAs and Growth Outcomes in Children


Research in recent years has attempted to demonstrate the association between PUFAs and growth parameters in children <16 years old (Table 2). During early development, EFAs are converted into their PUFA byproducts, which are critical for organogenesis, overall regulation of growth by providing structural integrity to cell membranes, growth hormone synthesis, and immune system function [63,64,65]. Thus, insufficient PUFA levels during periods of rapid growth, likely due to inadequate nutrition during infancy and childhood, may lead to irreversible growth abnormalities. Specifically, low overall PUFA levels may lead to stunting and wasting, while an imbalance of PUFA levels, characterized by a high n-6:n-3 ratio, may lead to obesity.



Deficiencies in PUFA before 16 years of age are linked to abnormal growth parameters. Commonly measured growth parameters include height-for-age z-score (HAZ) as a measure of stunting; weight-for-age z-score (WAZ), weight-for-height z-score (WHZ), and mid-upper arm circumference (MUAC) as measures of wasting and moderate acute malnutrition (MAM); and BMI-for-age z-score (BAZ) as a measure of weight category. Inadequate PUFA levels and growth parameters in infants are most common in LMICs, where the intake of food products high in both EFAs and PUFAs is low, and malnutrition and inflammation are high [32,36,39,45,50,66]. As PUFAs have been shown to resolve inflammation in young children, low PUFA intake likely exacerbates chronic inflammation resulting from malnutrition and environmental factors, which together disrupt normal growth [67].



The compounded effects of low dietary PUFA intake and acute malnutrition on growth in young children can be seen in LMICs. Jumbe et al. observed that the total n-9 PUFA levels and T:T ratios were negatively associated with HAZ but positively associated with BAZ and WHZ, while total n-6 PUFA levels were positively associated with HAZ (notably LA) but negatively associated with BAZ and WHZ (notably ARA) in 2–6-year-old Tanzanian children (all p < 0.05) [68]. In a study of northern Ghanian children of the same age, Adjepong et al. found that after adjusting for hemoglobin, HAZ and WAZ were positively associated with whole-blood ARA, DGLA, DTA, and the ratio of DGLA/LA (all p < 0.05) [59]. Collectively, these results suggest that n-6 PUFAs, specifically EFA LA, are beneficial for linear growth, while an increased n-9 PUFAs and an accumulation of Mead acid may prevent underweight but promote stunting, leading to larger weight-to-height ratios and BMIs.



A cross-sectional study of 668 school-aged children in Colombia, a country where the incidence of pediatric obesity has increased over the past few decades, showed that children with the highest ALA serum levels exhibited smaller BAZ increases than those with the lowest ALA serum levels (β = −0.45, 95% CI: −0.83, −0.07) from age 6 to age 14 [45]. These results propose that sufficient ALA levels during childhood may help to promote linear growth, resulting in healthy BMIs. Another study showed that 62% of a Malawian study population aged 1–5 years were stunted (HAZ < −2), and HAZ was associated with low serum DHA and ARA serum levels (p < 0.05), further supporting the significance of both n-3 and n-6 PUFAs in inhibiting stunting [66].
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Table 2. Associations between blood fatty acid levels and growth outcomes among child populations in different countries and regions.
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	Country
	Study Size
	Age
	Design
	Intervention
	Tissue
	Growth Outcome Measured
	Fatty Acids Measured
	Main Outcomes
	Study





	Burkina Faso
	1609
	6–23 months
	Cross

sectional
	-
	Whole blood
	MUAC, WHZ, HAZ
	n-3 and n-6 PUFAs
	Children with MAM had low levels of total PUFA, particularly n-3 PUFA

Children diagnosed with MAM based on MUAC only had lower ARA levels than those diagnosed with MAM based on MUAC + WHZ or WHZ only
	[39]



	Cambodia
	174
	4 months–16 years
	Cross

sectional
	-
	Whole blood
	HAZ, WAZ, BAZ, MUAC
	SFA, MUFA, n-6 and n-3 PUFAs, T:T ratio, DPAn-6:DHA, n-6:n-3 ratio
	HAZ was positively associated with total PUFA, LA, ARA, and total n-6 PUFA

Height was positively associated with DHA and total n-3 PUFA
	[36]



	Colombia
	668
	5–12 years
	Cross

sectional
	-
	Serum
	BAZ
	n-3 and n-6 PUFAs, n-6:n-3 ratio
	ALA was negatively associated with BAZ
	[45]



	Gambia
	50
	3–9 months
	RCT
	200 mg DHA and 300 mg EPA or 2 mL olive oil/day for 6 months
	Plasma
	MUAC, HC, skinfold thickness
	n-3 and n-6 PUFAs
	PUFA supplementation increased MUAC at 9 and 12 months and increased skinfold thickness at 12 months
	[38]



	Ghana (north)
	307
	2–6 years
	Cross

sectional
	-
	Whole blood
	HAZ, BAZ, WAZ, WHZ
	n-3, n-6, and n-9 PUFAs, T:T ratio, GLA:ARA, EDA:LA, DGLA:LA, ARA:DGLA
	HAZ and WAZ were positively associated with ARA, DGLA, DTA, and DGLA/LA
	[59]



	Ghana (south)
	209
	2–6 years
	Cross

sectional
	-
	Whole blood
	HAZ, WAZ
	n-3 and n-6 PUFAs
	No relation between essential fatty acids and other fatty acids and growth
	[47]



	Greece and Netherlands
	529
	4–6 years
	Longitudinal
	-
	Blood PLs
	WAZ, BAZ
	n-3 and n-6 PUFAs, n-6:n-3 ratio
	No association between cord blood PUFA levels and rapid infant growth nor BMI at 4–6 years of age
	[69]



	India
	598
	6–10 years
	RCT
	900 mg ALA + 100 mg DHA or 140 mg ALA/day for 12 months
	Whole blood
	HAZ, WAZ, MUAC
	Total n-3 FAs, ALA, EPA, DHA
	n-3 FA supplementation did not affect growth
	[70]



	Malawi
	400
	12–59 months
	Cross

sectional
	-
	Serum PL
	HAZ
	DHA and ARA
	HAZ was positively associated with serum phospholipid DHA and ARA levels
	[66]



	Mexico
	193
	12–30 months
	RCT
	~1240 mg LA + 156 mg ALA + 33 mg DHA/day for 4 months
	Serum
	HAZ, WAZ, BAZ at 2 months and 4 months
	SFAs, n-3 and n-6 PUFAs
	Supplementation significantly increased ALA and DHA serum levels

Supplementation did not significantly improve growth parameters
	[71]



	Nepal
	303
	4–10 months
	Cross sectional
	-
	RBC
	HAZ, WAZ
	SFA, MUFA, n-6 and n-3 PUFAs, n-6:n-3 ratio, Omega 3 Index
	HAZ was positively associated with DHA and ARA levels
	[50]



	Tanzania
	334
	2–6 years
	Cross

sectional
	-
	Whole blood
	HAZ, WAZ, BAZ
	n-3, n-6, and n-9 PUFAs, T:T ratio
	HAZ was positively associated with LA and total n-6 PUFAs and negatively associated with Mead acid, T:T ratio, and total n-9 PUFAs

BAZ was positively associated with oleic acid, total n-9 PUFAs, and T:T ratio and negatively associated with ARA and total n-6 PUFAs

Weight-for-height z-score was positively associated with oleic acid and total n-9 PUFAs and negatively associated with ARA and total n-6 PUFAs
	[68]



	Uganda
	240
	6–10 years
	Cross

sectional
	-
	Serum
	HAZ
	SFA, MUFA, n-6 and n-3 PUFAs, T:T ratio, n-6:n-3 ratio, HUFA score
	Total SFAs were negatively associated and total n-6 PUFAs were positively associated with HAZ regardless of HIV status

Total MUFAs were negatively associated with WAZ regardless of HIV status

Children with lowest DHA and LA levels had significantly lower WAZ

Children with lowest DHA, total n-3 LPUFAs, and LA had significantly lower HAZ
	[32]



	Uganda
	237
	6–10 years
	Longitudinal
	-
	Serum
	HAZ
	SFA, MUFA, LA, n-6 and n-3 PUFAs, Mead acid, T:T ratio, n-6:n-3 ratio
	SFA levels were inversely associated with HAZ over 12 months

Low vs. high LA, total n-6, and total PUFA levels predicted low HAZ over 12 months

Low v. high levels of Mead acid and T:T ratio were each associated with high HAZ over 12 months
	[33]



	United States
	27
	0–6 months
	Longitudinal
	-
	Plasma
	HAZ, WAZ, BAZ
	SFA, MUFA, PUFA,

n-6:n-3 ratio
	Low n-3 PUFAs and high SFA levels at birth were positively associated with high skinfold thickness at birth and an increase in BAZ from birth to 6 months
	[72]



	United States
	348
	10–16 months
	RCT
	200 mg DHA + 200 mg ARA via powder added to milk for 180 days
	RBC
	LAZ, WAZ, HC, MUAC, skinfold thickness, BAZ
	n-3 and n-6 PUFAs, n-6:n-3 ratio
	DHA + ARA supplementation did not influence growth or adiposity outcomes
	[73]







HAZ = height-for-age Z-score; WAZ = weight-for-age Z-score; BAZ = BMI-for-age Z-score; MUAC = mid-upper arm circumference; HC = head circumference; LAZ = length-for-age Z-score; RCT = randomized controlled trial; PL = phospholipid; RBC = red blood cell; SFA = saturated fatty acid; MUFA = monounsaturated fatty acid, PUFA = polyunsaturated fatty acid; LA = linoleic acid; ALA = α-linolenic acid; GLA = gamma-linolenic acid; EDA = eicosadienoic acid; DGLA = dihomo-gamma-linolenic acid; EPA = eicosapentaenoic acid; DHA = docosahexaenoic acid.











Furthermore, within a cohort of 174 acutely malnourished Cambodian children aged 6 months to 16 years with an average T:T ratio of 0.02 (SD: 0.02) and an average total PUFA percentage of 20.1% (SD: 3.7%), Sigh et al. found positive associations between HAZ and mid-upper arm muscle area and whole-blood n-6 PUFA levels, including total n-6 PUFAs, LA, and ARA (all p < 0.05) [36]. This study also reported positive associations between height and DHA and total n-3 PUFAs (both p < 0.05). The high T:T ratio and low PUFA levels in this malnourished population potentially demonstrate how EFAD can compound the effects of PEM on linear growth.



A study of 1609 children aged 6–23 months from Burkina Faso further supports this hypothesis, as children diagnosed with MAM had low PUFA levels (mean (SD): 28.52 (2.78)% total FA), particularly low n-3 PUFA levels (mean (SD): 2.48 (0.65)% total FA) [39]. It is also interesting to note that in this same study, children diagnosed with MAM on the basis of MUAC only had significantly lower whole-blood ARA and EPA levels compared to those diagnosed with MAM on the basis of WHZ only (ARA: 6.88 v. 7.19% total FA, p = 0.007; EPA: 0.12 v. 0.14% total FA, p = 0.040), but higher whole-blood ALA levels (ALA: 0.22 v. 0.20% total FA, p = 0.042) [39]. A potential explanation for these results is that children with low MUAC may also be more likely to have decreased D6D activity, which may make them more prone to EFAD [39]. Thus, MUAC may be a valuable anthropometric measure for screening EFAD. Collectively, these studies support the positive relationship between low PUFA levels, high malnutrition, and abnormal growth in malnourished LMICs.



Similar associations between PUFA levels and growth parameters in well-nourished LMICs and HICs demonstrate that FA levels can still lead to abnormal growth parameters despite the absence of diagnosed PEM. Jain et al. observed that HAZ scores significantly increased by 0.16 (SD: 0.07) for every standard deviation increase in total n-6 PUFA serum levels regardless of HIV exposure in a cross-sectional study of 6-to-10-year-old Ugandan children (p = 0.035) [32]. They also found that higher levels of DHA and LA were associated with higher WAZ (both p < 0.029), higher levels of these fatty acids and total n-3 PUFAs were associated with higher HAZ (all p < 0.038), and the T:T ratio in this population was inversely associated with HAZ, WAZ, and BAZ (all p < 0.039) [32]. A longitudinal analysis of this same cohort strengthened these results by confirming that high total PUFA, total n-6 PUFAs, and LA levels and low Mead acid levels and T:T ratio predicted high HAZ over 12 months (all p < 0.05) [33].



Furthermore, a separate study of 303 well-nourished breastfed infants in Nepal, who exhibited total PUFA levels of 38% total FA, showed that HAZ was positively associated with DHA and ARA status (p = 0.04 and p = 0.002, respectively) [50]. A longitudinal study of American infants from birth to 6 months of age found that low neonatal plasma n-3 PUFA levels at birth were positively associated with adiposity-related growth parameters during development, i.e., high skinfold thickness at birth and increased BAZ from birth to 6 months of age (p = 0.046) [72]. Finally, a randomized controlled trial supplementing 3–9-month-old Gambian infants with 200 mg DHA and 300 mg EPA for 6 months showed that supplementation significantly increased MUAC at 9 months and 12 months and skinfold thickness at 12 months compared to the control group (all p < 0.022) [38]. Despite the fact that these populations were not malnourished, they still demonstrated a positive association between low FA levels and abnormal growth parameters, which demonstrates that FA deficiency can still lead to developmental issues in the absence of malnutrition.



Although many cross-sectional studies demonstrate a clear association between PUFA levels and growth parameters in both LMICs and HICs, some observational studies have not supported this association. A cross-sectional study of 2-to-6-year-old children in southern Ghana showed no association between whole-blood fatty acid levels and growth parameters (all p > 0.05) [47]. However, this study found that 93% of participants had eaten fish within 24 hours of data collection, which reflects the high consumption of seafood in southern Ghana due to its proximity to the Gulf of Guinea [47]. Since most of the children in this study have likely eaten a seafood-rich diet which promotes healthy growth from a young age [74], the incidence of stunting may not have been high enough (~10%) to be able to observe significant associations between fatty acid levels and abnormal growth. A longitudinal study of 529 4–6-year-old children from the Netherlands and Greece showed no association between cord blood phospholipid PUFA levels and rapid infant growth or childhood BMI (all p > 0.05) [69], which could be because cord blood FA levels may not translate to infant nor childhood levels once they are introduced to complementary foods. In conclusion, studies which did not support the association between PUFAs and growth parameters may have limitations that did not allow researchers to assess this association.



Many randomized controlled trials in both LMICs and HICs which supplemented children with n-3 PUFAs did not demonstrate any effects of n-3 PUFAs on growth. A randomized, double-blinded controlled trial of 6-to-10-year-old marginally malnourished Indian children showed no effect of n-3 FA supplementation (900 mg ALA and 100 mg DHA v. 100 mg ALA) paired with low or high micronutrient supplementation for 12 months on WAZ, HAZ, nor MUAC (all p > 0.05) despite significant increases in whole-blood n-3 levels (all p < 0.05) [70]. However, there was no true placebo group in this trial, as the “control” children were still receiving ALA supplementation, which may have been enough to promote normal growth; this hypothesis is supported by the results, as the overall prevalence of stunting/overweight decreased significantly from baseline (p < 0.001) [70]. A randomized controlled trial of 348 American preterm infants aged 10–16 months demonstrated that 200 mg DHA + 200 mg ARA supplementation for 180 days did not significantly improve any growth outcomes post-intervention (all p > 0.10) [73]. The lack of an effect in this study could be due to the fact that these preterm infants had a wide range of birthweights and gestational ages, which could make it more difficult to detect the effect of supplementation, or the supplementation was not long enough to effect short-term growth or adiposity [73]. Finally, a randomized controlled trial among 12–30-month-old Mexican infants demonstrated that supplementation of formula with ~1240 mg LA + 156 mg ALA + 33 mg DHA/day for 4 months did not significantly improve health outcomes (all p > 0.05) despite significantly increasing ALA and DHA serum levels (both p < 0.05) [71]. This study may not have seen an association because relative to other studies discussed [38], the amount of DHA supplemented was quite low [71]. Despite these limitations, these studies demonstrate that n-3 PUFAs may not affect growth outcomes in childhood as much as other FAs, notably n-6 PUFAs.



Overall, studies from both LMICs and HICs demonstrate a relationship between various fatty acid levels and growth parameters, regardless of malnutrition status in children ≤16 years of age. Notably, increases in both n-3 and n-6 PUFAs, including LA, ALA, and their metabolites, were related to normal HAZ, WAZ, and BAZ, which are the anthropometric measures often used to diagnose PEM. Randomized controlled trials studying FA supplementation and growth outcomes in childhood have shown overall null effects, but this may be because most of them prioritized studying n-3 PUFAs over n-6 PUFAs. Since both n-3 and n-6 PUFAs are important for growth [63,64,65], more research should be carried out specifically to study how growth outcomes may be affected by both n-3 and n-6 PUFA supplementation. Nevertheless, the existence of the association between PUFAs and growth in well-nourished populations demonstrates that children without malnutrition can still experience abnormal growth due to EFAD and deficiencies in EFA metabolites. However, more research can be conducted to monitor EFAD by including the measurement of LA, ALA, and Mead acid and the calculation of the T:T ratio. The comparison of these FA levels with growth outcomes will provide a more explicit picture of how EFAD may impact growth. Thus, the research supports the measurement of a large FA panel in both malnourished and well-nourished child populations to identify those most at-risk for poor growth so other researchers could provide targeted dietary alterations or supplementation initiatives to ensure that children are growing normally for their age into adulthood.




3.2. Potential Mechanisms Relating PUFAs and Growth Outcomes in Children


There are many mechanisms which may link growth parameters to PUFA intake, including gene transcription regulation and hormone production regulation. PUFAs likely affect DNA methylation through their role in one-carbon metabolism as methyl group donors and acceptors [75]. This effect is heightened during pregnancy, which is known to be a time of great epigenetic remodeling [76]. Additionally, insufficient methylation of certain gene variants linked to PUFA metabolism can further disrupt PUFA levels, which can eventually lead to alterations in growth during childhood [77].



PUFA levels directly impact the production of insulin-like growth factor 2 (IGF2), a hormone which regulates intrauterine growth [78]. Among a cohort of 973 Mexican pregnant women, infants of those supplemented with 400 mg DHA daily who were overweight or had preterm births demonstrated hypermethylation (a methylation proportion higher than the expected 50%) within the IGF2 P3 region of cord blood cells (p = 0.04) [79]. Additionally, the infants of supplemented mothers of normal weight experienced hypomethylation (a methylation proportion lower than the expected 50%) within the H19 differentially methylated region (DMR) of cord blood cells (p = 0.01) [79]. These results are significant because they demonstrate epigenetic differences between infants predisposed to or who quickly demonstrate abnormal growth and infants demonstrating normal growth.



Endogenous FA levels may also be influenced by the genetic code itself. Another cohort study demonstrated that variants in the genes which encode D5D and D6D, FADS1, FADS2, and FADS3, may affect gestation duration and birth weight [8]. Bernard et al. observed a significant association between plasma n-6 PUFA levels and maternal minor FADS1 and FADS2 alleles; those mothers who possessed the minor FADS1 variant rs174546 had higher plasma n-6 PUFA levels, while those who possessed the minor FADS3 variant rs174450 allele had lower plasma n-6 PUFA levels (p ≤ 0.001) [8]. Moreover, offspring FADS1 variant rs174546 was associated with a gestation duration of 1.7 days longer per each additional copy of minor allele G, and offspring FADS1 variant rs174450 was associated with a gestation duration of 1.9 days longer [8]. The significant associations between FADS1 and FADS3 genes and birth length and weight were removed when controlling for gestation duration [8], but the positive effects of certain FADS1 and FADS3 variants on gestation duration are likely due to circulating plasma n-6 PUFA levels. The lack of association between variants and n-3 PUFA levels is because dietary intake influences n-3 PUFA levels more than the FADS variant, and this study was not powered to detect the influence of the FADS variant on DHA levels [8]. Collectively, these results emphasize the synergistic effects of genetics and epigenetics on endogenous FA levels and consequently growth.



PUFAs may also affect growth by regulating the transcription of genes directly involved in fat deposition. A murine randomized controlled trial showed that a high fat, n-3 PUFA-rich diet (n-6:n-3 ratio of 0.84) decreased gene expression of compounds involved in lipogenesis, namely acetyl-CoA carboxylases (ACC1_2), and increased the gene expression of compounds involved in fatty acid oxidation, including carnitine palmitoyl transferase 1a (CPT1A) and acyl-coenzyme A oxidase 1 (ACOX1), in both the small intestine and the liver compared to a high n-6 PUFA diet (n-6:n-3 ratio of 13.5) [80]. This study also showed that a high-fat, n-3 PUFA-rich diet increased the number of macrophage clusters in adipose tissues [80], suggesting an anti-inflammatory effect. When considering these results with those of similar animal studies [14,81,82], ALA and its n-3 PUFA metabolites may help promote balanced lipid metabolism to yield appropriate BAZ scores and reduce adiposity-induced inflammation in young children, particularly those with a heightened n-6:n-3 ratio.



Additionally, ALA may further promote normal growth by regulating bone formation via insulin growth factor 1 (IGF1), a hormone responsible for stimulating adipogenesis and bone mineralization [83]. Mouse models have demonstrated that a low LA:ALA ratio (ranging from 1:1 to 5:1) in mice was shown to not only minimize adipocyte formation but maximize osteoblast formation as well by optimizing IGF1 levels [84]. Specifically, ALA affects IGF-1 production via its metabolites, EPA and DHA, which activate a peroxisome proliferator-activated receptor-α pathway [85]. Moreover, EPA and DHA decrease prostaglandin E2 (PGE2) in osteoblasts which inhibits adipocyte differentiation [86]. The synergistic production of IGF1 and PGE2 suggests a regulatory response to adiposity-induced inflammation, which further contributes to n-3 PUFA’s anti-inflammatory properties. These results have been confirmed by observational studies in pigs [87] and malnourished children [88] as well as randomized controlled trials performed on mice [89], post-menopausal women [90], and men with cardiovascular disease [91].



One randomized controlled trial in preterm infants showed daily DHA and ARA supplementation of 32 and 31 mg, respectively, during the first nine weeks of life significantly increased WAZ up to one year of age but decreased levels of IGF-1 and had no significant effect on growth parameters at eight years of age [92]. This may be explained by the lack of randomization based on growth (there were significantly more obese children in the control group); it is reasonable to believe that non-obese children would have lower IGF-1 levels than obese children given its positive effect on adiposity. These results could also be due to the inability to control for the standard Norwegian diet, which is rich in n-3 PUFAs such as DHA, suggesting that the amount that was supplemented to the intervention group would yield negligible differences. To further elucidate the relationship between PUFAs, IGF1, and growth in childhood, more randomized controlled trials must be performed in young children in various countries with differing diets.



Collectively, cohort studies and randomized controlled trials analyzing the relationship between EFA levels and growth have demonstrated that deficient EFA levels are associated with below-average growth parameters, regardless of country income or malnutrition status. Studies which did not observe a significant association between EFAs and growth in child populations may not have accounted for an increase in protein and energy intake in certain children or measured PUFA levels too early, which would limit the ability to detect an association [47,69,70]. Translational studies using animal models revealed mechanisms which demonstrate the importance of PUFAs in regulating growth through methylation of specific genes involved in fat metabolism, bone development, and inflammation. Observational studies and randomized controlled trials confirmed these findings. Future studies should consider potential confounders that may also affect growth, notably malnutrition, inflammation, and saturated fatty acid levels.





4. PUFAs and Cognitive Development


4.1. Associations between PUFAs and Cognitive Outcomes in Children


Researchers have also been interested in the association between PUFA levels and cognitive development in early and late childhood (Table 3). This interest stems from the relatively high concentrations of the ALA metabolites, EPA and DHA, in the hippocampus and prefrontal cortex [93,94]. The hippocampus and prefrontal cortex control cognitive functioning, including executive function, and undergo significant growth during childhood and early adolescence [95,96,97,98]. So, increased concentrations of these fatty acids in these parts of the brain may improve cognitive development in childhood and have long-lasting effects on cognitive functioning throughout life.



Cross-sectional studies of child populations in LMICs with insufficient fatty acid intake and whole blood fatty acid levels have supported the association between fatty acid intake and cognition. Adjepong et al. observed dimensional change card sort (DCCS) task performance, a measure of executive function, in 2–6-year-old children in northern Ghana [46]. Their results showed significantly positive associations between DCCS task performance and DHA and ALA levels (p = 0.02 and 0.01, respectively), and children with the highest levels of DHA, DHA + EPA, and total n-3 PUFAs were significantly more likely to complete at least one aspect of the DCCS task (p = 0.008, 0.047, and 0.02, respectively) [46]. Jumbe et al. determined LA was positively associated and ALA was negatively associated with DCCS performance in 4–6-year-old Tanzanian children [54]. The authors also found that within this population, children with a T:T ratio > 0.02 were four times less likely to complete the full overlap post-switch DCCS task, i.e., the task which requires the highest level of executive functioning (OR: 3.8; 95% CI: 1.05, 13.9) [54]. The discrepancy between the results of these two papers, specifically regarding the relationship between ALA and DCCS performance, suggests that more observational studies which measure Mead acid and calculate the T:T ratio are necessary to better elucidate the association between EFAD and cognitive outcomes.



Randomized controlled trials performed in African countries with low levels of fatty acid intake have also demonstrated a positive effect of fatty acid intake, specifically DHA supplementation, on cognitive function. Al-Ghannami et al. supplemented 9–10-year-old primary school students in Muscat, Oman with either 403 mg DHA/weekday from a fish oil supplement or 150–200 mg DHA/weekday from grilled fish for 12 weeks [103]. Both forms of DHA supplementation showed a significant increase in both EPA and DHA erythrocyte concentrations, but the fish oil supplement resulted in a significantly higher increase in these concentrations than the grilled fish (72% increase compared to 64% increase, p = 0.014) [103]. Additionally, only fish oil supplementation yielded a significantly positive effect on executive functioning measured using Part B of the Trail Making Test (p = 0.005) [103]. Dalton et al. gave 7–9-year-old primary school students of low socioeconomic status in South Africa 192 mg DHA and 82 mg EPA/weekday through fish spread for 6 months [52]. The supplemental group exhibited significantly higher EPA and DHA plasma and RBC concentration increases than the control group (all p < 0.0001), and supplementation resulted in higher recognition, discrimination index, and spelling test scores compared to children who were not supplemented (all p < 0.05) [52]. A more recent randomized controlled trial among 6–59-month-old Malawian children with severe acute malnutrition showed that the addition of DHA or oleic acid to ready-to-use-therapeutic food (RUTF) for four weeks significantly increased plasma phospholipid EPA and ALA levels and improved gross motor and social domain scores of the Malawian Developmental Assessment Tool (MDAT) compared to those who received standard RUTF (all p < 0.001) [101]. Overall, research from randomized controlled trials in LMICs demonstrates the beneficial effect of PUFA supplementation on cognitive outcomes.



Recent studies performed in Europe have shown that fatty acid levels may also affect cognitive function in well-nourished HICs. Montgomery et al. observed that 88.2% of their cohort of 7–9-year-old schoolchildren consumed less than the dietary recommendation of two servings of fatty fish per week and that their cohort had average whole-blood EPA and DHA levels (mean (SD): 0.56 (0.01)% and 1.9 (0.53)%) [34] similar to those observed in LMICs [46,52,54,103]. The researchers further observed that reading scores were positively associated with whole-blood DHA, EPA, DPA, DHA+EPA, and total n-3 PUFAs, while working memory was positively associated with DHA, EPA, DPA, DHA+EPA, and total n-6 PUFAs (all p < 0.05) [34]. Moreover, Oyen et al. provided daily servings of fatty fish containing roughly 1000 mg EPA + DHA or red meat to Norwegian Kindergarten students with a relatively high baseline erythrocyte EPA+DHA (known as the Omega-3 Index) of ~8% for four months [102]. The intent-to-treat analysis demonstrated that this supplementation did not improve Wechsler Preschool and Primary Scale of Intelligence (WPPSI-III) compared to red meat supplementation (p = 0.97) despite significantly higher erythrocyte EPA, DHA, and Omega-3 Index increases within the fish group (p < 0.0001) [102]. These results were supported by a longitudinal study of 7-year-old Dutch children which showed that DHA and ARA levels at birth and 7 years of age were not associated with cognition measured at 7 years using the Kaufman Assessment Battery for Children (p = 0.29 and 0.60, respectively) [51]. A randomized controlled trial of 7–12-year-old Chinese school children similarly demonstrated that 800 mg DHA/day for 6 months did not improve executive function measured via the Digit Span Backwards and Wisconsin card sorting test (all p < 0.08) despite significantly increasing ARA and DHA erythrocyte fatty acid levels (both p < 0.001) [44]. The null effect of these high dosages of DHA on cognitive function in Norway and China and the significant effect of EPA and DHA on cognitive function in the United Kingdom may be due to differing baseline DHA levels, i.e., sufficiency versus insufficiency, as Norwegian and Chinese children may receive adequate dietary fatty acids while English children may not. When looking at differences in baseline DHA levels, Norwegian (mean (SD): 6.46 (1.20)%) [102] and Chinese children (2.75 (0.59)%) [44] do in fact have higher levels than English children (1.9 (0.53)%) [34]. These studies provide evidence for a dose-response relationship between PUFA levels and cognitive outcomes that may plateau once PUFA sufficiency is achieved.



A randomized controlled trial carried out in Australia and Indonesia further demonstrated that PUFA supplementation affected well-nourished and malnourished children equally due to similarly high baseline PUFA levels [100]. Osendarp et al. performed a trial in which Australian and Indonesian children aged 6–10 years were supplemented with 88 mg DHA and 22 mg EPA six days a week for 12 months, and the researchers hypothesized that Indonesian children would benefit more from the intervention since they were malnourished [100]. Both experimental groups showed increased plasma DHA and other n-3 PUFA levels (although not significant, all p > 0.10), but neither group showed improved cognitive assessment battery scores (all p > 0.15) [100]. Given the relatively high Australian and Indonesian baseline DHA levels (31.1 ± 10.6 µg/mL and 41.3 ± 13.9 µg/mL, respectively), the effect of DHA + EPA supplementation on cognitive performance in both groups was expected to be minimal [100]. A similar randomized controlled trial performed in Australia supports these results as 12 weeks of 1.6 g of EPA and 1.6 g of DHA daily significantly increased the Omega-3 Index (p < 0.001) but did not improve self-regulation nor executive function in 3–5-year-old children (all p > 0.18) [99]. In fact, behavioral self-regulation was significantly lower in the intervention group following the intervention (p = 0.007) [99]. These trials further support that the supplementation of PUFA-sufficient populations will not improve, and can potentially worsen, cognitive performance regardless of overall nutrition status.



Generally, research in infants shows that early postnatal PUFA intake may not noticeably affect cognitive performance for several months [63]. A randomized controlled trial supplementing 3–9-month-old Gambian infants with 200 mg DHA and 300 mg EPA showed no effect on cognitive development at 9 and 12 months of age [38]. An observational study carried out by Braarud et al. detected a significant positive effect of DHA status at 3 months of age on problem solving at 12 months old of age in Norwegian infants (p < 0.05) [58]. Additionally, a sufficiently powered randomized controlled trial conducted by Birch et al. supplemented newborn American infants with ~131 mg DHA or ~131 mg DHA and 270 mg ARA per day from birth to 4 months of age and showed a mean increase of seven points on the Mental Development Index (MDI) of the Bayley Scales of Infant Development assessment at 18 months compared to the control group (p < 0.05), and MDI was correlated with plasma and RBC DHA at 4 months of age [106]. Both supplemented groups also had higher developmental age scores on the cognitive and motor subscales of the Bayley Scales at 18 months [106].



Auestad et al. supplemented newborn American infants from birth to 12 months of age with ~51 mg DHA and 165 mg ARA and demonstrated no association between supplementation wand MDI score at 12 months (all p > 0.05) [105]. This study may not have detected an association because the DHA and ARA dosages may have been too low, although Auestad et al. supplemented the infants for longer than the previous study and assessed cognition immediately following supplementation. A recent randomized controlled trial supported Auestad et al.’s results by demonstrating that supplementation of 10–16-month (corrected age) preterm infants with 200 mg DHA and 200 mg ARA for six months did not improve cognition as measured by the Bayley Scales of Infant Development-III despite experiencing significant increases in erythrocyte DHA and ARA levels (ARA change: 2.2 mol% (95% CI: 1.7 to 2.8); DHA change: 1.2 mol% (95% CI: 1.0 to 1.5)) [104]. These results collectively suggest that dosage may have a more significant effect than duration and assessment timing, or that the effects of supplementation may not be demonstrated until months after supplementation has seized. More studies should be conducted to elucidate the relationship between PUFA levels and cognition during infancy.



Moreover, researchers have not found an association between maternal or postnatal DHA status and cognitive performance after 2 years of age [51,107]. This is likely because maternal PUFA status greatly influences PUFA status in early infancy, but the effects wean as executive function truly begins to develop, i.e., around 2 years of age [108]. At this point, PUFA sufficiency must be maintained exogenously through the child’s diet, specifically through the consumption of foods high in EPA and DHA, such as fatty fish. Thus, future studies which aim to observe the relationship between early postnatal DHA status and cognition should test cognitive performance between 1 and 2 years of age.



Overall, studies from child populations of varying nutritional status highlighted an association between fatty acid levels and cognitive outcomes. Specifically, sufficient levels of n-3 PUFAs EPA and DHA were related to high performance on various cognitive tests. This association was seen in both well-nourished and malnourished populations, which demonstrates that FA deficiency can still be present and result in cognitive impairment regardless of overall nutrition status. The majority of these studies, however, did not examine markers of EFAD, notably LA, ALA, Mead acid, and T:T ratio. So, there is limited research on how EFAD specifically impacts cognitive outcomes and how this relationship may differ among child populations. Thus, researchers should study child FA levels, especially markers of EFAD, and cognitive outcomes in various regions across the globe to ensure accurate identification of affected populations that require assistance through various intervention efforts for the promotion of proper cognitive development into adulthood.




4.2. Potential Mechanisms Relating PUFAs and Cognitive Outcomes in Children


Many biochemical mechanisms connect PUFA levels and cognitive function. The foundation for this relationship is PUFAs’ role in phospholipid synthesis. Specifically, PUFAs, notably DHA, are metabolized with uridine and choline to synthesize neuronal membrane phospholipids via the CDP-choline cycle or the Kennedy cycle [109]. A mouse study supported this pathway, as supplementation of ischemic mice’s diets with citicoline (a byproduct of choline) (40 mg/kd/day) and DHA (300 mg/kg daily) for 11 days led to improved learning and memory as well as the prevention of neuronal cell death while slightly increasing levels of phosphatidylcholine, the most abundant brain phospholipid [110]. Recently, the administration of a supplement containing uridine, choline, and DHA from 12 to 48 weeks was shown in two separate clinical trials to improve memory in patients with mild Alzheimer’s disease dementia [111,112].



To further determine a mechanism which links PUFAs to early cognitive development, researchers have studied the negative effects of n-3 PUFA deficiency on neurotransmission throughout the first few years of life. A mouse study conducted by Wang et al. demonstrated that ALA deficiency (0.09% of diet) significantly lowered brain DHA levels, increased neuroinflammation and neurodevelopmental delay, and lead to poorer spatial learning and memory compared to ALA sufficiency (2.88% of diet) [113]. These results supplement previous mouse studies which showed that n-3 PUFA deficiency can lead to poor behavioral performance through the interruption of neurotransmission [114,115,116]. This observation may begin to explain the cognitive deficits exhibited in human children with chronic n-3 PUFA deficiency [34,46,100]. Collectively, these results provide evidence for specific mechanisms through which DHA may promote early cognitive development.



Gene expression pathways are largely responsible for the mechanisms connecting n-3 PUFAs to early cognitive development. DHA has been shown to be required for the proper functioning of the transcription factors CREB1 and capsase-3, which regulate the expression of pre- and post-synaptic brain proteins, as well as retinoid receptors such as peroxisome proliferator-activated receptors which regulate synaptic transmission [117,118]. When Chalon et al. replenished the ALA levels in young deficient rats, n-3 PUFA levels in the brain increased to standard levels (mean (SD): 30.2 (0.3)% total FA) in brain areas of immense proliferation during early development such as the prefrontal cortex and the hippocampus [119]. An earlier piglet study of ALA replenishment also demonstrated an increase in membrane phospholipids and dopamine levels, which can affect membrane fluidity and consequently brain vesicle formation [120,121]. Despite these positive results, ALA replenishment later than 21 days did not restore dopaminergic pathway activity [119]. Since weaning usually begins around this time, the window of intense cognitive development is likely closed. Collectively, these results support the time-sensitive nature of n-3 PUFA deficiency during the early stages of neuronal development, which has the potential to affect cognition later in life.



Overall, various studies support the association between EFA levels and cognitive outcomes in children. Studies which did not observe an association may not have supplemented subjects with a high enough dosage of PUFAs or their study populations exhibited overall EFA sufficiency [100,102,105]. Various animal and human studies have substantiated these associations by connecting PUFAs with cognition and demonstrating the role of PUFAs in cell membrane formation, dopaminergic transmission, and gene expression regulation. Researchers should focus on strengthening these associations by assessing FA levels in LMICs which contain understudied child populations.





5. HUFAs, Growth Parameters, and Cognitive Development


Highly unsaturated fatty acids (HUFAs) are the byproducts of EFAs LA and ALA, and the balance of HUFAs determines the overall inflammatory state of the body which has implications for a wide range of health conditions [122]. Specifically, n-6 ARA is transformed at a more rapid rate than n-3 EPA into downstream prostaglandin byproducts. Thus, an increase in the n-6 prostaglandin byproducts prostaglandin D2 and E2 (PGD2 and PGE2) can lead to an inflammatory state, which can cause cognitive dysfunction, inhibit cell growth, decrease calcium deposition, and reduce bone resorption, which may lead to stunted growth [28,123,124,125,126].



Based on the selective reactivity of HUFAs within the arachidonic acid cascade, relative dietary intake and resulting n-3 ALA and n-6 LA levels may make certain children more likely to be in an inflammatory state than others. Specifically, individuals in countries with a high-n-3 diet may be less likely to develop “harmful cascade outcomes” because high amounts of n-3 HUFAs made endogenously or eaten exogenously can outcompete with n-6 HUFAs which ultimately results in an anti-neuroinflammatory state [126]. Therefore, these individuals may experience less inflammation and less severe EFAD complications than those with Westernized diets who are more likely to consume a higher amount of LA and other n-6 FAs.



Researchers have used mice models to further demonstrate the potential benefit of HUFA balance favoring n-3 HUFAs on inflammation and overall health. Pestka et al. demonstrated that in a lupus murine model, those with crystalline silica dust (cSiO2) mediated lupus fed a low DHA diet (2 g/day) and a high DHA diet (5 g/day) had significantly higher HUFA scores (the proportion of n-3 HUFAs among total HUFAs) in RBCs than those with cSiO2 mediated lupus fed a control diet (mean (SEM): 49.29 (4.89)% 73.39 (4.71)% v. 10.83 (1.21)%) [127]. The same group previously observed that an increased HUFA score was associated with decreased autoimmune biomarkers in the lupus murine model [128]. Taken together, these studies provide preliminary evidence for the benefit of increased dietary intake of n-3 HUFAs in those who suffer from increased inflammation. More research should observe this effect in individuals with other inflammatory conditions, notably PEM and EFAD, and how this may impact other health outcomes, such as growth and cognition.



Despite the emerging importance of HUFA balance on health, many studies which have looked at the associations between FA levels and developmental outcomes in children have not examined the HUFA score. More recent studies have included measures of the n-6:n-3 ratio [32,33,36,45,50,59], but this calculation includes FAs which are not highly unsaturated, notably EFAs LA and ALA, which are not directly metabolized to determine an inflammatory state, and excludes the n-9 HUFA Mead acid which is used to diagnose EFAD. Thus, this calculation may not as accurately assess potential EFAD and overall health. To specifically look at the relative levels of n-3 and n-6 HUFAs in an individual, researchers can calculate the HUFA score. The numerator of this calculation represents the sum of all the n-3 HUFAs (usually EPA, DPAn-3, and DHA), while the denominator is the sum of all HUFAs (n-6 HUFAs include DGLA, ARA, DTA, and DPAn-6 and n-9 HUFAs include Mead acid). The resulting ratio can be multiplied by 100 to yield the n-3 HUFA score [122]. Western diets common in HICs and now LMICs may have n-3 HUFA scores around 30%, while populations with high fish intake exhibit n-3 HUFA scores as high as 70% [128]. Randomized controlled trials looking at the effect of the HUFA score on chronic disease outcomes in U.S. adults demonstrated that a HUFA score of at least 40% resulted in the most significant health improvements [28].



The above values, however, were determined by adult populations. There have not been enough studies measuring the HUFA score in children to determine if these values compare to those in child populations. Even if studies report some HUFA values, such as EPA and DHA, they do not report all values necessary for the proper calculation, which makes it difficult to compare these HUFA scores with studies which measured fatty acid levels more comprehensively. Only one study included in this review measured the HUFA score of the child population [32]. The HUFA score among 6–10-year-old Ugandan children was about 17%, which is even lower than those demonstrated in adult populations with Westernized diets and very far from the optimal HUFA score of 40% [28,32]. This study did not find any associations between HUFA scores and growth, notably HAZ, WAZ, or BAZ scores [32]. No studies measuring the relationship between FA levels and cognitive outcomes in children included in this review reported a HUFA score. Thus, HUFA scores are barely reported among child populations, despite this newfound interest and potential significance of the HUFA score to determine overall health and inflammation which can impact child development.



More evidence is needed to support the importance of the balance of dietary n-3 and n-6 HUFA intake on the prevention of adverse growth outcomes in children, notably stunting and cognitive function. Optimal HUFA levels (≥40% n-3 in HUFA) may prevent neuroinflammation and cell growth irregularities by decreasing the production of PGE2 and PGD2 from the arachidonic cascade. To further validate this theory and take advantage of this underexplored area, researchers should perform more comprehensive blood panels in children which include all the HUFAs necessary to calculate the HUFA score, notably Mead acid and ARA. These two fatty acid levels can then be used to calculate the T:T ratio to determine EFAD in the population. Relating both the HUFA score and the T:T ratio to growth and cognition outcomes in children may provide stronger evidence for the importance of fatty acid sufficiency and the optimization of HUFA levels as an avenue to treat EFAD-related complications in early childhood and prevent adverse developmental outcomes which can have lasting consequences into adulthood.




6. Conclusions


In conducting this review, there are some limitations in the current literature regarding the effects of EFAD on growth and cognition. A majority of the cross-sectional and longitudinal studies which monitored fatty acid levels did not measure Mead acid nor calculate the T:T ratio, which is regarded as the gold standard for measuring EFAD [18]. Specifically, this measurement and calculation were not performed for any of the HIC child populations included in this review. This did not allow these studies to measure the association between developmental outcomes and EFAD. EFAD should be screened in all child populations, regardless of country income status, as it is a less apparent form of malnutrition that can potentially lead to growth and cognitive deficits which can last into adulthood. Prioritization, however, should be given to LMIC child populations, as they are historically more at risk for other nutritional deficiencies, notably PEM [2]. PEM may make EFAD worse, as it can lead to the use and degradation of endogenous fatty acids [74,129]. Research in populations with PEM may also be beneficial to further elucidate the relationship between EFAD and growth outcomes, as researchers can control for this factor and reduce its confounding effect.



Many studies included in this review also did not measure associations between HUFA levels and health outcomes, which may be beneficial to support the theory that HUFA levels affect overall health by influencing the inflammatory state of the body [28,122,123,124,125,126]. Although country income status is not necessarily a predictor of the overall fatty acid profile, the lack of resources in LMICs has limited the amount of research describing child population blood fatty acid levels as well as their association with developmental outcomes. From current research, it is apparent that other factors, such as diet, geographical location, and genetics, may play a significant role in determining blood fatty acid levels regardless of country income status. Moving forward, it would be beneficial for researchers to utilize a unified approach to collecting fatty acid values, including the widespread measurement of Mead acid and HUFA levels. In addition, calculating the T:T ratio and HUFA score would make the data not only more reflective of the children’s nutritional status but also aid in the direct comparison between values in a comparable study. Together, these efforts to perform more comprehensive fatty acid analyses in child populations (particularly those in LMICs) should allow researchers and clinicians to develop appropriate interventions to reverse EFAD during sensitive developmental periods to promote proper growth and cognition throughout childhood, adolescence, and adulthood.
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Table 1. Variation in select blood polyunsaturated fatty acid levels among child populations in different countries and regions.






Table 1. Variation in select blood polyunsaturated fatty acid levels among child populations in different countries and regions.





	Country
	Study Size
	Age
	Tissue
	LA
	DGLA
	ARA
	DTA
	DPA

n-6
	ALA
	EPA
	DPA

n-3
	DHA
	Mead Acid
	Study





	Burkina Faso
	1609
	6–23 months
	Whole blood
	16.2 (2.26)
	0.85 (0.21)
	7.08 (1.53)
	-
	0.38 (0.12)
	0.21 (0.09)
	0.13 (0.10, 0.18) 1
	0.43 (0.12)
	1.64 (0.53)
	0.07 (0.03)
	[39]



	Cambodia
	174
	4 months–16 years
	Whole blood
	13.2 (2.7)
	0.7 (0.2)
	3.6 (1.3)
	-
	0.2 (0.1)
	0.2 (0.1)
	0.1 (0.1)
	0.2 (0.1)
	0.8 (0.3)
	0.08 (0.06)
	[36]



	Canada (Inuit)
	167
	11–53 months
	RBC
	15.7 (3.02)
	1.9 (0.59)
	10.1 (3.37)
	1.60 (0.66)
	0.30 (0.30)
	0.30 (0.14)
	0.84 (0.61)
	1.54 (0.69)
	2.67 (1.52)
	-
	[37]



	China **
	94
	7–12 years
	RBC
	14.64 (1.28)
	-
	16.27 (1.46)
	-
	-
	0.09 (0.07–0.11) 1
	0.32 (0.26–0.45) 1
	-
	2.75 (0.59)
	-
	[44]



	Colombia
	668
	5–12 years
	Serum
	30.3 (3.10)
	1.61 (0.38)
	5.96 (1.16)
	-
	-
	0.49 (0.15)
	0.22 (0.15)
	-
	2.30 (0.90)
	-
	[45]



	Gambia *
	50
	3–9 months
	Plasma
	322 (91.9) 2
	19.1 (6.49) 2
	7.25 (1.35) 2
	-
	3.32 (1.24) 2
	4.76 (2.16) 2
	1.34 (0.94, 1.72) 1
	11.9 (3.82) 2
	4.44 (0.81) 2
	-
	[38]



	Ghana (north)
	307
	2–6 years
	Whole blood
	20.6 (0.11) 3
	1.36 (0.01) 3
	10.8 (0.09) 3
	1.69 (0.02) 3
	-
	0.18 (0.01) 3
	0.22 (0.01) 3
	-
	2.62 (0.04) 3
	0.14 (0.003) 3
	[46]



	Ghana (south)
	209
	2–6 years
	Whole blood
	16.7 (1.92)
	1.24 (0.23)
	9.18 (1.56)
	1.03 (0.25)
	0.45 (0.13)
	0.25 (0.10)
	0.80 (0.35)
	1.01 (0.21)
	5.09 (0.98)
	0.09 (0.01)
	[47]



	India
	625
	7–13 years
	Plasma
	27.3 (0.24)
	-
	9.71 (0.11)
	2.80 (0.07)
	0.64 (0.02)
	-
	-
	0.18 (0.01)
	0.98 (0.03)
	-
	[48]



	Italy
	728
	2–9 years
	Whole blood
	19.4 (2.73)
	1.41 (0.15)
	9.01 (0.82)
	1.06 (0.06)
	0.26 (0.05)
	0.24 (0.07)
	0.69 (0.46)
	0.96 (0.20)
	2.69 (0.66)
	-
	[49]



	Nepal
	303
	0–12 months
	RBC
	11.3
	-
	13.2
	-
	-
	0.2
	0.3
	1.6
	4.9
	-
	[50]



	Netherlands
	306
	7–8 years
	Plasma
	23.2 (2.3)
	-
	9.2 (1.2)
	-
	0.32 (0.08)
	0.19 (0.07)
	0.51 (0.22)
	-
	2.8 (0.7)
	-
	[51]



	Pakistan **
	26
	0–5 years
	RBC
	8.83 (5.67–13.62) 4
	1.60 (1.25–2.36) 4
	14.68
	3.05 (2.13–3.85) 4
	1.08 (0.78–2.16) 4
	0.17 (0.07–0.35) 4
	0.24 (0.13–0.94) 4
	1.40 (0.62–2.91) 4
	2.90 (1.72–4.04) 4
	0.37 (0.14–1.32) 4
	[31]



	South

Africa **
	183
	7–9 years
	Plasma PC
	-
	-
	10.4 (1.67)
	-
	-
	-
	0.70 (0.41)
	-
	4.53 (1.25)
	-
	[52]



	South Korea **
	218
	4–6 years
	RBC
	13.6 (1.3)
	-
	15.3 (1.6)
	3.0 (0.6)
	-
	-
	0.8 (0.3)
	1.6 (0.3)
	8.3 (1.3)
	-
	[35]



	Tanzania
	238
	3 months
	Plasma
	20.73 (2.77)
	1.95 (0.50)
	8.35 (1.83)
	0.35 (0.10)
	-
	0.32 (0.15)
	0.37 (0.19)
	0.46 (0.13)
	2.96 (0.90)
	-
	[53]



	Tanzania
	130
	4–6 years
	Whole Blood
	17.58 (2.74)
	1.77 (0.42)
	10.0 (1.65)
	1.35 (0.32)
	0.78 (0.16)
	0.41 (0.19)
	0.43 (0.18)
	0.95 (0.26)
	2.94 (0.76)
	0.14 (0.06)
	[54]



	Uganda
	240
	6–10 years
	Serum
	36.8 (0.35) 3
	0.56 (0.02) 3
	11.8 (0.15) 3
	0.018 (0.001) 3
	0.014 (0.001) 3
	0.26 (0.01) 3
	0.46 (0.02) 3
	0.067 (0.003) 3
	2.11 (0.06) 3
	0.085 (0.004) 3
	[32,33]



	United Kingdom
	493
	7–9 years
	Whole blood
	19.2 (2.29)
	1.56 (0.34)
	8.17 (1.31)
	-
	0.25 (0.10)
	0.54 (0.26)
	0.56 (0.20)
	1.03 (0.27)
	1.9 (0.53)
	-
	[34]







All FA values are % total mean (SD) reported unless specified otherwise; * All values presented for this study are endpoints for the control group; ** All values presented for this study are baseline for control group; 1 Values expressed as % total median (25th, 75th percentile); 2 Values expressed as ng /µL mean (SD); 3 Values expressed as % total mean (SE); 4 Values expressed as % total median (range); LA = linoleic acid; DGLA = dihomo-gamma-linolenic acid; ARA = arachidonic acid; DTA = docosatetraenoic acid; DPA = docosapentaenoic acid; ALA = α-linolenic acid; EPA = eicosapentaenoic acid; DHA = docosahexaenoic acid; RBC = red blood cell; PC = phosphatidylcholine.
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Table 3. Associations between blood fatty acid levels and cognitive outcomes among child populations in different countries and regions.
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	Country
	Study Size
	Age
	Design
	Intervention
	Tissue
	Cognitive Outcome Measured
	Fatty Acids Measured
	Main Outcomes
	Study





	Australia
	78
	3–5 years
	RCT
	1.3 g DHA + 0.3 g EPA/day via powder in milk/yogurt for 12 weeks
	RBC
	Head, Toes, Knees Shoulders (HTKS) task and Child-Self-Regulation and Social Behavior Questionnaire (CSBQ), Go/No-Go and Mr. Ant tasks, Behavior Rating Inventory of Executive Function- Preschool Version (BRIEF-P)
	Omega-3 Index
	DHA + EPA supplementation significantly increased Omega-3 Index

Post-intervention CSBQ behavioral self-regulation was significantly higher in the placebo group

Supplementation did not improve self-regulation or executive function outcomes
	[99]



	Australia
	396
	6–10 years
	RCT
	88 mg DHA and 22 mg EPA in powder form 6 days a week for 12 months
	Plasma
	Weschler Intelligence Scale for Children III (WISC-III), Developmental Neuropsychological Assessment (NEPSY), Rey Auditory Verbal Learning Test (RAVLT)
	ALA, EPA, DPA, DHA, total n-3 PUFAs
	No effect of DHA + EPA supplementation on cognitive test performance
	[100]



	China
	94
	7–12 years
	RCT
	800 mg DHA/day via capsule for 6 months
	RBC
	Digit Span Backwards and Wisconsin card sorting test at 3 and 6 months
	SFAs, MUFAs, n-3 and n-6 PUFAs, n-6:n-3 ratio
	Both the intervention and control groups showed a significant increase in Digit Span Backwards and Wisconsin card sorting test scores

No effect of DHA supplementation on test scores
	[44]



	Gambia
	50
	3–9 months
	RCT
	200 mg DHA and 300 mg EPA or 2 mL olive oil/day for 6 months
	Plasma
	Willatts Infant Planning Test
	n-3 and n-6 PUFAs
	PUFA supplementation did not impact cognitive performance at 9 nor 12 months of age
	[38]



	Ghana (north)
	307
	2–6 years
	Cross

sectional
	-
	Whole blood
	Dimensional change card sort (DCCS) total pass
	SFA, MUFA, n-3, n-6, and n-9 PUFAs, T:T ratio, ARA:EPA
	FA levels were associated with variation in DCCS performance

Positive association between DCCS total pass and DHA and ALA levels

Children with highest levels of DHA, DHA + EPA, and total n-3 PUFAs were more likely to pass at least one condition of DCCS test
	[46]



	Indonesia
	384
	6–10 years
	RCT
	88 mg DHA and 22 mg EPA in powder form 6 days a week for 12 months
	Plasma
	WISC-III, NEPSY, RAVLT
	ALA, EPA, DPA, DHA, total n-3 PUFAs
	No effect of DHA + EPA supplementation on cognitive test performance
	[100]



	Malawi
	2565
	6–59 months
	RCT
	DHA + high-oleic (HO) ready-to-use therapeutic food (RUTF) or HO RUTF for 1 month
	Plasma PL
	Malawi Developmental Assessment Tool (MDAT) global z-score and Willatts problem-solving assessment (PSA) intention score
	n-3 and n-6 PUFAs
	DHA + HO RUTF and HO RUTF supplementation increased plasma PL EPA and ALA levels

DHA + HO RUTF also increased plasma PL DHA levels

Children with severe acute malnutrition who received DHA + HO RUTF had higher gross motor and social domain MDAT scores than those who received standard RUTF

PSA scores did not differ between study groups
	[101]



	Netherlands
	304
	7 years
	Longitudinal
	-
	Plasma PL
	Kaufman Assessment Battery for Children
	n-3 and n-6 PUFAs
	PUFA levels at birth and 7 years were not associated with scores from the Kaufman Assessment Battery for Children at 7 years old
	[51]



	Norway
	82
	1 year
	Longitudinal
	-
	RBC
	Ages and Stages Questionnaire
	SFA, MUFA, n-3 and n-6 PUFAs, Omega-3 Index
	DHA status at three months was positively associated with problem solving at 12 months
	[58]



	Norway
	218
	4–6 years
	RCT
	~1000 mg EPA + DHA from fatty fish or red meat for 4 months
	RBC
	Wechsler Preschool and Primary Scale of Intelligence III (WPPSI-III) and 9-Hole Peg Test
	SFA, MUFA, n-3 and n-6 PUFAs, Omega-3 Index
	Intent-to-treat analysis did not show an effect of fatty fish supplementation on cognitive outcomes

After adjusting for dietary compliance, fatty fish supplementation showed a higher improvement in WPPSI-III total raw score, vocabulary score, block design score, and symbol search score
	[102]



	Oman
	132
	9–10 years
	RCT
	403 mg DHA/weekday from fish oil capsule or 150–200 DHA mg/weekday from grilled fish for 12 weeks
	RBC
	Verbal Fluency Test, Buschke Selective Reminding Test, Trail Making Test
	EPA, DHA, DPA
	Both fish oil and grilled fish supplementation showed a positive effect on Trail Making Test Part B score, but capsule supplementation showed a significantly greater positive effect
	[103]



	South

Africa
	183
	7–9 years
	RCT
	192 mg DHA and 82 mg EPA/weekday in fish spread for 6 months (104 days)
	Plasma and RBC PC
	Hopkins Verbal Learning Test (HVLT), Afrikaans reading test, Afrikaans spelling test
	EPA, DHA, ARA
	Fish spread supplementation yielded positive intervention effects for HVLT recognition index, HVLT discrimination index, and spelling test score

After adjusting for dietary compliance, fish spread supplementation yielded a positive intervention effect for above measures and reading test score
	[52]



	Tanzania
	130
	4–6 years
	Cross

sectional
	-
	Whole blood
	DCCS total pass and highest test passed
	SFA, n-3, n-6, and n-9 PUFAs, T:T ratio
	FA levels were associated with variation in DCCS performance

LA levels were positively associated with DCCS performance, and ALA levels were negatively associated with DCCS performance

Absence of EFAD levels is associated with increased likelihood of successful DCCS performance
	[54]



	United Kingdom
	493
	7–9 years
	Cross

sectional
	-
	Whole blood
	British Ability Scales II Word Reading Achievement subtest and Recall of Digits Forward and Recall of Digits Backward sub-tests
	n-3 and n-6 PUFAs
	Reading scores were positively associated with DHA, EPA, DPA, DHA+EPA, and total n-6 PUFAs

Working memory was positively associated with DHA, EPA, DPA, DHA+EPA, and total n-3 PUFAs
	[34]



	United States
	338
	10–16 months
	RCT
	200 mg DHA + 200 mg ARA/day in powder form in milk for 6 months
	RBC
	Bayley Scales of Infant Development III (BSID-III) cognitive composite score
	n-3 and n-6 PUFAs, n-6:n-3 ratio
	RBC DHA and ARA levels significantly increased with supplementation

Mean baseline BSID-III cognitive composite scores did not improve with DHA and ARA supplementation
	[104]



	United States
	239
	12 months
	RCT
	~51 mg DHA + ~165 mg ARA in fish/fungal oil or egg-derived triglyceride-supplemented formula for 12 months
	RBC PC, RBC PE
	Fagan Test of Infant Intelligence (6 and 9 months), BSID-II (6 and 12 months), MacArthur Communicative Development Inventories (9 and 14 months)
	ARA, DHA
	Neither supplementation affected cognitive test performance at any age
	[105]



	United States
	56
	18 months
	RCT
	~131 mg DHA or ~131 mg DHA + 270 mg ARA/can of formula for 16 weeks after birth
	Plasma RBC
	BSID-II
	LA, ALA, ARA, EPA, DHA
	DHA + ARA supplementation yielded an average 7-point Mental Development Index (MDI) increase, and DHA supplementation yielded an average 4-point MDI increase at 18 months

Both DHA + ARA and DHA-supplemented children had higher developmental age scores on the cognitive and motor subscales of BSID-II at 18 months

Plasma and RBC DHA at 4 months of age were correlated with MDI at 18 months of age
	[106]







RCT = randomized controlled trial; RBC = red blood cells; PL = phospholipid; PC = phosphatidylcholine; PE = phosphatidylethanolamine; SFA = saturated fatty acid, MUFA = monounsaturated fatty acid, PUFA = polyunsaturated fatty acid; LA = linoleic acid; ALA = α-linolenic acid; ARA = arachidonic acid; EPA = eicosapentaenoic acid; DHA = docosahexaenoic acid.
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