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Abstract 

Background. An optimal diet is essential for adequate neurodevelopment. Behavior 

problems during adolescence are highly prevalent and result in adverse health outcomes in the 

short- and long-term. The role of middle childhood diet on adolescent behavior problems is 

uncertain.  

Objectives. We examined the associations of the following dietary exposures in middle 

childhood with externalizing and internalizing behavior problems in adolescence: 1) iron 

deficiency (ID) and anemia, 2) vitamin D deficiency (VDD) and vitamin D binding protein 

(DBP) concentrations, and 3) serum n-3 and n-6 polyunsaturated fatty acid (PUFA) 

concentrations. 

Methods. These studies take place in the context of the Bogota School Children Cohort 

(BoSCCo), a longitudinal investigation of nutrition and health in Bogota, Colombia. Three 

thousand two hundred and two schoolchildren, aged 5-12 y, were recruited into BoSCCo from 

primary public schools in February, 2006. Upon recruitment, parents completed a background 

survey on family sociodemographic information and the health habits of their child. Research 

assistants obtained a baseline fasting blood sample from 88% of the children. After a median 6 y, 

total externalizing and internalizing behavior problems and their subscales (aggressive behavior, 

rule breaking behavior, anxious/depressed, withdrawn/depressed, and somatic complaints) were 

assessed with use of the Youth Self Report in a random sample of approximately one-third of the 

cohort.  
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We assessed whether ID (ferritin <15 µg/L when C-reactive protein ≤10 mg/L), anemia 

(hemoglobin <12.7 g/dL) or blood concentrations of zinc, vitamins A and B-12, and erythrocyte 

folate in middle childhood were associated with behavior problems in adolescence in 1,042 

schoolchildren. The associations between middle childhood VDD (25-hydroxy vitamin D <50 

nmol/L) or low DBP concentration (<2497 nmol/L) and adolescent behavior problems were 

examined in 278 schoolchildren. Finally, we investigated the relations between PUFA 

concentrations in middle childhood and behavior problems in adolescence among 444 

schoolchildren. 

In bivariate analysis, behavior problems score distributions were compared across levels 

of potential confounding variables measured at baseline. Then, the continuous distributions of 

behavior problems scores were compared across categories of each of the nutritional exposures 

of interest. Mean differences in behavior problems scores were estimated by categories of 

nutritional exposures with the use of multivariable linear regression.  

Results. After controlling for potential confounding variables, ID, anemia, and low 

vitamin B-12 in middle childhood were each positively related to total externalizing problems 

scores among boys. In addition, ID was positively related to total internalizing problems scores 

among boys. Middle childhood VDD was positively associated with total externalizing problems 

scores while low DBP was positively related to aggressive behavior and anxious/depressed 

scores. Docosapentaenoic acid was inversely associated with total externalizing problems scores 

whereas docosahexaenoic acid was positively associated with this outcome. In addition, the Δ5-

desaturase enzyme activity index was inversely related to total externalizing problems scores. 

Alpha-linolenic acid was positively associated with total internalizing problems scores whereas 

adrenic acid was inversely related to this outcome.  
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Conclusions and significance. Nutrition in middle childhood was associated with 

behavior problems in adolescence. Adolescents with externalizing and internalizing problems are 

at high risk for psychiatric disorders in adulthood. In a country that has experienced over 50 

years of civil war, the long-term consequences of behavior problems may be of critical public 

health concern. These studies could provide a basis for the planning of nutritional intervention 

studies. 
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Chapter 1. Introduction 

Overview 

 Psychiatric disorders are the leading cause of years lived with disability worldwide (1). 

As life expectancy increases, the disease burden attributable to psychiatric disorders is expected 

to increase. Externalizing (e.g., conduct and attention deficit hyperactivity disorders) and 

internalizing disorders (e.g., depressive and anxiety disorders) alone account for 107 million 

years lived with disability / disability adjusted life years globally (1). In adolescence, the 

prevalence of externalizing or internalizing disorders is greater than 10% (2). An externalizing or 

internalizing disorder in adolescence can indicate onset of lifelong psychiatric disorders (3). 

These disorders lie at the extreme end of a spectrum of externalizing and internalizing behavior 

problems, which are also highly predictive of mental health disorders later in life (4). 

Prenatal and infant nutrition play a key role in the development of behavior problems 

throughout childhood (5). Specific nutrients in the prenatal or infancy period, including iron (6, 

7), vitamin D (8, 9), and polyunsaturated fatty acids (PUFA) (10-12), alter monoamine 

neurotransmitter metabolism or the formation of neuronal networks in the developing brain. 

Much less is known about the potential effects of diet in middle childhood (from approximately 

6 to 11 years of age). Middle childhood is a period of changes in functional activity in the central 

nervous system (13) that may be responsive to environmental exposures. Identifying modifiable 

factors that predict externalizing and internalizing problems in middle childhood could provide 

the basis for cost-effective school-based interventions.   
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Specific Aims 

This work aims to investigate the relation between nutrition in middle childhood and 

externalizing and internalizing problems in adolescence within the context of the Bogotá School 

Children Cohort, a prospective study of nutrition and health in Bogotá, Colombia.  

Aim 1. To examine the relations between iron deficiency (ID) and anemia in middle 

childhood and externalizing and internalizing problems in adolescence independent of other 

micronutrients that are relevant for neurodevelopment, such as zinc, vitamin A, folate, and 

vitamin B-12. A secondary aim is to assess the associations of middle childhood 

sociodemographic characteristics and health habits of children and their families with behavior 

problems in adolescence. 

Aim 2. To evaluate whether vitamin D serostatus in middle childhood is associated with 

externalizing and internalizing problems in adolescence. As an exploratory, hypothesis 

generating aim, I will examine the associations of vitamin D binding protein (DBP) 

concentrations in middle childhood with externalizing and internalizing problems in adolescence. 

Aim 3. To investigate the relations of serum concentrations of n-3 and n-6 

polyunsaturated fatty acids (PUFA) in middle childhood with externalizing and internalizing 

problems in adolescence. Since endogenous conversion of alpha-linolenic acid and linoleic acid 

into long-chain PUFA depends on desaturase enzyme activity, as an exploratory aim I will assess 

the associations of the Δ6-desaturase (D6D) and Δ5-desaturase (D5D) enzyme activity indices 

with adolescent behavior problems.  

This research will contribute new knowledge on the role of middle childhood diet on 

adolescent behavior problems.   
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Overview of Externalizing and Internalizing Problems 

Definition and Burden of Disease 

The central feature of externalizing problems is defiant, aggressive, or irregular behavior. 

Externalizing disorders typically include conduct and attention deficit hyperactivity disorder. On 

the other hand, internalizing problems are characterized by disordered mood or emotions and 

encompass depressive and anxiety disorders. The distributions of externalizing and internalizing 

disorders vary by age and sex. Externalizing disorders are often diagnosed in middle childhood 

whereas the prevalence of internalizing disorders increases in adolescence, especially among 

girls (2). Externalizing disorders are more prevalent in boys while the prevalence of internalizing 

disorders is higher in girls (14).  

Externalizing and internalizing problems in childhood or adolescence are predictive of 

adult psychiatric disorders (4) and substance use disorders (15). Internalizing problems in 

childhood are associated with having a major depressive episode, bipolar disorder, or dysthymia 

in adulthood whereas childhood externalizing problems are related to anxiety disorders in 

adulthood (4). In one study, the odds of having cannabis use disorder in young adulthood were 

2.6 times higher among adolescents with externalizing problems compared with adolescents 

without externalizing problems (15). Individuals with psychiatric disorders may find day-to-day 

tasks difficult to manage and some, including those with bipolar (16) and obsessive-compulsive 

disorder (17), can be constantly plagued by self-doubt. These disorders can negatively impact 

their relationships with friends and family as well. In addition to being caustic to an individual’s 

mental wellbeing and their close relations, these disorders are at higher risk of adverse physical 

and economic outcomes. For example, depressive disorders are positively related to 

cardiovascular disease (18), suicide (19), and increased health care costs (20).   
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The prevalence and burden of psychiatric disorders vary by country (1, 21). Culture, 

urbanicity, and economic and conflict status are each associated with the prevalence of 

psychiatric disorders in a country (21). Globally, exposure to war, revolution, or persecution in a 

country has been associated with a 60% higher prevalence of anxiety disorders on the country 

level compared with countries which were not exposed to such conflicts (21). Although high 

income countries have higher reported prevalence of psychiatric disorders, psychiatric disorders’ 

contribution to years lived with disability and disability adjusted life-years is increasing in low- 

and middle-income countries (1) which may not have the infrastructure or resources to treat these 

disorders adequately (22).  

Potential Biologic Mechanisms of Externalizing and Internalizing Problems 

Complex biologic mechanisms govern mood and behavior in individuals. Altered 

connectivity between the prefrontal cortex and the basal ganglia, areas of the brain responsible 

for decision making, memory formation, and emotion regulation, is associated with behavior 

problems (23). Prenatal environmental factors, including nutrition and environmental toxicants, 

influence dendritic arborization and synaptic connectivity (7, 10, 11, 24). The metabolism of the 

monoamine neurotransmitters dopamine and serotonin are also regulated by environmental 

factors such as iron, vitamin D, and pesticide exposure (8, 9, 25, 26). Among other functions, 

dopamine regulates higher order cognitive and emotional processes (27), while serotonin plays a 

key role in governing mood, sleep, and the stress response (28). Thus, alterations of these 

monoamine metabolisms may play a role in the development of behavior problems. 

Another relevant system is the hypothalamic-pituitary-adrenal (HPA) axis, a 

neuroendocrine system involved in the production, release, and regulation of cortisol, a 

glucocorticoid involved in the stress response. Altered cortisol levels can impair learning and 
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memory, reduce neurogenesis, and lead to cell apoptosis. In addition, high levels of cortisol 

reduce the mRNA expression and alter the binding function of the post-synaptic serotonergic 

receptors 5-HT1A in animal studies (29). These alteration in the serotonergic metabolism may 

further dysregulate the HPA axis function (29). Increased production of cortisol occurs in adults 

with major depressive disorders, however, it is unknown if this is a consequence or a cause of the 

disorder (30). In children, dysregulation of the HPA axis and higher cortisol levels have been 

associated with externalizing and internalizing problems (31). 
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Predictors of Externalizing and Internalizing Problems 

Genetic factors account for approximately 50-60% of the variation in externalizing and 

internalizing problems (32, 33). Environmental modifications also influence the development of 

behavior problems. During the prenatal and perinatal periods, maternal exposure to alcohol 

intake (34), nutritional deficiencies (35), heavy metals (36), and endocrine disruptors (37) affect 

fetal brain development and are associated with more behavior problems in children and 

adolescents. Studies of the relations between childhood exposures and behavior problems have 

focused on childhood habits, parenting strategies, and markers of socioeconomic status. For 

example, physical activity is associated with fewer behavior problems in youth in experimental 

studies (38). Time spent watching television or playing video games is related to more 

internalizing, hyperactivity, and inattention problems (39). Child maltreatment and parental 

substance use disorders are positively associated with childhood behavior problems (40, 41). By 

contrast, parenting styles that provide children with learning opportunities and cognitively 

stimulating experiences are associated with more self-confidence and positive affect in children 

(42). Indicators of low socioeconomic status, such as household food insecurity (43), lower 

family income and parental education (44), and neighborhood disadvantage (45), are associated 

with more externalizing and internalizing problems in children.  

The brain continues to develop into the third decade of life. Exposures that are 

hypothesized to affect brain development in the prenatal or infancy period may influence middle 

childhood brain maturation, depending on the particular aspects of central nervous system 

development that mature late. Most central nervous system development occurs before the age of 

2 y, however, many gains in higher-order cognitive abilities occur in middle childhood (46, 47). 

Metabolic rates for glucose are higher in children ages 3-16 years than in adults, indicating 
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greater energy metabolism in the brain during this period, possibly due to increased energy 

requirements for development of brain tissue (47). Both progressive (involving tissue growth) 

and regressive (involving tissue loss) alterations occur in the brain after birth (47). After age 4 y, 

higher order cortical regions like the prefrontal cortex and the temporal association areas 

experience the most alterations compared to other regions of the brain (13). Between the ages of 

4 and 18 y, hippocampal volume increases in girls while amygdala volume increases in boys (47, 

48). These areas of the brain are involved in complex decision making, personality 

determination, memory formation, and sensory processing (13). Nutrients hypothesized to affect 

brain development in the intrauterine period, including iron, vitamin D, and PUFA, may also 

influence middle childhood brain development. However, few studies have examined the 

associations of childhood nutrition with behavior problems.  

Iron is an essential nutrient with multiple functions in the circulatory, immune, and 

neurological systems. Although the most commonly recognized function of iron is enabling 

oxygen transport in erythrocytes, iron also plays a role in myelination, dendritic growth, 

synaptogenesis, and neurotransmitter metabolism in the central nervous system (49). Iron is a 

cofactor in tyrosine hydroxylase, an enzyme involved in the formation of the monoamine 

neurotransmitters dopamine, serotonin, and norepinephrine (49). In addition, prenatal iron may 

alter the metabolic pathways of the monoamine neurotransmitters, glutamate, and GABA (25, 

50, 51). For example, dopamine receptors are downregulated in the presence of ID in the 

striatum and nucleus accumbens (51). In animal experiments, animals who were iron deficient 

(ID) in utero exhibit less exploratory and more anxiety-related behaviors (52, 53). Prospective 

studies have found an association between chronic iron deficiency in infancy and behavior 

problems later in childhood (54-57). The prospective association between ID or anemia in 
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middle childhood and later behavior problems has not been investigated. Mechanisms governing 

a potential association between middle childhood ID and behavior are speculative. As with 

prenatal ID, middle childhood ID may alter the expression of brain-derived neurotrophic factor 

(BDNF) (58), which influences synaptic plasticity (59) and thus may be associated with 

psychiatric disorders (60). 

Vitamin D deficiency (VDD) in infancy or childhood may be related to emotional, 

cognitive, or developmental problems later in life. Although vitamin D is best known for its role 

in bone metabolism, in recent years the vitamin has been investigated as a neurosteroid (61). 

Vitamin D enhances the expression of tyrosine hydroxylase (62, 63), an enzyme involved in the 

formation of dopaminergic neurons and the function of dopamine, norepinephrine, and 

epinephrine, suggesting a role on behavior. In animal models, developmental VDD is associated 

with morphological alterations in the offspring’s brain stereology, including smaller lateral 

ventricles, smaller hippocampi, and larger striatum compared with controls (64). Animals with 

developmental VDD also exhibit behavioral alterations such as hyperlocomotion (65). In 

humans, the effects of prenatal VDD may be dependent on the timing of the deficiency. VDD in 

the first trimester of pregnancy is related to behavior problems in childhood (66, 67), whereas 

VDD in the latter half of pregnancy is not associated with these outcomes (68-71). Only one 

study has investigated the association of VDD in middle childhood with later behavior problems, 

higher vitamin D concentrations at 10 y were associated with more prosocial behavior 2 years 

later (72). The mechanisms by which VDD in middle childhood impact later behavior may differ 

from those in the prenatal period. In middle childhood, vitamin D enhances the expression of 

glial cell line-derived neurotrophic factor, which promotes the survival of dopaminergic neurons 

(73, 74).  
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Polyunsaturated fatty acids (PUFA), fatty acids that contain more than one double bond, 

have also been hypothesized to relate to behavior problems. There are two main groups of 

PUFA: omega-3 (n-3) and omega-6 (n-6). Their nomenclature depends on the location of double 

bonds; n-3 fatty acids (FA) have their first double bond on the third carbon, whereas n-6 FA have 

their first double bond on the sixth carbon. The n-3 and n-6 PUFA docosahexaenoic acid (22:6 n-

3, DHA), arachidonic acid (20:4 n-6, AA), and adrenic acid (22:4 n-6, AdA) concentrate in the 

brain during the third trimester of pregnancy. DHA continues to accumulate in the brain 

throughout childhood (75). Precursors to these PUFA, alpha-linolenic acid (18:3 n-3, ALA) and 

linoleic acid (18:2 n-6, LA), cannot be synthesized in humans and are therefore considered 

essential as they must be obtained in diet. These precursors are metabolized into longer chain n-3 

and n-6 PUFA through a series of elongation and desaturation reactions. However, this process is 

inefficient. Longer chain PUFA are also obtained in the diet. N-3 PUFA may influence 

behavioral outcomes through three primary pathways (76). First, PUFA that have accumulated in 

the brain are incorporated into the plasma membranes of neuronal and glial cells (77). The FA 

composition of the cell membrane influences membrane protein function and fluidity. Second, n-

3 PUFA are precursors of anti-inflammatory eicosanoids which may exhibit neuroprotective 

effects (76). Finally, n-3 PUFA may influence transcription factors regulating neuroinflammation 

(76). N-6 PUFA also promote and regulate neuroinflammation. However, n-6 PUFA metabolize 

into pro-inflammatory eicosanoids (78), which may dysregulate the HPA axis (79) and damage 

neurons (78). Longitudinal observational studies that examine the associations between maternal 

or infant PUFA and behavior problems in childhood have mixed results (80-86). No study of 

prenatal exposure extends into adolescence when many behavior problems develop. In short-

term supplementation trials of n-3 PUFA during adolescence, the supplemented group had 
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decreased aggression or disruptive behavior compared with the control group after 3-12 months 

(87, 88). No study has examined the association between middle childhood PUFA exposure and 

adolescent behavior problems after an extended follow-up. A potential mechanism of PUFA in 

middle childhood is that PUFA concentrations may influence synaptic plasticity through the 

regulation of long-term potentiation (89, 90).  

The previous lack of focus on middle childhood exposures points towards the need to 

improve understanding of how dietary factors influence behavior throughout the lifespan. As the 

majority of children are in schools during middle childhood, interventions at this time are 

relatively cost-effective and easy to implement. This question is especially salient within the 

context of Colombia, where the prevalence of childhood behavior problems may have increased 

(91) because of the more than 50-year civil war and resulting “culture of violence” that has 

developed in reaction to the unrest (92). Thus, studying modifiable determinants of behavior 

problems may be particularly important to public health in Colombia.   
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Summary of Chapters 

This dissertation contributes new knowledge on modifiable nutritional factors that predict 

adolescent behavior problems in middle childhood. Middle childhood is a period highly 

amenable to intervention and brain development continues in this period. However, predictors of 

later behavior problems are understudied.  

The following chapters of this dissertation describe the relations between middle 

childhood nutrition and self-reported adolescent externalizing and internalizing problems in a 

sample of schoolchildren from Bogotá, Colombia. Chapter 2 focuses on middle childhood iron 

deficiency and anemia as exposures. Chapter 2 also examines micronutrients related to 

neurodevelopment that may be associated with iron intake or anemia, including zinc, vitamin A, 

folate, and vitamin B-12. Chapter 3 evaluates the associations of middle childhood vitamin D 

serostatus and vitamin D binding protein with behavior problems. Chapter 4 examines n-3 and n-

6 PUFA as exposures. Finally, a summary of the dissertation’s main findings and public health 

importance are discussed in Chapter 5.  
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Chapter 2. Iron Deficiency, Anemia, and Low Vitamin B-12 Serostatus                                 

in Middle Childhood are Associated with Behavior Problems in Adolescent Boys 

Abstract 

Iron deficiency (ID) in infancy is related to subsequent behavior problems. The effects of 

micronutrient status in middle childhood are uncertain. The aim of the study was to examine the 

associations of micronutrient status biomarkers in middle childhood with externalizing and 

internalizing behavior problems in adolescence. We assessed whether ID (ferritin <15 µg/L when 

C-reactive protein ≤10 mg/L), anemia (hemoglobin <12.7 g/dL), or blood concentrations of zinc, 

vitamins A and B-12, and folate at ages 5-12 y were associated with externalizing or 

internalizing behavior problems in adolescence in 1,042 schoolchildren from Bogotá, Colombia. 

Behavior problems were assessed with the Youth Self Report questionnaire after a median 6.2 y 

of follow-up. Mean problem score differences with 95% confidence intervals (CI) were 

estimated between categories of micronutrient status biomarkers with use of multivariable linear 

regression. Mean ± standard deviation externalizing and internalizing problems scores were 52.6 

± 9.6 and 53.8 ± 9.9, respectively. Among boys, middle childhood ID, anemia, and low plasma 

vitamin B-12 were associated with 5.9 (95% CI: 1.0, 10.7), 6.6 (95% CI: 1.9, 11.3), and 2.7 

(95% CI: 0.4, 4.9) units higher mean externalizing problems scores in adolescence, respectively; 

after adjustment for baseline age, time spent watching television/playing video games, mother’s 

height, and socioeconomic status. Also in boys, ID was related to an adjusted 6.4 (95% CI: 1.2, 

11.6) units higher mean internalizing problems scores. There were no associations among girls. 
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Other micronutrient status biomarkers were not associated with behavior problems. ID, anemia, 

and low vitamin B-12 in middle childhood are related to behavior problems in adolescent boys. 
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Introduction 

Mental health problems affect 10-20% of children and adolescents worldwide (1) and are 

associated with adverse health outcomes in the short- and long-term (2). Among these problems, 

externalizing and internalizing behavior disorders, including conduct, attention-deficit 

hyperactivity, depressive, and anxiety disorders, pose a particularly hefty burden accounting for 

>100 million disability-adjusted life years globally (3). These disorders are at the extreme end of 

a spectrum of more subtle, yet also highly relevant, behavior problems that are predictive of 

impaired mental (4) and physical (5) health in adulthood.  

Nutrition plays an important role in the development of behavior from infancy through 

adolescence (6), but the effects of individual nutrients throughout the life cycle are not well 

characterized. Most research has focused on micronutrient status in infancy. For example, iron 

deficiency (ID) in infancy is associated with lower positive affect in infancy (7) and middle 

childhood (8), externalizing (9-11) and internalizing (9, 10, 12) behavior problems in 

adolescence, and lower self-rated emotional health in young adulthood (13). Nevertheless, the 

effects of exposure to iron or other micronutrient deficiencies later in childhood have not been 

studied in prospective investigations. Structural changes in areas of the brain that may be 

important in the development of behavior problems, including the basal ganglia, hippocampus, 

amygdala, and prefrontal cortex, occur throughout childhood (14). Rodent experiments indicate 

that exposure to gestational, perinatal, and post-weaning iron deficiency (15-17), post-weaning 

zinc (18) or vitamin A (19) deficiencies, low gestational vitamin B-12 (20), or gestational folate 

deficiency (21) can disrupt the normal development of these regions, but data in humans are 

scant. 
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The objective of this study was to investigate the associations between micronutrient 

status in middle childhood and externalizing and internalizing behavior problems in adolescence 

in a cohort of schoolchildren from Bogotá, Colombia. We hypothesized that low concentrations 

of micronutrient status biomarkers (ferritin, hemoglobin, zinc, vitamins A and B-12, and folate) 

in middle childhood would be related to increased externalizing and internalizing problems in 

adolescence. 
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Methods 

Study design and population  

We conducted a prospective study in the context of the Bogotá School Children Cohort, a 

longitudinal investigation of nutrition and health in Bogotá, Colombia. Details on the cohort 

design have been previously reported (22). Briefly, beginning in February 2006, we recruited 

3,202 randomly selected children aged 5-12 years (y) from primary public schools. A majority of 

children in the public school system in Bogotá are from low- and middle-income socioeconomic 

backgrounds. Therefore, our sample pertains to these groups.  

Baseline information 

At the time of enrollment we collected information on child, parental, and household 

characteristics with the use of a survey that was sent to the children’s homes. The questionnaire 

inquired about children’s background and habits, including the time usually spent watching 

television/playing video games or playing outdoors. The survey also included questions on 

parental age, marital status, and education level and on maternal parity, height, and weight. 

Household characteristics involved the local government’s socioeconomic status (SES) 

classification and the level of food insecurity according to a validated version of the United 

States Department of Agriculture Household Food Security Survey module (23).  

 During the weeks following enrollment, trained research assistants scheduled data and sample 

collection school visits, after contacting the primary caregivers requesting that the child fast 

overnight before the visit day. At these visits, height was measured without shoes to the nearest 1 

mm using a wall-mounted portable Seca 202 stadiometer (Seca, Hanover, MD) and weight was 

measured in light clothing to the nearest 0.1 kg using Tanita H5301 electronic scales (Tanita, 

Arlington Heights, IL). Height and weight were also measured among the children’s mothers 



25 

 

who were present at schools (37%). At the same visits, the research assistants obtained fasting 

blood samples through antecubital venipuncture in 88% of the children. Twelve percent of 

children were unwilling to provide a blood sample. One aliquot was collected in an EDTA-

coated tube and a second one in a metal-free polypropylene tube without anticoagulant for 

separation of serum. The samples were protected from sunlight and transported in refrigerated 

coolers on the day of collection to the Colombian National Institute of Health, where they were 

processed and cryostored for future analyses.  

Follow-up 

Between 2011-2015 we conducted an in-person follow-up assessment in a random 

sample of approximately one-third of cohort members (n = 1,139). Adolescents were assessed at 

school or home if absent from school. At this assessment, we ascertained child behavior with the 

use of the Spanish language version of the Youth Self Report (YSR) questionnaire (24), a widely 

used method to assess behavioral and emotional problems in adolescents. The YSR is a self-

administered questionnaire consisting of 112 statements addressing behaviors or feelings that 

children rate as false, sometimes true, or very/often true. From responses to these questions, an 

Assessment Data Manager (ADM) software (25) calculates continuous scores for 8 behavior 

problem subscales: aggressive behavior, rule breaking behavior, anxious/depressed, 

withdrawn/depressed, somatic complaints, attention problems, social problems, and thought 

problems. The sum of the aggressive and rule breaking behavior subscale scores constitute the 

total externalizing problems score, whereas the sum of anxious/depressed, withdrawn/depressed, 

and somatic complaints scores comprise the total internalizing problems score (26). The ADM 

software standardizes the scores by age and sex to a reference population derived from data 

collected periodically in United States national surveys (25). The YSR has been validated for use 
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in adolescents ages 11-18 y from English-speaking populations (27), has high reliability (24), 

and is generalizable to Spanish-speaking populations (28). It has been utilized in studies of 

Chilean (12), Costa Rican (9), and Puerto Rican (24) adolescents. A general questionnaire was 

also administered to primary care givers at the follow-up visit to update information on mother’s 

marital status, education, parity, and BMI, and household food security and socioeconomic 

status. 

The parents or primary caregivers of all children gave written informed consent prior to 

enrollment into the study and before the follow-up assessment. Children gave written assent to 

participate. The study protocol was approved by the Ethics Committee of the National University 

of Colombia Medical School. The Institutional Review Board at the University of Michigan 

approved the use of data from the study. 

Laboratory methods 

All analyses took place at the Colombian National Institute of Health. Plasma ferritin 

concentration was measured using a competitive chemiluminescent immunoassay in an ADVIA 

Centaur analyzer (BayerDiagnostics, Tarrytown, NY, USA). Serum C-reactive protein (CRP) 

level was measured using a turbidimetric immunoassay on an ACS180 analyzer (Bayer 

Diagnostics, Tarrytown, NY). Hemoglobin concentrations were determined by the 

hemiglobincyanide method. Serum zinc concentrations were determined using an atomic 

absorption technique (29) on a Shimadzu AA6300 spectrophotometer. Plasma retinol was 

measured with high performance liquid chromatography on a Waters 600 System. Plasma 

vitamin B-12 and erythrocyte folate were also quantified using a competitive chemiluminescent 

immunoassay in an ADVIA Centaur analyzer.  

Data analysis 
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The YSR was completed by 1,097 of the 1,139 cohort members who participated in the 

follow-up assessment; 13 forms could not be processed by the ADM software due to an excess of 

missing values. Forty-two children who were younger than 11 y or older than 18 y were 

excluded from the analysis, because the YSR was developed and validated for use in 11- to 18 

year-olds (30); thus, the final sample consisted of 1,042 children. The sample size had been 

calculated to provide >85% statistical power to detect differences in mean behavior scores >10% 

between extreme quartiles of exposure, assuming a type I error of 5% and mean ± SD scores of 

50.0 ± 10.0 in the unexposed. Power would be >95% to detect linear trends in multivariable 

analyses with as many as 10 covariates. Compared with cohort participants who were not 

included in the analysis (i.e., did not participate in the follow-up assessment, did not complete 

the YSR, or were not between the ages of 11-18 y), children in the analytic sample spent more 

time watching television/playing video games, had better educated mothers, were of higher SES, 

and the boys had lower prevalence of anemia at baseline (Table 1). They did not differ with 

regard to the distributions of other micronutrient status biomarkers. 

The primary outcomes of interest were the continuous distributions of total externalizing 

and internalizing problems scores. Secondary endpoints were the subscales of these composite 

scores: aggressive and rule breaking behavior for externalizing problems and anxious/depressed, 

withdrawn/depressed, and somatic complaints for internalizing problems. In supplemental 

analyses we considered attention, social, and thought problems subscales.  

We considered as exposures biomarkers for micronutrients that are relevant to 

neurobehavioral development. These included iron, zinc, vitamin A, vitamin B-12, and folate. ID 

was defined as plasma ferritin <15 µg/L (31). Thirteen children with serum CRP >10 mg/L were 

excluded from the analysis of ID. Anemia was defined as hemoglobin <12.7 g/dL after 
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adjustment for the altitude of Bogotá (32). Vitamin A status was categorized as deficient (plasma 

retinol <20 µg/dL), low (20 to <30 µg/dL), or adequate (≥30 µg/dL) (33). Serum zinc, plasma 

vitamin B-12, and erythrocyte folate were categorized into sex-specific quartiles since the 

prevalence of these micronutrient deficiencies according to conventional cut-points was low 

(<2%).  

Covariates included sociodemographic, anthropometric, and health-related characteristics 

measured at baseline. Children’s height- and body mass index (BMI)-for-age Z scores were 

calculated according to the World Health Organization (WHO) growth reference for children and 

adolescents (34). Maternal BMI was calculated as kg/m2 from objectively measured height and 

weight in 37% of mothers and from self-reported data in the rest. Correlations between 

objectively measured and reported values were 0.79 (P<0.0001) for height and 0.81 (P<0.0001) 

for BMI. Covariates were categorized as presented in Table 2. 

All analyses were conducted separately by sex. First, to identify independent predictors 

of the outcomes, we compared the distributions of total externalizing and internalizing problems 

scores across categories of baseline characteristics using means ± standard deviation (SD). Next, 

we examined the distributions of these outcomes by levels of micronutrient status indicators. For 

ordinal exposures in which levels have a hierarchical relation with each other, we conducted tests 

for linear trend by fitting linear regression models with the behavior problems scale as the 

outcome and a variable representing ordinal categories of each predictor as a continuous 

covariate. This is a conventional method to examine linearity of associations for nutritional 

exposures that are categorized into quantiles (35). For ID and anemia, we used the χ2 score 

statistic. In all models, an independent correlation matrix was used to account for clustering by 

sibship, since there were 107 siblings in the sample. Empirical estimates of the variance were 
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specified to overcome potential deviations from the multivariate normality assumption. We 

estimated mean adjusted differences and 95% confidence intervals (CI) for total externalizing or 

internalizing problems scores between categories of sociodemographic and nutritional predictors 

with the use of multivariable linear regression. In each model, adjustment variables included 

independent predictors of the outcome. Child’s age at baseline was included in all final models 

as it was considered important from a mechanistic viewpoint. Other covariates were retained in 

the final model when they remained statistically significant (P<0.05). We examined the 

associations of micronutrient status biomarkers with scores on each subscale following an 

analogous approach.  

To further understand if changes in sociodemographic factors from middle childhood 

through adolescence that could represent underlying changes in micronutrient status were related 

to the outcomes, we examined differences in total externalizing and internalizing problems by 

changes in maternal marital status, education, parity, and BMI, and household food security and 

socioeconomic status. 

All analyses were performed using the Statistical Analyses System version 9.4 (SAS 

Institute Inc.). 
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Results 

Mean ± SD age at enrollment was 8.5 ± 1.6 y; 56.1% of children were girls. Prevalence 

of ID, anemia, and vitamin A deficiency was 3.2%, 3.0%, and 14.8%, respectively. None of the 

anemic children had ID, 32.1% of the anemic children had vitamin A deficiency, and 14.3% of 

the non-anemic children had vitamin A deficiency. Among children with and without ID, the 

prevalence of vitamin A deficiency was 13.8% and 14.9%, respectively. Mean ± SD age at the 

time of follow-up assessment was 14.7 ± 1.7 y. Children were followed for a median of 6.2 y.  

Total externalizing problems. Mean ± SD total externalizing problems scores were 51.9 

± 9.6 in boys and 53.1 ± 9.6 in girls. In bivariate analysis, age at follow-up assessment and time 

spent watching television/playing video games at baseline were positively associated with total 

externalizing problems scores in boys and girls (Table 2). In girls, baseline age was positively 

related to total externalizing problems scores, whereas maternal height and low socioeconomic 

status were inversely associated with this outcome (Table 2). ID, anemia, and low vitamin B-12 

concentrations were each related to higher total externalizing problems scores among boys 

(Table 3). In girls, anemia was related to lower total externalizing problems scores.  

In multivariable analysis, ID, anemia, and low vitamin B-12 serostatus were positively 

associated with total externalizing problems scores in boys after adjustment for age at baseline, 

time spent watching television/playing video games, maternal height, and socioeconomic status. 

Boys with ID had an adjusted 5.9 units (95% CI: 1.0, 10.7) higher mean total externalizing 

problems scores compared with iron-sufficient boys (Table 4). Compared with non-anemic boys, 

boys with anemia had an adjusted 6.6 units (95% CI: 1.9, 11.3) higher total externalizing 

problems scores. Boys with plasma vitamin B-12 in the lowest quartile had adjusted mean total 

externalizing problems scores 2.7 units (95% CI: 0.4, 4.9) higher than did boys with higher 
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concentrations. Anemia was not associated with total externalizing problems in girls after 

adjustment for these covariates. 

Externalizing problems subscales. The distributions of aggressive and rule breaking 

behavior subscale scores varied significantly by sociodemographic characteristics and 

micronutrient status biomarkers (Supplemental Table 1). In multivariable analysis among boys, 

vitamin B-12 concentrations in the lowest quartile were related to a 2.3 units higher mean 

aggressive behavior score (95% CI: 0.4, 2.3) compared with higher concentrations 

(Supplemental Figure 1). Among girls, anemia was associated with a 2.5 units lower mean rule 

breaking behavior score (95% CI: -3.7, -1.3) (Supplemental Figure 1). 

Total internalizing problems. In boys and girls, mean total internalizing problems 

scores were 53.4 ± 9.7 and 54.1 ± 10.1, respectively. In bivariate analysis among girls, baseline 

age, BMI-for-age Z score, and maternal BMI were positively related to total internalizing 

problems scores, whereas maternal education, severe food insecurity, and low socioeconomic 

status were inversely related to this outcome (Table 5). ID among boys and vitamin A status 

among girls were positively associated with total internalizing problems scores (Table 6).  

 In multivariable analysis, ID was related to total internalizing problems scores in boys. 

After adjustment for child’s age and BMI-for-age Z score, maternal education, and household 

food insecurity and socioeconomic status, boys with ID had 6.4 units (95% CI: 1.2, 11.6) higher 

mean total internalizing problems scores than did iron-sufficient boys (Table 7). Vitamin A 

status was not significantly associated with total internalizing problems scores in girls after 

adjustment for these covariates. 

Internalizing problems subscales. The distributions of anxious/depressed, 

withdrawn/depressed, and somatic complaints subscale scores varied by sociodemographic 
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characteristics and micronutrient status biomarkers (Supplemental Table 2). In multivariable 

analyses among boys, anxious/depressed scores were positively related to ID and anemia 

(Supplemental Figure 2). Among girls, ID was inversely related to withdrawn/depressed scores 

(Supplemental Figure 2). Somatic complaints scores were positively associated with ID, 

anemia, and vitamin B-12 concentrations in the lowest quartile among boys (Supplemental 

Figure 2).  

Attention, social, and thought problems subscales. None of the nutritional status 

biomarkers examined were associated with attention or social problems scores. Thought 

problems scores among boys were positively related to ID and anemia (Supplemental Figure 3).  

Changes in sociodemographic factors. Single motherhood, maternal education level, 

parity, and BMI, and the percent of households with food security were higher at the follow-up 

assessment during adolescence than at recruitment in middle childhood, whereas the percent of 

households in the lowest socioeconomic strata did not change (Supplemental Table 3). None of 

the changes in sociodemographic characteristics from middle childhood to adolescence was 

related to total externalizing or internalizing problems scores among boys or girls 

(Supplemental Table 4).    
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Discussion 

In this longitudinal study of low- and middle-income Colombian schoolchildren, ID, 

anemia, and low plasma vitamin B-12 in middle childhood were associated with increased total 

externalizing behavior problems scores in adolescence among boys. In addition, boys with ID in 

middle childhood had higher total internalizing problems scores in adolescence than did iron-

sufficient boys. These associations were independent of other micronutrient status indicators and 

child, parental, and household characteristics. After adjustment for potential confounding 

variables, there were no statistically significant associations between the micronutrients 

examined and total externalizing or internalizing problems scores in girls.  

The nutritional causes of behavior problems in adolescence are poorly understood. 

Previous longitudinal studies primarily focused on the effects of early-life iron status on 

cognitive and behavioral development. ID in infancy was related to total externalizing (9) and 

internalizing problems (9, 10) during early adolescence in Costa Rica. In Chile, iron deficiency 

anemia in infancy was associated with more rule breaking behavior, an externalizing problem, at 

15 y of age (11); whereas ID was related to total internalizing problems at age 10 y (12). 

However, the potential effect of exposure to ID during middle childhood on subsequent behavior 

problems was not investigated.  

The results of our study may not be comparable with those from previous investigations, 

because the mechanisms operating in infancy could differ from those in middle childhood. The 

mechanisms through which ID in infancy may result in behavior problems during adolescence 

could involve developmental alterations in myelination throughout the brain (16) as well as 

diminished hippocampal oligodendrocyte function and dendritic arborization (15), according to 

rodent studies. Further, ID is associated with lower D1 and D2 receptor densities (17), elevated 
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levels of extracellular dopamine (36), and lower dopamine transporter density (37) in the basal 

ganglia. Dopamine is essential in the regulation of emotion, reward, motivation, and motor 

control; thus, dopaminergic dysfunction may be associated with behavior problems. In addition, 

ID may alter the metabolism of serotonin, norepinephrine, and gamma-aminobutyric acid, which 

could relate to emotional or behavioral development (38). Whether the same mechanisms could 

explain the effects of exposure to ID in middle childhood is speculative. Iron gradually 

concentrates in the basal ganglia (38); activity in this region during a cognitive task in children 

and adolescents aged 6-20 y is associated with future working memory capacity, a marker of 

cognitive and behavioral development (39). It is also possible that ID measured in middle 

childhood was already present in infancy. In this case, our findings could represent the 

cumulative effect of ID on behavioral development. Of note, in our study ID in middle childhood 

was associated with externalizing and internalizing problems in boys only. Some rodent studies 

suggest that males may be more sensitive to the effects of ID than females (17, 40); however, 

previous epidemiologic studies did not examine sex-specific associations. 

Anemia in middle childhood was also associated with higher total externalizing problems 

scores in adolescence among boys. In this population, anemia was not due to ID and was 

generally uncorrelated with biomarkers of micronutrients that are relevant for hemoglobin 

metabolism, including zinc, folate, and vitamins B-12 and A (22). Other causes of anemia, such 

as parasitic infections, sickle cell disease, and thalassemia, are relatively infrequent in children 

from Bogotá. Thus, the nature of the association between anemia and externalizing behavior 

problems is uncertain. It could reflect low intake of nutrients we did not measure, such as 

riboflavin or vitamin C.  
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Among boys, low plasma vitamin B-12 was associated with higher externalizing 

problems scores, possibly due to increased aggressive behavior. Growing evidence suggests that 

vitamin B-12 status is associated with cognition in childhood (41). However, evidence related to 

potential effects on behavior is limited. Three cross-sectional studies examined the association 

between vitamin B-12 intake and externalizing and internalizing problems (42) or depressive 

symptoms (43, 44) in adolescence. None found an association, which could be due to lack of 

variability in the exposure, reverse causation bias, measurement error, or confounding. The 

mechanisms to explain a potential effect of vitamin B-12 on behavior could be related to its role 

in the metabolism of S-adenosylmethionine (SAM), a methyl donor involved in the synthesis of 

dopamine, serotonin, and norepinephrine. SAM may improve mood among adults with 

depressive disorders (45), especially in males.  

Although the micronutrient status biomarkers studied were not related to the primary 

outcomes in girls, anemia and ID were related to decreased scores in the rule breaking behavior 

and withdrawn/depressed subscales, respectively. In rodent models, ID among females was 

associated with higher serotonin transporter density in several brain regions whereas among 

males ID was related to lower serotonin transporter density (40). This may help explain why 

anemia would be associated with higher behavior problems in boys but lower behavior problems 

in girls.  

Family level socioeconomic status indicators, including mother’s height, mother’s 

education, and household food security, were inversely related to internalizing problems among 

girls. Low maternal education level and household food insecurity may impact parental mental 

and physical health (46, 47), while mother’s height is a marker of intergenerational 

socioeconomic status (48). Parental wellbeing and socioeconomic status have previously been 
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associated with the development of behavior problems (49). On the other hand, household 

socioeconomic status, as measured through a neighborhood level indicator, was positively 

associated with externalizing and internalizing problems in girls. The positive association with 

neighborhood socioeconomic status is contrary to results from studies in the United States (50) 

and the Netherlands (51). In Colombia, neighborhoods with low socioeconomic status may have 

higher social cohesion which can modify the association between neighborhood socioeconomic 

status and behavior problems (52). Changes in sociodemographic factors that could represent 

underlying changes in micronutrient status from middle childhood to adolescence were unrelated 

to the outcomes of interest. This suggests that a potential effect of micronutrients in middle 

childhood might be independent of these factors. 

This study has several strengths. First, its longitudinal nature minimizes the potential for 

reverse causation bias. Prospective collection of outcome information reduces misclassification. 

We used objectively measured biomarkers of micronutrient status as the exposures, which 

precludes recall bias. The YSR questionnaire is valid in populations similar to ours (28). Finally, 

we controlled for many potential confounders of the association between micronutrient status 

and behavior problems.  

There are limitations as well. First, we did not have a baseline measurement of behavior 

problems in middle childhood. If behavior problems in adolescence were already present at the 

time of exposure assessment, reverse causation cannot be disregarded as an explanation of some 

of these results. Second, we lacked an assessment of micronutrient status during adolescence. If 

micronutrient status in middle childhood was correlated with that during adolescence, then the 

results may reflect exposure in adolescence rather than exposure in middle childhood. Third, 

some of the biomarkers we used may result in misclassification of micronutrient status. For 
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example, plasma vitamin B-12 represents both intake and stores of the vitamin, not necessarily 

the vitamin available in tissues. Since plasma vitamin B-12 concentrations are maintained while 

depletion occurs in the tissues, low plasma vitamin B-12 may not capture developing 

deficiencies. Further, low concentrations may reflect long-term marginal intake or absorption 

abnormalities rather than deficiency (53). Concentrations of vitamin B-12 metabolites, 

methylmalonic acid or homocysteine, may be more sensitive to capturing deficiency than plasma 

vitamin B-12 concentrations alone (53), but we did not have the means to quantify these 

analytes. Fourth, boys included in the analysis were less likely to be anemic than those who were 

not included. If the anemic children who were not included had less total externalizing problems 

than those included, we may have overestimated the association of anemia with externalizing 

behavior problems. Fifth, not all children had an available measurement for all micronutrients 

examined. Sixth, unmeasured independent predictors of behavior problems that may be 

associated with micronutrient status indicators, such as blood lead levels, history of child 

behavior problems, history of parental psychiatric disorders, or exposure to violence, could have 

resulted in residual confounding. Another limitation is that we did not have objectively measured 

anthropometric data in all mothers. Measurement error could have obscured the associations of 

these covariates with the outcomes. The prevalence of ID and anemia are low, which limits the 

public health significance of our findings since improvement of these conditions would only 

benefit a few children. Finally, our results might not be generalizable to other populations, 

especially high-income children. Nevertheless, in a recent national nutrition survey in Colombia, 

prevalence of ID, anemia, and vitamin B-12 deficiency among children of the highest 

socioeconomic strata were comparable to those of children in our study (54).   
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In conclusion, ID in middle childhood was strongly related to both externalizing and 

internalizing behavior problems in male adolescents. Anemia and low vitamin B-12 serostatus in 

boys were each related to increased externalizing behavior problems. Intervention studies are 

warranted to test whether improving status of these micronutrients in middle childhood enhances 

behavioral development through adolescence. 

  



39 

 

Acknowledgements 

EV designed the research; CM, HO, and MMP conducted the research; BJR and BL provided 

essential materials; BL provided expertise in outcome assessment and data interpretation; SLR 

analyzed the data; SLR and EV wrote the paper and have primary responsibility for final content. 

All authors read and approved the final manuscript. 

 

None of the authors has conflicts of interest in relation to this manuscript. 

  



40 

 

References 

1. Kieling C, Baker H, Belfer M, Conti G, Ertem I, Omigbadun O, Rohde LA, Srinath S, 

Ulkuer N, Rahman A. Child and adolescent mental health worldwide: evidence for action. 

Lancet 2011;378:1515-25. 

2. Prince M, Patel V, Saxena S, Maj M, Maselko J, Phillips MR, Rahman A. No health 

without mental health. Lancet 2007;370:859-77. 

3. Whiteford HA, Degenhardt L, Rehm J, Baxter AJ, Ferrari AJ, Erskine HE, Charlson FJ, 

Norman RE, Flaxman AD, Johns N, et al. Global burden of disease attributable to mental 

and substance use disorders: findings from the Global Burden of Disease Study 2010. 

Lancet 2013;382:1575-86. 

4. Roza SJ, Hofstra MB, van der Ende J, Verhulst FC. Stable prediction of mood and anxiety 

disorders based on behavioral and emotional problems in childhood: a 14-year follow-up 

during childhood, adolescence, and young adulthood. Am J Psychiatry 2003;160:2112-21. 

5. von Stumm S, Deary IJ, Kivimaki M, Jokela M, Clark H, Batty GD. Childhood behavior 

problems and health at midlife: 35-year follow-up of a Scottish birth cohort. J Child 

Psychol Psychiatry 2011;52:992-1001. 

6. Benton D. The influence of children's diet on their cognition and behavior. Eur J Nutr 

2008;47 Suppl 3:25-37. 

7. Lozoff B, Clark KM, Jing Y, Armony-Sivan R, Angelilli ML, Jacobson SW. Dose-

response relationships between iron deficiency with or without anemia and infant social-

emotional behavior. J Pediatr 2008;152:696-702,  31-3. 

8. Corapci F, Radan AE, Lozoff B. Iron deficiency in infancy and mother-child interaction at 

5 years. J Dev Behav Pediatr 2006;27:371-8. 

9. Corapci F, Calatroni A, Kaciroti N, Jimenez E, Lozoff B. Longitudinal evaluation of 

externalizing and internalizing behavior problems following iron deficiency in infancy. J 

Pediatr Psychol 2010;35:296-305. 

10. Lozoff B, Jimenez E, Hagen J, Mollen E, Wolf AW. Poorer behavioral and developmental 

outcome more than 10 years after treatment for iron deficiency in infancy. Pediatrics 

2000;105. 

11. East P, Delker E, Lozoff B, Delva J, Castillo M, Gahagan S. Associations among infant 

iron deficiency, childhood emotion and attention regulation, and adolescent problem 

behaviors. Child Dev 2017 Feb 23 (Epub ahead of print; DOI: doi: 10.1111/cdev.12765). 

12. Lozoff B, Castillo M, Clark KM, Smith JB, Sturza J. Iron supplementation in infancy 

contributes to more adaptive behavior at 10 years of age. J Nutr 2014;144:838-45. 



41 

 

13. Lozoff B, Smith JB, Kaciroti N, Clark KM, Guevara S, Jimenez E. Functional significance 

of early-life iron deficiency: outcomes at 25 years. J Pediatr 2013;163:1260-6. 

14. Casey BJ, Giedd JN, Thomas KM. Structural and functional brain development and its 

relation to cognitive development. Biol Psychol 2000;54:241-54. 

15. Rao R, Tkac I, Townsend EL, Gruetter R, Georgieff MK. Perinatal iron deficiency alters 

the neurochemical profile of the developing rat hippocampus. J Nutr 2003;133:3215-21. 

16. Beard JL, Wiesinger JA, Connor JR. Pre- and postweaning iron deficiency alters 

myelination in sprague-dawley rats. Dev Neurosci 2003;25:308-15. 

17. Erikson KM, Jones BC, Hess EJ, Zhang Q, Beard JL. Iron deficiency decreases dopamine 

D1 and D2 receptors in rat brain. Pharmacol Biochem Behav 2001;69:409-18. 

18. Doboszewska U, Sowa-Kucma M, Mlyniec K, Pochwat B, Holuj M, Ostachowicz B, Pilc 

A, Nowak G, Szewczyk B. Zinc deficiency in rats is associated with up-regulation of 

hippocampal NMDA receptor. Prog Neuropsychopharmacol Biol Psychiatry 2015;56:254-

63. 

19. Carta M, Stancampiano R, Tronci E, Collu M, Usiello A, Morelli M, Fadda F. Vitamin A 

deficiency induces motor impairments and striatal cholinergic dysfunction in rats. 

Neuroscience 2006;139:1163-72. 

20. Rathod R, Khaire A, Kemse N, Kale A, Joshi S. Maternal omega-3 fatty acid 

supplementation on vitamin B12 rich diet improves brain omega-3 fatty acids, 

neurotrophins and cognition in the Wistar rat offspring. Brain Dev 2014;36:853-63. 

21. Wang X, Li W, Li S, Yan J, Wilson JX, Huang G. Maternal folic acid supplementation 

during pregnancy improves neurobehavioral development in rat offspring. Mol Neurobiol 

2017 Apr 18 (Epub ahead of print; DOI: doi: 10.1007/s12035-017-0534-2). 

22. Arsenault JE, Mora-Plazas M, Forero Y, Lopez-Arana S, Marin C, Baylin A, Villamor E. 

Provision of a school snack is associated with vitamin B-12 status, linear growth, and 

morbidity in children from Bogota, Colombia. J Nutr 2009;139:1744-50. 

23. Harrison GG, Stormer A, Herman DR, Winham DM. Development of a Spanish-language 

version of the U.S. household food security survey module. J Nutr 2003;133:1192-7. 

24. Achenbach TM, Bird H, Canino G, Phares V, Gould M, Rubio-Stipec M. Epidemiological 

comparisons of Puerto Rican and U.S. mainland children: parent, teacher, and self-reports. 

J Am Acad Child Adolesc Psychiatry 1990;29:84-93. 

25. User guide for assessment data manager (ADM): CBCL, YSR, TRF, ASR, ABCL, OASR, 

OABCL, YASR, YABCL, SCICA, CBCL/2-3, CBCL/1½-5, C-TRF, TOF & DOF. 

ASEBA, Burlington, VT, 2010. 



42 

 

26. Bordin IA, Rocha MM, Paula CS, Teixeira MCTV, Achenbach TM, Rescorla L, Silvares 

EFM. Child Behavior Checklist (CBCL), Youth Self-Report (YSR) and Teacher’s Report 

Form (TRF): an overview of the development of the original and Brazilian versions. Cad 

Saúde Pública 2013;29:13-28. 

27. Achenbach TM, Rescorla LA. Manual for the ASEBA school-age forms & profiles. Edtion 

ed. Burlington, VT: University of Vermont, Research Center for Children, Youth, & 

Families, 2001:99-135. 

28. Ivanova MY, Achenbach TM, Rescorla LA, Dumenci L, Almqvist F, Bilenberg N, Bird H, 

Broberg AG, Dobrean A, Dopfner M, et al. The generalizability of the Youth Self-Report 

syndrome structure in 23 societies. J Consult Clin Psychol 2007;75:729-38. 

29. Makino T, Takahara K. Direct determination of plasma, copper, and zinc in infants by 

atomic absorption with discrete nebulization. Clin Chem 1981;27:1445-7. 

30. Manual for the assessment data manager program (ADM) for the CBCL/4-18, YSR, TRF, 

YASR, YABCL, CBCL/2-3, CBCL/1½-5, & C-TRF. In: ASEBA, ed. 2.0. Burlington, VT, 

2000. 

31. Zimmermann MB, Hurrell RF. Nutritional iron deficiency. Lancet 2007;370:511-20. 

32. World Health Organization. Haemoglobin concentrations for the diagnosis of anaemia and 

assessment of severity. Geneva: World Health Organization, Vitamin and Mineral 

Nutrition Information System, 2011. 

33. Sommer A, Davidson FR. Assessment and control of vitamin A deficiency: the Annecy 

Accords. J Nutr 2002;132:2845S–50S. 

34. de Onis M. Development of a WHO growth reference for school-aged children and 

adolescents. Bull World Health Organ 2007;85:660-7. 

35. Willett WC. Nutritional epidemiology. Third Edition. New York, NY: Oxford University 

Press, 2013:305-33. 

36. Nelson C, Erikson K, Pinero DJ, Beard J. In vivo dopamine metabolism is altered in iron-

deficient anemic rats. J Nutr 1997;127:2282-8. 

37. Erikson KM, Jones BC, Beard JL. Iron deficiency alters dopamine transporter functioning 

in rat striatum. J Nutr 2000;130:2831-7. 

38. Kim J, Wessling-Resnick M. Iron and mechanisms of emotional behavior. J Nutr Biochem 

2014;25:1101-7. 

39. Ullman H, Almeida R, Klingberg T. Structural maturation and brain activity predict future 

working memory capacity during childhood development. J Neurosci 2014;34:1592-8. 



43 

 

40. Burhans MS, Dailey C, Beard Z, Wiesinger J, Murray-Kolb L, Jones BC, Beard JL. Iron 

deficiency: differential effects on monoamine transporters. Nutr Neurosci 2005;8:31-8. 

41. Venkatramanan S, Armata IE, Strupp BJ, Finkelstein JL. Vitamin B-12 and cognition in 

children. Adv Nutr 2016;7:879-88. 

42. Herbison CE, Hickling S, Allen KL, O'Sullivan TA, Robinson M, Bremner AP, Huang RC, 

Beilin LJ, Mori TA, Oddy WH. Low intake of B-vitamins is associated with poor 

adolescent mental health and behaviour. Prev Med 2012;55:634-8. 

43. Murakami K, Miyake Y, Sasaki S, Tanaka K, Arakawa M. Dietary folate, riboflavin, 

vitamin B-6, and vitamin B-12 and depressive symptoms in early adolescence: the Ryukyus 

Child Health Study. Psychosom Med 2010;72:763-8. 

44. Fulkerson JA, Sherwood NE, Perry CL, Neumark-Sztainer D, Story M. Depressive 

symptoms and adolescent eating and health behaviors: a multifaceted view in a population-

based sample. Prev Med 2004;38:865-75. 

45. Sarris J, Price LH, Carpenter LL, Tyrka AR, Ng CH, Papakostas GI, Jaeger A, Fava M, 

Mischoulon D. Is S-adenosyl methionine (SAMe) for depression only effective in males? A 

re-analysis of data from a randomized clinical trial. Pharmacopsychiatry 2015;48:141-4. 

46. Walker SP, Wachs TD, Grantham-McGregor S, Black MM, Nelson CA, Huffman SL, 

Baker-Henningham H, Chang SM, Hamadani JD, Lozoff B, et al. Child development 1: 

inequality in early childhood: risk and protective factors for early child development. 

Lancet 2011;378:1325-38. 

47. Slopen N, Fitzmaurice G, Williams DR, Gilman SE. Poverty, food insecurity, and the 

behavior for childhood internalizing and externalizing disorders. J Am Acad Child Adolesc 

Psychiatry 2010;49:444-52. 

48. Peck MN, Lundberg O. Short stature as an effect of economic and social conditions in 

childhood. Soc Sci Med 1995;41:733-8. 

49. Kahn RS, Wilson K, Wise PH. Intergenerational health disparities: socioeconomic status, 

women’s health conditions, and child behavior problems. Public Health Rep 2005;120:399-

408. 

50. Singh GK, Ghandour RM. Impact of neighborhood social conditions and household 

socioeconomic status on behavioral problems among US children. Matern Child Health J 

2012;16 Suppl 1:S158-69. 

51. Kalff AC, Kroes M, Vles JSH, Hendriksen JGM, Feron FJM, Steyaert J, van Zeben TMCB, 

Jolles J, van Os J. Neighbourhood level and individual level SES effects on child problem 

behaviour: a multilevel analysis. J Epidemiol Community Health 2001;55:246-50. 



44 

 

52. Fone D, Dunstan F, Lloyd K, Williams G, Watkins J, Palmer S. Does social cohesion 

modify the association between area income deprivation and mental health? A multilevel 

analysis. Int J Epidemiol 2007;36:338-45. 

53. Institute of Medicine. Dietary Reference Intakes for thiamin, riboflavin, niacin, vitamin B6, 

folate, vitamin B12, pantothenic acid, biotin, and choline. Washington DC: National 

Academic Press, 1998. 

54. Fonseca Z, Heredia AP, Ocampo PR, Forero Y, Sarmiento OL, Álvarez MC, Estrada A, 

Samper B, Gempeler J, Rodríguez M. Encuesta nacional de la situacion nutricional en 

Colombia 2010 (ENSIN). Bogotá, Colombia: Ministerio de la Protección Social, 2011. 

  



45 

 

Table 2.1. Sociodemographic characteristics in middle childhood among children included vs. 

not included in the analysis 

Characteristic 

Boys   Girls 

Included 

(n=458) 

 Not Included 

(n=1109) 

 Included 

(n=584) 

 Not included 

(n=1051) 

Mean ± SD1  Mean ± SD  Mean ± SD  Mean ± SD 

        

Child’s age at baseline, y  8.4 ± 1.6   8.8 ± 1.9   8.5 ± 1.7   8.9 ± 1.8 

        

Height-for-age Z score2 at 

baseline  -0.77 ± 0.94 

 

 -0.82 ± 0.95   -0.76 ± 0.97 

 

 -0.75 ± 1.05 

         

BMI-for-age Z score2 at 

baseline  0.22 ± 1.09 

 

 0.20 ± 1.05   0.07 ± 0.96 

 

 0.09 ± 0.92 

        

Time spent watching television 

/ playing video games, h/wk  21.8 ± 17.9 

 

 18.0 ± 14.9   20.8 ± 17.6 

 

 18.4 ± 14.1 

        

Time playing outdoors, h/wk  8.4 ± 9.1   8.5 ± 10.1   6.7 ± 8.9   7.4 ± 9.8 

        

Mother’s education, y  9.2 ± 3.2   8.5 ± 3.3   8.8 ± 3.3   8.5 ± 3.5 

        

Mother’s parity  2.7 ± 1.1   2.7 ± 1.1   2.7 ± 1.1   2.8 ± 1.1 

        

Mother’s height, cm  157.6 ± 6.5   157.8 ± 6.3   157.7 ± 6.3   157.9 ± 6.5 

        

Mother’s BMI, kg/m2  24.1 ± 3.8    24.2 ± 3.9   24.1 ± 3.6   24.0 ± 3.7 

        

Food insecure, % 74.0  75.1  76.8  76.4 

        

Socioeconomic status, %        

1 5.9  6.9  5.7  6.8 

2 29.9  34.6  30.8  33.0 

3 56.3  51.4  56.9  53.0 

4 7.9  7.0  6.7  7.3 

        

Plasma ferritin, µg/L  41.9 ± 22.9   41.1 ± 23.5   43.4 ± 24.1   42.8 ± 22.7 

        

Iron deficiency3, % 3.4  3.2  3.0  3.3 

        

Hemoglobin, g/dL  14.5 ± 1.3   14.5 ± 1.2   14.6 ± 1.1   14.5 ± 1.1 

        

Anemia4, % 2.4  4.8  3.5  3.1 

        

Serum zinc, µmol/L  21.7 ± 6.7   21.4 ± 6.3   21.3 ± 6.4   21.4 ± 6.1 

        

Vitamin A, µg/dL  29.3 ± 10.2   29.9 ± 9.8   29.4 ± 9.8   29.9 ± 10.0 

        

Plasma vitamin B-12, pmol/L  322 ± 104   317 ± 103   339 ± 105   333 ± 110 

        

Erythrocyte folate, nmol/L  861 ± 223   875 ± 294   822 ± 227   857 ± 239 
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Footnotes to Table 2.1 

 

1 Values are mean ± SD unless noted otherwise. 

 

2 According to the World Health Organization growth reference for children and adolescents 

(34). 

 

3 Plasma ferritin concentration <15 µg/L. 47 children with CRP >10 mg/L were excluded from 

the analysis. 

 

4 Hemoglobin <12.7 g/dL 
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Table 2.2.  Sociodemographic characteristics in middle childhood and total externalizing 

problems score at 11-18 years of age in the Bogotá School Children Cohort 

Characteristic 
 Boys   Girls 

n1 Mean  ±  SD  n Mean  ±  SD 

      

Overall 458  51.9 ± 9.6  584  53.1 ± 9.6 

      

Child’s age at baseline, y      

5-6 100  50.3 ± 11.7  122  49.5 ± 10.7 

7-8 168  51.9 ± 8.7  216  52.8 ± 9.8 

9-10 176  53.0 ± 9.0  221  54.9 ± 8.2 

11-12 14  50.4 ± 9.2  25  56.8 ± 8.1 

P-trend2  0.10   <0.0001 

      

Child’s age at assessment, y      

<12 41  50.1 ± 12.0  47  47.3 ± 10.7 

12-13 103  48.7 ± 10.2  137  50.1 ± 10.6 

14-15 195  53.0 ± 8.8  248  54.4 ± 8.8 

>15 119  53.4 ± 8.8  152  55.3 ± 8.1 

P-trend  0.001   <0.0001 

      

Height-for-age Z score3 at baseline      

<-2.0  40  51.3 ± 11.0  58  52.1 ± 9.2 

-2.0 to <-1.0 145  51.9 ± 9.0  186  53.1 ± 9.4 

-1.0 to <0.0 166  52.4 ± 10.1  210  52.6 ± 9.7 

≥0.0  92  51.7 ± 9.2  122  54.3 ± 10.1 

P-trend  0.83   0.22 

      

BMI-for-age Z score3 at baseline      

<-1.0  58  50.9 ± 8.8  76  51.5 ± 9.4 

-1.0 to <0.0 137  52.3 ± 9.3  200  52.9 ± 9.7 

0.0 to <1.0 152  52.6 ± 10.6  202  53.7 ± 9.5 

≥1.0 95  51.1 ± 9.2  97  53.2 ± 9.9 

P-trend  0.99   0.19 

      

Time spent watching television /        

playing video games, h/wk 

     

<10 124  50.5 ± 9.6  155  52.2 ± 9.1 

10 to <20 108  52.4 ± 9.9  171  52.6 ± 10.1 

20 to <30 110  50.9 ± 9.0  125  53.2 ± 9.5 

≥30 104  54.2 ± 9.6  116  54.9 ± 9.4 

P-trend  0.02   0.02 
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Table 2.2 (continued). 

 

Characteristic 
 Boys   Girls 

n1 Mean  ±  SD  n Mean  ±  SD 

      

Time playing outdoors, h/wk      

<1.5 53  53.7 ± 10.8  109  53.4 ± 9.8 

1.5 to <4.5 82  50.1 ± 9.4  113  53.4 ± 9.7 

4.5 to <10 97  50.6 ± 8.4  94  52.1 ± 9.9 

≥10 96  52.5 ± 10.1  86  52.7 ± 9.4 

P-trend  0.94   0.44 

      

Mother’s education, y      

Incomplete primary, 1-4  24  53.7 ± 9.2  34  52.7 ± 8.2 

Complete primary, 5  76  51.1 ± 10.3  109  54.4 ± 9.0 

Incomplete secondary, 6-10  114  52.0 ± 9.0  135  52.5 ± 9.5 

Complete secondary, 11  190  51.8 ± 10.1  242  53.1 ± 10.1 

University, >11  42  51.9 ± 8.2  41  51.8 ± 9.4 

P-trend  0.89   0.31 

      

Mother’s parity      

1 47  50.7 ± 11.2  69  52.8 ± 9.7 

2 182  51.4 ± 9.7  198  52.5 ± 9.7 

3 132  52.2 ± 9.6  184  53.4 ± 9.8 

4 45  51.4 ± 5.6  66  53.2 ± 9.4 

≥5 40  54.8 ± 10.4  50  54.1 ± 8.2 

P-trend  0.08   0.26 

      

Mother’s height quartile (median), cm      

Q1, (150) 113  50.7 ± 9.6  140  54.4 ± 10.4 

Q2, (155) 121  52.5 ± 9.3  160  53.1 ± 9.7 

Q3, (160) 101  52.0 ± 9.8  126  53.4 ± 9.3 

Q4, (165) 113  52.3 ± 9.8  144  51.5 ± 8.8 

P-trend  0.31   0.02 

      

Mother’s BMI, kg/m2      

<18.5 19  54.4 ± 11.0  16  50.6 ± 7.4 

18.5 to <25.0 261  52.2 ± 9.5  364  52.9 ± 9.9 

25.0 to <30.0 135  50.8 ± 9.4  146  53.3 ± 8.9 

≥30.0 30  52.9 ± 10.8  39  55.1 ± 9.5 

P-trend  0.36   0.12 
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Table 2.2 (continued). 

 

Characteristic 
 Boys   Girls 

n1 Mean  ±  SD  n Mean  ±  SD 

      

Food insecurity in the household      

None 119  50.6 ± 9.4  135  53.8 ± 9.5 

Insecure – no hunger 222  52.5 ± 9.5  283  52.6 ± 9.9 

Insecure – moderate hunger 78  51.8 ± 10.4  98  54.1 ± 8.9 

Insecure – severe hunger 38  52.9 ± 9.1  66  52.0 ± 9.4 

P-trend  0.21   0.53 

      

Socioeconomic status      

1 (lowest) 27  52.1 ± 11.8  33  47.6 ± 10.0 

2 137  53.0 ± 9.0  180  54.5 ± 9.1 

3 258  51.4 ± 9.7  332  53.0 ± 9.7 

4 36  51.1 ± 9.7  39  51.4 ± 8.9 

P-trend  0.24   0.83 
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Footnotes to Table 2.2 

 

1 Sums may be less than the total due to missing values in covariates. 

 

2  Test for linear trend when a variable representing ordinal categories of the characteristic was 

introduced into a linear regression model as a continuous covariate.  Empirical estimates of the 

variance were used in all models.  

 

3 According to the World Health Organization growth reference for children and adolescents 

(34). 
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Table 2.3. Micronutrient status in middle childhood and total externalizing problems score at 11-

18 years of age in the Bogotá School Children Cohort 

Micronutrient status indicator 
   Boys     Girls 

n1 Mean ± SD  n Mean ± SD 
      

Iron deficiency2      

Yes 14  57.3 ± 8.2  15  52.1 ± 9.9 

No 400  51.9 ± 9.7  489  53.1 ± 9.6 

P3  0.01   0.71 

      

Anemia4      

Yes 10  57.5 ± 6.8  18  48.1 ± 9.2 

No 413  51.9 ± 9.7  498  53.4 ± 9.6 

P  0.008   0.01 

      

Serum zinc quartile (median boys/girls),  

 µmol/L 

    
 

Q1, (15.3/15.1) 106  51.7 ± 10.2  127  53.6 ± 10.0 

Q2, (18.6/18.2) 104  51.9 ± 9.4  128  53.8 ± 9.1 

Q3, (22.1/22.3) 104  51.8 ± 10.1  127  52.1 ± 10.2 

Q4, (30.7/29.6) 107  53.0 ± 9.0  128  53.1 ± 9.2 

P-trend5  0.37   0.40 

      

Vitamin A, µg/dL      

<20 63  53.5 ± 10.6  76  52.7 ± 10.4 

20-29.9 188  51.9 ± 9.3  211  52.1 ± 10.0 

≥30 173  51.7 ± 9.6  228  54.2 ± 8.8 

P-trend  0.31   0.07 

      

Plasma vitamin B-12 quartile (median 

boys/girls), pmol/L 

 

 

  

 

Q1, (204/218) 105  54.2 ± 9.4  123  53.5 ± 10.0 

Q2, (278/303) 100  51.2 ± 10.0  122  53.6 ± 9.9 

Q3, (345/363) 104  52.0 ± 9.8  123  52.4 ± 9.1 

Q4, (450/452) 103  51.4 ± 9.2  124  53.4 ± 9.2 

P-trend  0.06   0.68 

      

Erythrocyte folate quartile (median boys/girls), 

nmol/L      

Q1, (633/573) 100  51.4 ± 8.3  123  53.5 ± 9.5 

Q2, (759/735) 102  51.5 ± 10.6  124  52.1 ± 10.0 

Q3, (898/874) 101  53.0 ± 10.0  124  53.4 ± 9.8 

Q4, (1122/1062) 101  51.9 ± 9.5  124  53.8 ± 9.4 

P-trend  0.46   0.60 
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Footnotes to Table 2.3 

 

1 Sums may be less than the total due to missing values in covariates. 

 

2 Plasma ferritin concentration <15 µg/L. 13 children with CRP >10 mg/L were excluded from 

the analysis. 

 

3 From linear regression with externalizing problems score as the continuous outcome and the 

nutrient biomarker as the categorical predictor.  Empirical estimates of the variance were used in 

all models.   

 

4 Hemoglobin <12.7 g/dL. 

 

5 Test for linear trend when a variable representing ordinal categories of the predictor was 

introduced into the model as a continuous covariate.   
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Table 2.4. Adjusted mean differences and 95% confidence intervals (CI)1 in total externalizing 

problems score at 11-18 years of age according to iron deficiency, anemia, and 

sociodemographic characteristics in middle childhood in the Bogotá School Children Cohort 

 Boys  Girls  

 Difference (95% CI)  Difference (95% CI)  

       

Iron deficiency2, yes vs. no  5.9  (1.0, 10.7)  0.0 (-4.4, 4.4)  

     

Anemia3, yes vs. no  6.6  (1.9, 11.3)   -3.3   (-7.7, 1.1)  

     

Plasma vitamin B-12, quartile 1 vs. >1  2.7  (0.4, 4.9)   1.0  (-0.8, 2.9)  

     

Child’s age at baseline, per 1 year  0.7  (0.0, 1.4)   1.4  (0.9, 1.9)  

     

Time spent watching television / playing  

video games, ≥30 h/wk vs. <30 h/wk  3.7  (1.0, 6.4) 

 

 1.8  (-0.3, 3.9) 

 

     

Mother’s height quartile (median), cm     

Q1, (150)  -1.2  (-4.0, 1.6)   2.8  (0.4, 5.2)  

Q2, (155)  1.0  (-1.8, 3.7)   1.1  (-1.1, 3.3)  

Q3, (160)  -0.4  (-3.5, 2.6)   1.0  (-1.3, 3.3)  

Q4, (165)   Reference    Reference  

P-trend4   0.64    0.03  

     

Socioeconomic status, 1 (lowest) vs. >1  -1.3 (-6.8, 4.2)   -5.5  (-9.8, -1.1)  
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Footnotes to Table 2.4 

 

1 Adjusted mean difference and 95% CI from a linear regression model with total externalizing 

problems score as the continuous outcome.  Predictors included all variables presented.  

Empirical variances were specified.   

 

2 Plasma ferritin concentration <15 µg/L. 13 children with CRP >10 mg/L were excluded from 

the analysis. 

 

3 Hemoglobin <12.7 g/dL. 

 

4 Test for linear trend when a variable representing ordinal categories of the predictor was 

introduced into the model as a continuous covariate. 
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Table 2.5.  Sociodemographic characteristics in middle childhood and total internalizing 

problems score at 11-18 years of age in the Bogotá School Children Cohort 

Characteristic 
 Boys   Girls 

n1 Mean  ±  SD  n Mean  ±  SD 

      

Overall 458  53.4 ± 9.7  584  54.1 ± 10.1 

      

Child’s age at baseline, y      

5-6 100  53.2 ± 11.0  122  51.6 ± 10.9 

7-8 168  53.4 ± 9.7  216  54.2 ± 10.3 

9-10 176  53.8 ± 8.8  221  54.9 ± 9.1 

11-12 14  49.0 ± 8.4  25  58.9 ± 10.1 

P-trend2  0.88   0.0005 

      

Child’s age at assessment, y      

<12 41  54.0 ± 11.7  47  51.4 ± 10.7 

12-13 103  51.2 ± 9.8  137  50.9 ± 10.5 

14-15 195  53.8 ± 9.5  248  55.3 ± 9.4 

>15 119  54.5 ± 9.0  152  56.0 ± 9.8 

P-trend  0.12   <0.0001 

      

Height-for-age Z score3 at baseline      

<-2.0  40  52.4 ± 10.5  58  52.8 ± 9.6 

-2.0 to <-1.0 145  53.4 ± 9.8  186  53.5 ± 10.1 

-1.0 to <0.0 166  53.1 ± 9.9  210  54.7 ± 10.3 

≥0.0  92  54.6 ± 8.7  122  54.8 ± 10.1 

P-trend  0.28   0.10 

      

BMI-for-age Z score3 at baseline      

<-1.0  58  53.0 ± 9.9  76  51.5 ± 9.1 

-1.0 to <0.0 137  53.9 ± 9.4  200  53.8 ± 10.6 

0.0 to <1.0 152  53.0 ± 10.2  202  55.4 ± 9.5 

≥1.0 95  53.5 ± 9.2  97  54.4 ± 10.9 

P-trend  0.95   0.02 

      

Time spent watching television /    

playing video games, h/wk 

     

<10 124  54.3 ± 8.9  155  53.5 ± 8.9 

10 to <20 108  52.2 ± 9.7  171  53.7 ± 10.7 

20 to <30 110  53.3 ± 10.6  125  53.7 ± 10.7 

≥30 104  53.9 ± 9.4  116  55.5 ± 9.5 

P-trend  0.94   0.12 
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Table 2.5 (continued). 

 

Characteristic 
 Boys   Girls 

n1 Mean  ±  SD  n Mean  ±  SD 

      

Time playing outdoors, h/wk      

 <1.5 53  53.1 ± 9.4  109  55.7 ± 9.7 

 1.5 to <4.5 82  53.3 ± 10.6  113  53.0 ± 10.4 

 4.5 to <10 97  54.0 ± 8.4  94  53.5 ± 10.0 

 ≥10 96  52.3 ± 9.9  86  53.3 ± 10.3 

 P-trend  0.64   0.14 

      

Mother’s education, y      

 Incomplete primary, 1-4  24  55.4 ± 9.2  34  55.8 ± 10.3 

 Complete primary, 5  76  52.6 ± 9.3  109  55.1 ± 9.9 

 Incomplete secondary, 6-10  114  53.7 ± 9.1  135  54.5 ± 9.9 

 Complete secondary, 11  190  53.5 ± 10.5  242  53.7 ± 10.4 

 University, >11  42  53.1 ± 8.5  41  51.9 ± 8.4 

 P-trend  0.78   0.04 

      

Mother’s parity      

 1 47  54.5 ± 10.7  69  55.2 ± 10.3 

 2 182  53.3 ± 9.6  198  53.5 ± 10.4 

 3 132  53.7 ± 9.9  184  54.4 ± 9.9 

 4 45  51.9 ± 8.0  66  55.3 ± 9.9 

 ≥5 40  53.8 ± 10.1  50  53.4 ± 9.3 

 P-trend  0.59   0.99 

      

Mother’s height quartile (median), cm      

 Q1, (150) 113  53.4 ± 9.7  140  55.1 ± 11.3 

 Q2, (155) 121  54.4 ± 10.1  160  53.4 ± 10.4 

 Q3, (160) 101  53.2 ± 9.1  126  54.9 ± 9.1 

 Q4, (165) 113  53.0 ± 9.8  144  53.0 ± 9.3 

 P-trend  0.54   0.20 

      

Mother’s BMI, kg/m2      

 <18.5 19  52.9 ± 12.9  16  51.3 ± 6.5 

 18.5 to <25.0 261  53.5 ± 10.0  364  53.8 ± 10.5 

 25.0 to <30.0 135  53.4 ± 8.9  146  54.1 ± 9.4 

 ≥30.0 30  54.4 ± 8.4  39  57.4 ± 9.7 

 P-trend  0.68   0.03 
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Table 2.5 (continued). 

 

Characteristic 
 Boys   Girls 

n1 Mean  ±  SD  n Mean  ±  SD 

      

Food insecurity in the household      

 None 119  52.4 ± 9.8  135  55.3 ± 10.5 

 Insecure – no hunger 222  53.7 ± 9.5  283  54.0 ± 10.3 

 Insecure – moderate hunger 78  54.1 ± 10.4  98  54.9 ± 8.8 

 Insecure – severe hunger 38  52.9 ± 8.9  66  51.5 ± 9.9 

 P-trend  0.45   0.04 

      

Socioeconomic status      

 1 (lowest) 27  55.1 ± 11.1  33  50.7 ± 9.1 

 2 137  54.2 ± 10.7  180  54.4 ± 10.0 

 3 258  52.9 ± 9.1  332  54.2 ± 10.3 

 4 36  52.7 ± 8.7  39  55.4 ± 8.7 

 P-trend  0.16   0.15 
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Footnotes to Table 2.5 

 

1 Sums may be less than the total due to missing values in covariates. 

 

2  Test for linear trend when a variable representing ordinal categories of the characteristic was 

introduced into a linear regression model as a continuous covariate.  Empirical estimates of the 

variance were used in all models.  

 

3 According to the World Health Organization growth reference for children and adolescents 

(34). 
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Table 2.6. Micronutrient status in middle childhood and total internalizing problems score at 11-

18 years of age in the Bogotá School Children Cohort 

  

Micronutrient status indicator    Boys     Girls 

n1 Mean ± SD  n Mean ± SD 
      

Iron deficiency2      

Yes 14  60.1 ± 9.3  15  53.6 ± 7.9 

No 400  53.3 ± 9.6  489  54.3 ± 10.1 

P3  0.005   0.74 

      

Anemia4      

Yes 10  58.0 ± 11.6  18  52.1 ± 10.2 

No 413  53.3 ± 9.7  498  54.4 ± 10.0 

P  0.18   0.32 

      

Serum zinc quartile (median boys/girls), µmol/L      

Q1, (15.3/15.1) 106  54.1 ± 8.7  127  54.8 ± 10.1 

Q2, (18.6/18.2) 104  52.0 ± 10.1  128  54.4 ± 9.5 

Q3, (22.1/22.3) 104  53.9 ± 10.3  127  54.3 ± 10.9 

Q4, (30.7/29.6) 107  53.9 ± 9.6  128  53.7 ± 9.7 

P-trend5  0.72   0.41 

      

Vitamin A, µg/dL      

<20 63  55.3 ± 10.0  76  53.3 ± 9.7 

20-29.9 188  53.3 ± 9.9  211  53.6 ± 11.0 

≥30 173  52.9 ± 9.4  228  55.3 ± 9.2 

P-trend  0.14   0.05 

      

Plasma vitamin B-12 quartile (median 

boys/girls), pmol/L 

 

 

  

 

Q1, (204/218) 105  54.3 ± 10.4  123  54.4 ± 9.5 

Q2, (278/303) 100  52.3 ± 9.3  122  55.0 ± 10.1 

Q3, (345/363) 104  53.5 ± 9.8  123  52.9 ± 11.2 

Q4, (450/452) 103  53.8 ± 9.5  124  55.1 ± 8.8 

P-trend  0.95   0.98 

      

Erythrocyte folate quartile (median boys/girls), 

nmol/L      

Q1, (633/573) 100  52.2 ± 9.2  123  54.3 ± 10.7 

Q2, (759/735) 102  53.8 ± 9.9  124  53.4 ± 9.6 

Q3, (898/874) 101  53.9 ± 9.5  124  55.2 ± 10.1 

Q4, (1122/1062) 101  54.0 ± 10.0  124  54.6 ± 9.6 

P-trend  0.20   0.54 
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Footnotes to Table 2.6 

 

1 Sums may be less than the total due to missing values in covariates. 

 

2  Plasma ferritin concentration <15 µg/L. 13 children with CRP >10 mg/L were excluded from 

the analysis.  

 

3 From linear regression with internalizing problems score as the continuous outcome and the 

nutrient biomarker as the categorical predictor.  Empirical estimates of the variance were used in 

all models.   

 

4 Hemoglobin <12.7 g/dL. 

 

5 Test for linear trend when a variable representing ordinal categories of the predictor was 

introduced into the model as a continuous covariate.  
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Table 2.7. Adjusted mean differences and 95% confidence intervals (CI)1 in total internalizing 

problems score at 11-18 years of age according to iron deficiency and sociodemographic 

characteristics in middle childhood in the Bogotá School Children Cohort 

 Boys  Girls  

 Difference (95% CI)  Difference (95% CI)  

       

Iron deficiency2, yes vs. no  6.4 (1.2, 11.6)   0.9 (-2.6, 4.4)  

     

Child’s age at baseline, per 1 year  0.1 (-0.6, 0.7)   1.1 (0.5, 1.7)  

     

BMI-for-age Z score3 at baseline,  

<-1.0 vs. ≥-1.0  -0.7 (-3.8, 2.4) 

 

 -3.7  (-6.0, -1.4) 

 

     

Mother’s education, y     

Incomplete primary, 1-4   Reference   Reference  

Complete primary, 5   -2.3 (-6.7, 2.2)   -1.9 (-5.8, 2.0)  

Incomplete secondary, 6-10   -1.5 (-5.9, 2.8)   -1.9 (-5.7, 1.9)  

Complete secondary, 11   -1.8 (-6.1, 2.5)   -3.7 (-7.4, 0.0)  

University, >11   -2.3 (-7.2, 2.7)   -6.3 (-10.9, -1.6)  

P-trend4   0.70    0.005  

     

Food insecurity, severe hunger vs.  

no severe hunger 

 -1.2 (-4.2, 1.8)   -3.3 (-6.0, -0.6)  

      

Socioeconomic status, 1 (lowest) vs. >1  1.9 (-3.2, 7.0)   -3.6 (-7.2, -0.1)  
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Footnotes to Table 2.7 

 

1 Adjusted mean difference and 95% CI from a linear regression model with total internalizing 

problems score as the continuous outcome.  Predictors included all variables presented.  

Empirical variances were specified.   

 

2 Plasma ferritin concentration <15 µg/L. 13 children with CRP >10 mg/L were excluded from 

the analysis. 

 

3 According to the World Health Organization growth reference for children and adolescents 

(34). 

 

4 Test for linear trend when a variable representing ordinal categories of the predictor was 

introduced into the model as a continuous covariate. 
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Supplemental Table 2.1. Sociodemographic characteristics and micronutrient status in middle 

childhood and externalizing problems subscales score at 11-18 years of age in the Bogotá School 

Children Cohort 

 Boys  Girls 

 

n1  

Aggressive 

Behavior2  

Rule 

Breaking 

Behavior2  n  

Aggressive 

Behavior  

Rule 

Breaking 

Behavior 

                    

Overall 458  55.6 ± 7.1  54.2 ± 5.1  584  56.7 ± 7.4  54.4 ± 4.7 

            

Sociodemographic characteristic            

Child’s age at baseline, y            

5-6 100  55.6 ± 8.2  54.2 ± 5.7  122  55.5 ± 7.4  52.8 ± 3.5 

7-8 168  55.2 ± 6.8  53.9 ± 4.9  216  56.5 ± 7.5  54.4 ± 5.0 

9-10 176  56.0 ± 6.9  54.6 ± 5.1  221  57.3 ± 7.1  55.1 ± 4.7 

11-12 14  54.6 ± 6.3  53.0 ± 4.0  25  58.8 ± 8.6  56.4 ± 5.1 

P-trend3   0.70  0.66    0.01  <0.0001 

            

Child’s age at assessment, y            

<12 41  55.6 ± 8.0  54.2 ± 5.8  47  54.6 ± 6.7  51.9 ± 2.9 

12-13 103  54.3 ± 7.0  52.9 ± 4.2  137  55.2 ± 7.5  53.8 ± 4.8 

14-15 195  55.8 ± 7.2  54.7 ± 5.3  248  57.2 ± 7.6  54.9 ± 4.7 

>15 119  56.5 ± 6.8  54.6 ± 5.2  152  57.9 ± 7.0  55.0 ± 4.6 

P-trend   0.08  0.07    0.0001  <0.0001 

            

Height-for-age Z score4 at baseline            

<-2.0  40  55.6 ± 7.5  54.6 ± 4.7  58  56.3 ± 8.0  53.2 ± 3.7 

-2.0 to <-1.0 145  55.4 ± 7.0  54.0 ± 5.1  186  56.7 ± 7.0  54.3 ± 4.4 

-1.0 to <0.0 166  56.0 ± 7.3  54.7 ± 5.7  210  56.1 ± 7.4  54.5 ± 4.8 

≥0.0 92  55.4 ± 7.3  54.1 ± 4.7  122  57.9 ± 7.9  55.0 ± 5.2 

P-trend   0.93  0.95    0.28  0.02 

                  

BMI-for-age Z score4 at baseline                  

<-1.0  58  54.7 ± 6.3  53.6 ± 4.0  76  55.5 ± 6.8  53.9 ± 4.7 

-1.0 to <0.0 137  55.7 ± 7.4  54.3 ± 5.2  200  56.5 ± 7.3  54.4 ± 4.5 

0.0 to <1.0 152  56.4 ± 7.9  54.8 ± 5.7  202  57.3 ± 7.8  54.5 ± 4.7 

≥1.0 95  55.0 ± 6.2  53.9 ± 5.1  97  56.8 ± 7.4  54.6 ± 4.9 

P-trend   0.73  0.67    0.17  0.34 

            

Time spent watching television / 

playing video games, h/wk 

    

 

   

 

 

 

<10 124  54.7 ± 6.4  53.7 ± 4.8  155  55.7 ± 6.6  53.9 ± 4.3 

10 to <20 108  55.9 ± 7.3  54.8 ± 5.4  171  56.3 ± 7.4  54.6 ± 4.7 

20 to <30 110  54.8 ± 6.2  53.5 ± 5.0  125  57.0 ± 8.0  54.3 ± 4.6 

≥30 104  57.2 ± 8.5  55.2 ± 5.3  116  58.0 ± 7.8  55.2 ± 5.1 

P-trend   0.04  0.12    0.008  0.04 

            

Time playing outdoors, h/wk            

<1.5 53  56.9 ± 8.6  55.6 ± 6.2  109  56.9 ± 7.6  54.9 ± 5.2 

1.5 to <4.5 82  54.1 ± 5.9  53.8 ± 5.1  113  56.9 ± 7.6  54.4 ± 4.6 

4.5 to <10 97  54.8 ± 6.0  53.1 ± 3.8  94  56.4 ± 6.8  53.8 ± 4.3 

≥10 96  56.3 ± 8.1  54.3 ± 4.9  86  56.1 ± 7.4  54.4 ± 4.9 

P-trend   0.79  0.26    0.40  0.30 
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 Boys  Girls 

 

n1  

Aggressive 

Behavior2  

Rule 

Breaking 

Behavior2  n  

Aggressive 

Behavior  

Rule 

Breaking 

Behavior 

            

Mother’s education, y            

Incomplete primary, 1-4  24  57.5 ± 8.5  53.6 ± 4.9  34  55.3 ± 6.0  54.9 ± 4.6 

Complete primary, 5  76  55.0 ± 7.0  54.7 ± 5.4  109  57.1 ± 7.1  55.1 ± 5.1 

Incomplete secondary, 6-10  114  55.6 ± 7.1  54.1 ± 4.6  135  56.3 ± 7.3  53.9 ± 4.5 

Complete secondary, 11  190  55.8 ± 7.3  54.3 ± 5.4  242  57.1 ± 7.9  54.4 ± 4.7 

University, >11  42  54.9 ± 6.3  53.6 ± 4.9  41  55.5 ± 6.6  53.9 ± 3.8 

P-trend   0.69  0.75    0.80  0.16 

            

Mother’s parity            

1 47  56.0 ± 8.2  53.6 ± 4.9  69  57.0 ± 7.1  53.7 ± 4.5 

2 182  55.3 ± 6.9  54.1 ± 5.3  198  56.0 ± 7.3  54.5 ± 5.0 

3 132  55.9 ± 7.5  54.4 ± 5.1  184  57.1 ± 7.5  54.5 ± 4.6 

4 45  54.0 ± 4.2  52.9 ± 3.7  66  56.6 ± 8.2  54.6 ± 4.4 

≥5 40  57.4 ± 8.5  56.1 ± 5.6  50  57.1 ± 6.9  54.4 ± 4.2 

P-trend   0.60  0.17    0.51  0.45 

            

Mother’s height quartile (median), 

cm    

 

 

 

   

 

 

Q1, (150) 113  54.9 ± 6.7  53.9 ± 4.7  140  58.3 ± 8.4  55.0 ± 5.2 

Q2, (155) 121  56.1 ± 7.1  54.3 ± 4.8  160  56.7 ± 7.1  54.4 ± 4.9 

Q3, (160) 101  55.9 ± 7.7  54.0 ± 5.4  126  56.8 ± 7.4  54.4 ± 4.4 

Q4, (165) 113  55.6 ± 7.3  54.7 ± 5.7  144  55.1 ± 6.2  53.7 ± 4.0 

P-trend   0.56  0.39    0.0005  0.02 

              

Mother’s BMI, kg/m2              

<18.5 19  57.1 ± 8.5  56.1 ± 6.7  16  53.7 ± 3.0  52.8 ± 2.4 

18.5 to <25.0 261  55.7 ± 7.4  54.3 ± 5.2  364  56.8 ± 7.7  54.5 ± 4.8 

25.0 to <30.0 135  54.9 ± 6.4  53.8 ± 4.6  146  56.7 ± 6.9  54.1 ± 4.0 

≥30.0 30  57.0 ± 8.3  54.8 ± 5.8  39  58.1 ± 7.7  55.6 ± 5.9 

P-trend   0.71  0.39    0.20  0.31 

            

Food insecurity            

None 119  54.8 ± 6.4  53.3 ± 4.6  135  57.4 ± 8.2  54.4 ± 4.6 

Insecure – no hunger 222  55.8 ± 7.5  54.6 ± 5.4  283  56.3 ± 7.4  54.5 ± 4.9 

Insecure – moderate hunger 78  56.0 ± 7.2  54.4 ± 5.2  98  57.3 ± 7.1  54.4 ± 4.4 

Insecure – severe hunger 38  55.9 ± 6.8  54.8 ± 5.1  66  55.8 ± 6.4  54.1 ± 4.4 

P-trend   0.24  0.07    0.33  0.61 

            

Socioeconomic status            

1 (lowest) 27  56.5 ± 8.4  55.3 ± 5.4  33  54.2 ± 5.6  52.2 ± 2.9 

2 137  56.5 ± 7.7  54.1 ± 5.1  180  57.5 ± 7.4  55.1 ± 4.8 

3 258  55.1 ± 6.7  54.3 ± 5.1  332  56.7 ± 7.7  54.3 ± 4.6 

4 36  55.0 ± 6.4  53.8 ± 5.1  39  54.9 ± 5.7  54.2 ± 4.8 

P-trend   0.09  0.52    0.71  0.81 

            

Micronutrient status             

Iron deficiency5            

Yes 14  59.4 ± 9.9  56.0 ± 4.0  15  56.5 ± 8.3  53.5 ± 5.7 

No 400  55.6 ± 7.2  54.3 ± 5.3  489  56.7 ± 7.4  54.5 ± 4.6 

P6   0.14  0.11    0.93  0.48 
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 Boys  Girls 

 

n1  

Aggressive 

Behavior2  

Rule 

Breaking 

Behavior2  n  

Aggressive 

Behavior  

Rule 

Breaking 

Behavior 

            

Anemia7            

Yes 10  59.9 ± 7.0  55.6 ± 4.1  18  53.8 ± 6.9  51.7 ± 2.2 

No 413  55.6 ± 7.3  54.3 ± 5.2  498  56.8 ± 7.5  54.6 ± 4.8 

P   0.04  0.30    0.06  <0.0001 

            

Serum zinc quartile (median 

boys/girls), µmol/L 

  

 

 

 

   

 

 

 

Q1, (15.3/15.1) 106  55.7 ± 6.9  54.3 ± 5.7  127  57.3 ± 8.2  54.8 ± 5.1 

Q2, (18.6/18.2) 104  55.6 ± 6.8  54.3 ± 5.0  128  56.8 ± 7.1  54.7 ± 4.6 

Q3, (22.1/22.3) 104  55.5 ± 8.0  54.4 ± 5.2  127  56.4 ± 7.3  54.1 ± 4.4 

Q4, (30.7/29.6) 107  56.1 ± 7.5  54.4 ± 5.1  128  56.4 ± 7.6  54.5 ± 4.7 

P-trend   0.67  0.84    0.29  0.47 

            

Vitamin A, µg/dL            

<20 63  57.0 ± 8.6  55.3 ± 5.9  76  56.6 ± 7.6  54.7 ± 4.6 

20-29.9 188  55.6 ± 6.8  53.9 ± 4.8  211  56.2 ± 7.5  54.3 ± 4.7 

≥30 173  55.4 ± 7.2  54.4 ± 5.3  228  57.2 ± 7.5  54.7 ± 4.7 

P-trend   0.20  0.56    0.30  0.75 

            

Plasma vitamin B-12 quartile 

(median boys/girls), pmol/L 

  

 

 

 

   

 

 

 

Q1, (204/218) 105  57.6 ± 8.3  54.7 ± 5.4  123  57.1 ± 8.3  54.7 ± 5.0 

Q2, (278/303) 100  55.1 ± 7.3  54.2 ± 5.3  122  57.3 ± 8.0  54.7 ± 4.8 

Q3, (345/363) 104  55.2 ± 6.6  55.1 ± 5.6  123  55.6 ± 6.1  54.4 ± 4.8 

Q4, (450/452) 103  55.3 ± 6.7  53.6 ± 4.6  124  56.9 ± 7.4  54.3 ± 4.1 

P-trend   0.03  0.26    0.46  0.38 

            

Erythrocyte folate quartile (median 

boys/girls), nmol/L    

 

 

 

   

 

 

Q1, (633/573) 100  54.8 ± 6.0  53.7 ± 4.5  123  57.3 ± 7.5  54.3 ± 4.5 

Q2, (759/735) 102  55.9 ± 8.3  54.4 ± 5.1  124  56.3 ± 7.7  54.2 ± 4.8 

Q3, (898/874) 101  56.3 ± 7.7  54.9 ± 6.0  124  56.8 ± 8.0  54.8 ± 4.7 

Q4, (1122/1062) 101  55.6 ± 6.7  54.1 ± 4.9  124  56.9 ± 7.2  54.8 ± 4.9 

P-trend   0.33  0.43    0.85  0.26 
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Footnotes to Supplemental Table 2.1 

 

1  Sums may be less than the total due to missing values in covariates. 

2  Mean ± SD 

3  Test for linear trend when a variable representing ordinal categories of the characteristic was 

introduced into a linear regression model as a continuous predictor.  Empirical estimates of the 

variance were used in all models.  

4  According to the World Health Organization growth reference for children and adolescents 

(34). 

5  Plasma ferritin concentration <15 µg/L. 13 children with CRP >10 mg/L were excluded from 

the analysis.  

6  From linear regression with externalizing problems subscales score as the continuous outcome 

and the nutrient biomarker as the categorical predictor.   

7  Hemoglobin <12.7 g/dL. 
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Supplemental Table 2.2. Sociodemographic characteristics and micronutrient status in middle childhood and internalizing problems 

subscales score at 11-18 years of age in the Bogotá School Children Cohort 

 Boys  Girls 

 

n1  

Anxious/ 

Depressed2  

Withdrawn 

/Depressed2  

Somatic 

Complaints2  n  

Anxious/ 

Depressed  

Withdrawn 

/Depressed  

Somatic 

Complaints 

                

Overall 458  55.7 ± 6.5  55.4 ± 6.1  56.1 ± 6.6  584  55.7 ± 7.0  55.8 ± 6.7  57.6 ± 7.8 

                

Sociodemographic characteristic                

Child’s age at baseline, y                

5-6 100  56.4 ± 7.4  55.4 ± 6.9  56.3 ± 6.5  122  54.6 ± 6.3  54.6 ± 6.0  56.9 ± 7.6 

7-8 168  55.8 ± 6.8  55.2 ± 5.9  56.2 ± 7.0  216  56.1 ± 7.6  55.8 ± 6.4  57.3 ± 7.6 

9-10 176  55.5 ± 5.7  55.7 ± 5.9  56.0 ± 6.3  221  55.6 ± 6.4  56.1 ± 7.0  58.1 ± 8.0 

11-12 14  52.4 ± 3.7  52.9 ± 3.7  54.9 ± 6.1  25  59.1 ± 8.2  59.5 ± 7.8  59.1 ± 8.7 

P-trend3   0.07  0.90  0.53    0.04  0.003  0.10 

                

Child’s age at assessment, y                

<12 41  57.7 ± 8.4  55.3 ± 6.4  56.7 ± 7.1  47  54.6 ± 5.7  54.3 ± 5.2  56.6 ± 6.9 

12-13 103  54.5 ± 6.3  54.2 ± 6.4  55.4 ± 6.2  137  54.2 ± 6.5  54.1 ± 5.1  56.3 ± 7.8 

14-15 195  55.5 ± 6.3  55.7 ± 5.7  56.4 ± 6.7  248  56.0 ± 7.1  56.4 ± 7.2  58.1 ± 7.6 

>15 119  56.4 ± 6.0  55.8 ± 6.3  56.0 ± 6.6  152  56.9 ± 7.2  57.0 ± 7.0  58.1 ± 8.4 

P-trend   0.77  0.17  0.96    0.0004  <0.0001  0.04 

                

Height-for-age Z score4 at baseline                

<-2.0  40  55.6 ± 6.1  54.9 ± 6.1  56.0 ± 7.7  58  55.4 ± 6.6  55.7 ± 7.3  55.8 ± 6.3 

-2.0 to <-1.0 145  56.0 ± 6.8  55.4 ± 6.3  55.7 ± 6.2  186  55.1 ± 6.5  55.3 ± 6.2  57.6 ± 7.9 

-1.0 to <0.0 166  55.5 ± 6.6  55.2 ± 5.6  56.3 ± 6.6  210  55.9 ± 7.0  56.2 ± 7.0  58.3 ± 8.4 

≥0.0 92  55.6 ± 6.3  56.0 ± 6.6  56.7 ± 6.9  122  56.5 ± 7.6  56.2 ± 6.6  57.4 ± 7.3 

P-trend   0.74  0.42  0.32    0.11  0.28  0.23 

                

BMI-for-age Z score4 at baseline                

<-1.0  58  55.5 ± 6.6  55.0 ± 5.1  55.9 ± 6.6  76  54.1 ± 4.6  54.7 ± 6.1  55.5 ± 6.0 

-1.0 to <0.0 137  56.1 ± 7.2  55.4 ± 6.1  56.3 ± 6.6  200  55.8 ± 7.5  55.7 ± 6.9  57.4 ± 7.9 

0.0 to <1.0 152  55.4 ± 6.2  55.7 ± 6.6  56.1 ± 7.0  202  56.3 ± 7.1  56.3 ± 6.5  58.2 ± 8.1 

≥1.0 95  55.5 ± 5.9  55.2 ± 6.0  56.1 ± 6.2  97  55.7 ± 7.0  56.2 ± 7.1  58.5 ± 8.3 

P-trend   0.64  0.82  0.98    0.08  0.09  0.008 
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 Boys  Girls 

 

n1  

Anxious/ 

Depressed2  

Withdrawn 

/Depressed2  

Somatic 

Complaints2  n  

Anxious/ 

Depressed  

Withdrawn 

/Depressed  

Somatic 

Complaints 

                

Time spent watching television / 

playing video games, h/wk 

  

 

 

 

 

 

   

 

 

 

 

 

<10 124  56.0 ± 6.9  55.1 ± 5.8  56.8 ± 7.2  155  55.0 ± 5.5  55.4 ± 6.1  56.8 ± 7.0 

10 to <20 108  55.0 ± 6.0  55.1 ± 5.2  55.2 ± 6.4  171  55.6 ± 7.4  55.7 ± 6.8  57.5 ± 8.3 

20 to <30 110  55.7 ± 6.8  55.7 ± 6.7  56.7 ± 6.8  125  56.0 ± 7.5  55.4 ± 6.4  57.5 ± 7.7 

≥30 104  56.0 ± 6.2  55.6 ± 6.5  55.9 ± 5.8  116  56.0 ± 6.8  56.3 ± 6.7  58.7 ± 8.3 

P-trend   0.84  0.36  0.66    0.14  0.36  0.07 

                

Time playing outdoors, h/wk                

<1.5 53  55.5 ± 6.1  55.0 ± 5.8  55.8 ± 6.1  109  56.4 ± 7.0  56.5 ± 6.9  58.5 ± 8.1 

1.5 to <4.5 82  56.2 ± 7.6  55.2 ± 5.6  56.1 ± 6.4  113  55.7 ± 7.0  55.6 ± 6.0  56.4 ± 7.2 

4.5 to <10 97  55.3 ± 6.5  55.3 ± 5.8  56.6 ± 6.7  94  55.7 ± 7.7  55.1 ± 6.3  57.2 ± 7.3 

≥10 96  55.1 ± 5.7  54.5 ± 5.9  55.9 ± 7.1  86  55.2 ± 6.7  55.2 ± 5.8  57.1 ± 8.0 

P-trend   0.40  0.58  0.90    0.24  0.11  0.34 

                

Mother’s education, y                

Incomplete primary, 1-4  24  56.4 ± 6.4  56.4 ± 5.8  56.7 ± 6.0  34  56.2 ± 7.4  57.2 ± 8.2  59.7 ± 8.5 

Complete primary, 5  76  55.0 ± 6.4  54.5 ± 5.1  56.0 ± 6.7  109  55.8 ± 6.6  56.4 ± 6.7  58.1 ± 8.4 

Incomplete secondary, 6-10  114  55.5 ± 6.2  55.5 ± 6.1  56.2 ± 6.8  135  56.2 ± 7.2  55.8 ± 6.5  57.5 ± 7.6 

Complete secondary, 11  190  56.2 ± 6.9  55.6 ± 6.6  56.2 ± 6.7  242  55.6 ± 7.2  55.6 ± 6.8  57.5 ± 7.9 

University, >11  42  54.9 ± 5.3  54.8 ± 5.3  56.1 ± 6.2  41  53.7 ± 5.0  54.9 ± 5.7  55.3 ± 4.9 

P-trend   0.80  0.88  0.91    0.17  0.09  0.03 

                

Mother’s parity                

1 47  56.4 ± 7.3  56.5 ± 7.1  56.5 ± 7.0  69  56.5 ± 8.3  56.9 ± 8.3  57.6 ± 6.9 

2 182  55.6 ± 6.1  55.4 ± 6.1  56.3 ± 6.5  198  55.3 ± 6.9  55.5 ± 6.7  57.4 ± 7.2 

3 132  56.0 ± 7.0  55.4 ± 5.8  56.2 ± 7.0  184  55.9 ± 6.6  56.0 ± 6.1  57.6 ± 8.3 

4 45  54.2 ± 5.3  54.4 ± 5.3  55.1 ± 5.1  66  55.9 ± 7.3  56.3 ± 6.7  59.1 ± 9.0 

≥5 40  56.1 ± 6.9  55.0 ± 6.1  56.7 ± 7.1  50  55.5 ± 6.1  54.9 ± 6.3  56.4 ± 7.9 

P-trend   0.59  0.20  0.73    0.84  0.46  0.96 
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 Boys  Girls 

 

n1  

Anxious/ 

Depressed2  

Withdrawn 

/Depressed2  

Somatic 

Complaints2  n  

Anxious/ 

Depressed  

Withdrawn 

/Depressed  

Somatic 

Complaints 

Mother’s height quartile (median), 

cm    

 

 

 

 

 

   

 

 

 

 

Q1, (150) 113  56.0 ± 6.5  54.9 ± 5.6  56.0 ± 6.2  140  56.6 ± 7.7  56.7 ± 7.8  58.6 ± 9.2 

Q2, (155) 121  56.2 ± 7.4  56.2 ± 6.9  56.7 ± 6.7  160  55.4 ± 6.5  55.9 ± 6.4  56.9 ± 7.5 

Q3, (160) 101  55.2 ± 5.5  55.3 ± 6.0  56.2 ± 6.8  126  55.7 ± 6.4  56.1 ± 6.7  57.8 ± 7.8 

Q4, (165) 113  55.6 ± 6.3  55.1 ± 5.7  55.7 ± 6.8  144  54.9 ± 6.8  54.6 ± 5.3  56.8 ± 6.6 

P-trend   0.48  0.87  0.61    0.08  0.02  0.13 

                

Mother’s BMI, kg/m2                

<18.5 19  57.0 ± 6.0  55.4 ± 5.2  56.5 ± 8.2  16  52.8 ± 2.4  53.6 ± 3.9  54.8 ± 5.3 

18.5 to <25.0 261  55.9 ± 6.8  55.5 ± 6.2  56.2 ± 6.9  364  55.7 ± 7.1  55.8 ± 6.7  57.4 ± 7.8 

25.0 to <30.0 135  55.4 ± 6.3  55.4 ± 6.2  56.0 ± 5.9  146  55.4 ± 6.6  55.8 ± 6.7  57.3 ± 7.0 

≥30.0 30  55.8 ± 5.5  55.2 ± 5.3  56.3 ± 6.8  39  57.2 ± 6.7  56.8 ± 6.8  60.6 ± 10.2 

P-trend   0.42  0.83  0.88    0.20  0.27  0.06 

                

Food insecurity                

None 119  55.1 ± 6.0  54.9 ± 5.5  55.5 ± 6.0  135  56.6 ± 8.0  56.3 ± 6.8  58.3 ± 8.1 

Insecure – no hunger 222  55.7 ± 6.7  55.4 ± 6.0  56.6 ± 6.8  283  55.5 ± 7.0  55.8 ± 6.9  57.8 ± 8.2 

Insecure – moderate hunger 78  56.4 ± 6.7  56.4 ± 7.5  56.2 ± 6.9  98  55.9 ± 6.5  55.9 ± 6.9  57.3 ± 6.4 

Insecure – severe hunger 38  55.8 ± 5.9  54.2 ± 4.7  55.1 ± 6.1  66  54.5 ± 5.0  54.7 ± 5.1  55.8 ± 7.3 

P-trend   0.26  0.69  0.95    0.08  0.11  0.03 

                

Socioeconomic status                

1 (lowest) 27  58.5 ± 9.7  55.5 ± 7.2  56.4 ± 6.5  33  53.6 ± 5.7  53.3 ± 4.5  56.4 ± 6.9 

2 137  56.3 ± 7.0  55.8 ± 6.0  57.2 ± 7.6  180  55.9 ± 6.9  56.4 ± 7.1  57.5 ± 7.8 

3 258  55.2 ± 5.8  55.2 ± 5.9  55.6 ± 6.1  332  55.7 ± 7.0  55.8 ± 6.6  57.8 ± 8.0 

4 36  55.1 ± 6.1  54.7 ± 6.5  55.3 ± 5.0  39  56.6 ± 8.0  55.5 ± 6.2  57.4 ± 6.8 

P-trend   0.03  0.35  0.04    0.21  0.58  0.50 

                

Micronutrient status                 

Iron deficiency5                

Yes 14  60.4 ± 8.6  56.6 ± 6.8  61.4 ± 8.5  15  54.3 ± 6.9  52.9 ± 2.9  58.3 ± 6.9 

No 400  55.6 ± 6.5  55.4 ± 6.1  56.1 ± 6.6  489  55.9 ± 7.0  55.9 ± 6.6  57.6 ± 8.0 

P6   0.03  0.49  0.02    0.37  0.0002  0.67 
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 Boys  Girls 

 

n1  

Anxious/ 

Depressed2  

Withdrawn 

/Depressed2  

Somatic 

Complaints2  n  

Anxious/ 

Depressed  

Withdrawn 

/Depressed  

Somatic 

Complaints 

Anemia7                

Yes 10  59.8 ± 6.2  55.1 ± 5.2  61.0 ± 8.0  18  55.1 ± 8.6  54.1 ± 6.2  57.4 ± 6.4 

No 413  55.6 ± 6.6  55.4 ± 6.1  56.1 ± 6.6  498  55.9 ± 7.0  55.9 ± 6.5  57.7 ± 8.0 

P   0.03  0.87  0.04    0.68  0.21  0.83 

                

Serum zinc quartile (median 

boys/girls), µmol/L 

  

 

 

 

 

 

   

 

 

 

 

 

Q1, (15.3/15.1) 106  56.1 ± 5.8  55.3 ± 6.4  56.3 ± 7.1  127  56.2 ± 7.1  55.8 ± 6.4  58.3 ± 8.4 

Q2, (18.6/18.2) 104  55.2 ± 6.1  55.0 ± 5.2  55.1 ± 5.6  128  55.5 ± 6.5  55.4 ± 5.7  57.9 ± 8.6 

Q3, (22.1/22.3) 104  56.1 ± 7.7  55.9 ± 7.4  56.4 ± 6.9  127  56.3 ± 7.3  56.4 ± 7.4  57.3 ± 7.6 

Q4, (30.7/29.6) 107  55.7 ± 6.8  55.3 ± 5.3  56.9 ± 7.1  128  55.3 ± 6.9  55.6 ± 6.6  57.3 ± 7.3 

P-trend   0.98  0.71  0.31    0.53  0.88  0.26 

                

Vitamin A, µg/dL                

<20 63  56.9 ± 7.7  56.7 ± 7.0  57.3 ± 7.1  76  55.5 ± 7.2  55.0 ± 6.4  56.8 ± 7.0 

20-29.9 188  55.8 ± 6.7  55.4 ± 6.3  56.1 ± 6.1  211  55.5 ± 7.1  55.9 ± 6.8  57.7 ± 8.4 

≥30 173  55.3 ± 6.0  54.9 ± 5.5  56.0 ± 7.1  228  56.3 ± 6.9  56.0 ± 6.3  58.0 ± 8.0 

P-trend   0.13  0.06  0.28    0.26  0.26  0.28 

                

Plasma vitamin B-12 quartile 

(median boys/girls), pmol/L 

  

 

 

 

 

 

   

 

 

 

 

 

Q1, (204/218) 105  56.6 ± 7.9  55.2 ± 7.1  57.3 ± 7.8  123  55.5 ± 6.5  55.9 ± 6.7  57.8 ± 7.7 

Q2, (278/303) 100  55.1 ± 5.8  55.4 ± 5.7  54.9 ± 5.8  122  56.5 ± 7.1  56.5 ± 6.8  57.6 ± 8.2 

Q3, (345/363) 104  55.8 ± 6.3  55.4 ± 5.8  56.4 ± 6.6  123  55.4 ± 7.7  55.4 ± 6.5  57.2 ± 8.2 

Q4, (450/452) 103  55.7 ± 6.3  55.7 ± 6.0  56.3 ± 6.4  124  55.9 ± 6.4  55.7 ± 6.2  58.0 ± 7.8 

P-trend   0.49  0.61  0.60    0.99  0.47  0.97 

                

Erythrocyte folate quartile (median 

boys/girls), nmol/L    

 

 

 

 

 

   

 

 

 

 

Q1, (633/573) 100  54.6 ± 6.0  55.1 ± 6.2  55.4 ± 6.1  123  56.4 ± 7.9  55.9 ± 7.1  57.5 ± 8.5 

Q2, (759/735) 102  56.2 ± 7.3  54.8 ± 6.4  57.0 ± 7.4  124  54.7 ± 6.0  55.4 ± 6.0  57.2 ± 7.4 

Q3, (898/874) 101  56.0 ± 6.5  55.4 ± 5.8  56.4 ± 7.2  124  56.7 ± 7.5  56.0 ± 6.3  58.1 ± 8.0 

Q4, (1122/1062) 101  55.9 ± 6.1  56.3 ± 6.2  56.0 ± 5.9  124  55.5 ± 6.4  55.9 ± 6.7  58.1 ± 8.1 

P-trend   0.19  0.14  0.62    0.80  0.86  0.42 
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Footnotes to Supplemental Table 2.2 

 

1  Sums may be less than the total due to missing values in covariates. 

 

2  Mean ± SD 

 

3  Test for linear trend when a variable representing ordinal categories of the characteristic was 

introduced into a linear regression model as a continuous predictor.  Empirical estimates of the 

variance were used in all models.  

 

4  According to the World Health Organization growth reference for children and adolescents 

(34). 

 

5  Plasma ferritin concentration <15 µg/L. 13 children with CRP >10 mg/L were excluded from 

the analysis.  

 

6  From linear regression with internalizing problems subscales score as the continuous outcome 

and the nutrient biomarker as the categorical predictor.   

 

7  Hemoglobin <12.7 g/dL.
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Supplemental Table 2.3. Sociodemographic characteristics in middle childhood and in 

adolescence in the Bogotá School Children Cohort 

Characteristic n 
Middle 

childhood  Adolescence  
P1 

       

Single mother, % 902 25.5  28.1  0.05 

       

Mother’s education, y, mean ± SD 882  9.0 ± 3.2   9.5 ± 3.5  <0.0001 

       

Mother’s parity, mean ± SD 917  2.7 ± 1.1   2.8 ± 1.1  <0.0001 

       

Mother’s BMI, kg/m2, mean ± SD 836  24.1 ± 3.7   25.6 ± 4.1  <0.0001 

       

Food secure, % 983 24.8  51.0  <0.0001 

       

Low socioeconomic status (strata 1), % 966 5.6  5.7  0.84 
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Footnotes to Supplemental Table 2.3 

 

1   From an intercept-only linear regression model with change in the covariate as the outcome. 

Empirical estimates of the variance and an independent correlation matrix were specified in all 

models. 
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Supplemental Table 2.4. Change in sociodemographic characteristics from middle childhood to 

adolescence and behavior problems in adolescence in the Bogotá School Children Cohort 

Characteristic 

 Total 

externalizing 

problems 

Mean difference 

(95% CI)1 

 Total 

internalizing 

problems 

Mean difference 

(95% CI) 1 

 
   

      

Mother became single, yes vs. no                         

Boys  -1.3 (-4.6, 2.0)  -0.7 (-3.7, 2.3)  

Girls  0.0 (-3.3, 3.2)  -0.9 (-3.7, 2.0)  

      

Change in mother’s education, per 1 year      

Boys  0.0 (-0.4, 0.4)  0.0 (-0.5, 0.4)  

Girls  -0.3 (-0.7, 0.1)  -0.4 (-0.8, 0.0)  

      

Change in mother’s parity, per 1 child      

Boys  1.5 (-0.4, 3.4)  0.8 (-0.8, 2.4)  

Girls  -0.2 (-2.3, 2.0)  0.2 (-2.3, 2.6)  

      

Change in mother’s BMI, per kg/m2      

Boys  0.3 (-0.1, 0.6)  0.0 (-0.4, 0.3)  

Girls  -0.2 (-0.6, 0.1)  0.0 (-0.3, 0.3)  

      

Household became food secure, yes vs. no      

Boys  -1.0 (-2.9, 1.0)  -0.6 (-2.5, 1.4)  

Girls  -0.5 (-2.2, 1.3)  0.6 (-1.2, 2.4)  
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Footnotes to Supplemental Table 2.4 

 

1  From a linear regression model with behavior problems score as the continuous outcome and 

change in the covariate as the exposure. Empirical estimates of the variance and an independent 

correlation matrix were specified in all models. 
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Supplemental Figure 2.1. Adjusted mean differences and 95% confidence intervals (CI) in externalizing problems subscale score (A. 

aggressive behavior scores and B. rule breaking behavior scores) at 11-18 years of age according to micronutrient status and 

sociodemographic characteristics in middle childhood in the Bogotá School Children Cohort.  

A.  Aggressive behavior scores 
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B. Rule breaking behavior scores 
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Footnotes to Supplemental Figure 2.1 

 

1  Adjusted mean difference and 95% CI from a linear regression model with aggressive behavior 

score as the continuous outcome.  Predictors included all variables presented.  Empirical 

variances were specified.   

 

2  χ2 score statistic for plasma vitamin B-12, child’s age at baseline, BMI-for-age Z score at 

baseline, time spent watching television/playing video games, and mother’s BMI. Test for linear 

trend for mother’s height quartile. 

 

3  According to the World Health Organization growth reference for children and adolescents 

(34). 

 

4  Adjusted mean difference and 95% CI from a linear regression model with rule breaking 

behavior score as the continuous outcome.  Predictors included all variables presented.  

Empirical variances were specified.   

 

5  χ2 score statistic for anemia, child’s age at baseline, time spent watching television/playing 

video games, and socioeconomic status. Test for linear trend for height-for-age Z score at 

baseline and mother’s height quartile. 

 

6  Hemoglobin <12.7 g/dL.
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Supplemental Figure 2.2. Adjusted mean differences and 95% confidence intervals (CI) in internalizing problems subscale score (A. 

anxious/depressed scores, B. withdrawn/depressed scores, and C. somatic complaints scores) at 11-18 years of age according to 

micronutrient status and sociodemographic characteristics in middle childhood in the Bogotá School Children Cohort.   

 

A.  Anxious/depressed scores 
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B.  Withdrawn/depressed scores   
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C. Somatic complaints scores 
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Footnotes to Supplemental Table 2.2 

 

1  Adjusted mean difference and 95% CI from a linear regression model with anxious/depressed 

behavior score as the continuous outcome.  Predictors included all variables presented.  

Empirical variances were specified.   

 

2  χ2 score statistic for iron deficiency, anemia, child’s age at baseline, BMI-for-age Z score at 

baseline, and socioeconomic status. Test for linear trend for mother’s height quartile and food 

insecurity in the household. 

 

3  Plasma ferritin concentration <15 µg/L. 13 children with CRP >10 mg/L were excluded from 

the analysis. 

 

4  Hemoglobin <12.7 g/dL. 

 

5  According to the World Health Organization growth reference for children and adolescents 

(34). 

 

6  Adjusted mean difference and 95% CI from a linear regression model with 

withdrawn/depressed score as the continuous outcome.  Predictors included all variables 

presented.  Empirical variances were specified.   
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7  χ2 score statistic for iron deficiency, child’s age at baseline, BMI-for-age Z score at baseline, 

and socioeconomic status. Test for linear trend for mother’s height quartile. 

 

8  Adjusted mean difference and 95% CI from a linear regression model with somatic complaints 

score as the continuous outcome.  Predictors included all variables presented.  Empirical 

variances were specified.   

 

9  χ2 score statistic for iron deficiency, anemia, plasma vitamin B-12, child’s age at baseline, 

BMI-for-age Z score at baseline, and socioeconomic status. Test for linear trend for mother’s 

education, mother’s height quartile, and food insecurity in the household.



84 

 

Supplemental Figure 2.3. Adjusted mean differences and 95% confidence intervals (CI) in though problems subscale score at 11-18 

years of age according to micronutrient status and sociodemographic characteristics in middle childhood in the Bogotá School 

Children Cohort 
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Footnotes to Supplemental Table 2.3 

 

1  Adjusted mean difference and 95% CI from a linear regression model with thought problems 

score as the continuous outcome.  Predictors included all variables presented.  Empirical 

variances were specified.   

 

2  χ2 score statistic for iron deficiency, anemia, child’s age at baseline, BMI-for-age Z score at 

baseline, mother’s BMI, and socioeconomic status. Test for linear trend for mother’s height 

quartile and food insecurity in the household. 

 

3  Plasma ferritin concentration <15 µg/L. 13 children with CRP >10 mg/L were excluded from 

the analysis. 

 

4  Hemoglobin <12.7 g/dL. 

 

5  According to the World Health Organization growth reference for children and adolescents 

(34). 
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Chapter 3. Vitamin D Deficiency and Vitamin D Binding Protein in Middle Childhood         

and Behavior Problems in Adolescence 

Abstract 

Vitamin D deficiency (VDD) is associated with adverse psychiatric outcomes in adults. 

Vitamin D binding protein (DBP) transports vitamin D to target tissues and may influence 

vitamin D status. It is uncertain whether VDD or DBP in middle childhood are associated with 

later behavior problems. We examined whether VDD (25-hydroxy vitamin D <50 nmol/L) or 

low DBP concentration (<2497 nmol/L) at ages 5-12 y were associated with total externalizing 

and internalizing behavior problems and their subscales, after a median 6 y among 278 

schoolchildren from Bogotá, Colombia. Behavior problems were assessed with the Youth Self-

Report. We estimated mean problems score differences and 95% CIs between exposure 

categories with the use of multivariable linear regression. The percent of the associations 

between DBP and behavior problems mediated through VDD was assessed under the 

assumptions of a counterfactual frame. Mean ± SD externalizing and internalizing problems 

scores were 53.2 ± 9.5 and 53.7 ± 9.8, respectively. Prevalence of VDD was 10.3%. VDD was 

associated with an adjusted 3.8 (95% CI 0.7, 7.0; P=0.02) units higher total externalizing 

problems. Low DBP concentration was related to an adjusted 1.8 (95% CI 0.1, 3.6; P=0.04) and 

2.1 (95% CI 0.6, 3.6; P=0.006) units higher aggressive behavior and anxious/depressed scores, 

respectively. The associations between low DBP and behavior problems were not mediated 
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through VDD. VDD and low DBP in middle childhood are related to behavior problems in 

adolescence. 
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Introduction 

 Psychiatric disorders are the leading cause of years lived with disability worldwide. 

Vitamin D deficiency (VDD) is associated with depression in adults (1), but little is known about 

VDD during development. Externalizing and internalizing behavior problems in childhood and 

adolescence are related to psychiatric disorders later in life. Results of prospective studies on 

vitamin D in pregnancy and behavior problems of the offspring are inconsistent (2-4). Although 

the brain develops throughout childhood, only one study has investigated the relation of middle 

childhood vitamin D on behavior problems in adolescence. Among 2267 children in England, 

serum 25-hydroxy vitamin D [25(OH)D] was inversely associated with prosocial problems (5). 

Little else is known about vitamin D’s role in the development of adolescent behavior problems, 

which may predict adverse psychiatric outcomes in adults. 

Vitamin D binding protein (DBP) binds and transports vitamin D to target tissues. Extra-

hepatic synthesis of DBP has been demonstrated in hypothalamic regions that produce 

neurotransmitters involved in the stress response (6), which suggests a potential role of DBP on 

behavior. However, this association has not been investigated. 

The objective of this study was to examine the associations of VDD and circulating DBP 

in middle childhood with externalizing and internalizing behavior problems in adolescence. We 

hypothesized that VDD and low DBP concentration would be positively associated with 

behavior problems in adolescence.   

  



89 

 

Methods 

Study design and population 

We conducted this longitudinal investigation as part of the Bogota School Children 

Cohort, which has been detailed previously (7). In brief, in February 2006 we recruited 3202 

children aged 5-12 y through random selection from primary public schools in Bogotá, 

Colombia. At baseline, we obtained information on sociodemographic characteristics and health 

habits of children and their parents with the use of a parental self-administered survey. Trained 

research assistants measured the children’s height and weight and obtained fasting blood samples 

through antecubital venipuncture. Samples were protected from sunlight and transported on the 

day of collection to the Colombian National Institute of Health, where they were cyrostored.  

Between 2011-2015, we conducted an in-person follow-up assessment for a random 

sample of 1139 participants. During this assessment, we ascertained behavior problems with the 

Youth Self-Report (YSR) of the Child Behavior Checklist series. The YSR, a self-administered 

questionnaire validated for adolescents aged 11-18 y (8), consists of 112 questions on behaviors 

or feelings that adolescents may experience. It has been widely used in other Latin American 

settings (9). From the participants’ responses to the questionnaire, we computed sex- and age-

standardized continuous scores for 8 behavior problems subscales (aggressive and rule breaking 

behavior, anxious/depressed, withdrawn/depressed, somatic complaints, and attention, social, 

and thought problems) using the Assessment Data Manager software. The software then 

computed scores for total externalizing and internalizing problems composite scales, which are 

comprised of the aggressive and rule breaking behavior, and the anxious/depressed, 

withdrawn/depressed, and somatic complaints subscales, respectively.  
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 Primary caregivers gave written informed consent. Youth gave written assent to 

participate. The Ethics Committee of the National University of Colombia Medical School and 

the Institutional Review Board at the University of Michigan (UM) approved the study. 

Laboratory methods 

Plasma 25(OH)D was quantified in a random subset of the samples collected at 

recruitment at Children’s Hospital Boston by an enzyme immunoassay (Immunodiagnostic 

Systems Inc.) with a competitive binding technique (10). This validated method has a sensitivity 

of 2.5 ng/mL, and an inter- and intra-assay CV of 11.2% and 8.1%. Plasma DBP was measured 

with a Quantikine ELISA kit (R&D Systems, Inc.) that uses a monoclonal antibody specific to 

DBP at the Center for Chemical Genomics, UM. The mean CV for replicate measures was 

13.21%; individual sample CVs ranged from 0.02% to 33.05%. 

Data analysis 

278 children in the vitamin D subset completed the YSR. Five children who were not 11-

18 y old were excluded from the analyses; thus, the final sample consisted of 273 children. The 

primary outcomes were the continuous scores for total externalizing and internalizing problems. 

Secondary outcomes were the 8 behavior problems subscales scores. Primary exposures were 

VDD defined as plasma 25(OH)D <50 nmol/L, a cutpoint recommended by the United States 

Endocrine Society (11), and low plasma DBP defined as DBP below the population median 

(2497 nmol/L), since there are no conventionally accepted cutpoints.  

 In bivariate analysis, we compared the distributions of behavior problems scores across 

categories of VDD and low DBP with the use of the Wilcoxon rank-sum test. We then estimated 

mean adjusted differences and 95% CIs in behavior problems scores between exposure 

categories with the use of multivariable linear regression with empirical estimates of variance. 
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All models were adjusted for baseline age, sex, and time spent watching television/playing video 

games, which are independent predictors of behavior problems in this population (Robinson et 

al., accepted J Nutr). Estimates by VDD categories were additionally adjusted for low DBP, 

since DBP may influence 25(OH)D concentrations (12). In supplemental analyses, we calculated 

the proportion of the associations of low DBP with the outcomes that was mediated through 

VDD, assuming no unmeasured confounding and no effect of the exposure on confounders of the 

mediator-outcome relation, with use of the %mediation macro (13) for the Statistical Analysis 

System version 9.4 (SAS Institute Inc.).  
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Results 

Mean ± SD age at enrollment was 8.6 ± 1.6 y; 53.5% of children were girls. Mean ± SD 

age at the follow-up assessment was 14.7 ± 1.7 y. Mean ± SD externalizing and internalizing 

problems scores were 53.2 ± 9.5 and 53.7 ± 9.8, respectively. 

Vitamin D. Mean ± SD plasma 25(OH)D was 74.1 ± 25.8 nmol/L. VDD prevalence was 

10.3%. In bivariate analysis, VDD was positively associated with total externalizing problems, 

aggressive behavior, and rule breaking behavior scores (Table 1). After multivariable 

adjustment, children with VDD had 3.8 units (P=0.02) higher total externalizing problems scores 

compared with children without VDD. Total internalizing problems and subscale scores were 

higher in children with versus without VDD, but these differences were not statistically 

significant after adjustment. 

DBP. Mean ± SD DBP concentration was 2660 ± 1131 nmol/L. Low DBP concentration 

was associated with higher aggressive behavior scores in bivariate analysis (Table 2). In 

multivariable analysis, low DBP concentration was associated with higher aggressive behavior 

(P=0.04) and anxious/depressed (P=0.006) scores (Table 2).  

Mediation. Low DBP and VDD were weakly positively associated with each other; the 

prevalence of VDD in low and high DBP categories was 11.0% and 9.6%, respectively. VDD 

did not mediate the association between low DBP and total externalizing problems (% 

mediated=0.8) or aggressive behavior (% mediated=0.4) scores. 
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Discussion 

 In this longitudinal study, VDD in middle childhood was associated with higher total 

externalizing problems scores in adolescence. In addition, low DBP concentration was associated 

with higher aggressive behavior and anxious/depressed scores.  

 Previous studies focused on the potential effects of vitamin D status in pregnancy on 

behavior problems of the offspring. Early pregnancy 25(OH)D concentrations were inversely 

associated with externalizing problems in childhood (2), whereas late pregnancy 25(OH)D 

concentrations were not associated with behavior problems (3, 4). The potential effects of early 

pregnancy VDD on behavior could relate to altered brain morphology and neurotransmitter 

metabolism, which may impact inhibitory and social responses, according to studies in rodents 

(14). Only one previous investigation addressed the relation of vitamin D status in middle 

childhood and later behavior. Among 2267 English children, serum 25(OH)D at ages 7-9 y was 

inversely associated with prosocial problems at age 11 y (5). Follow-up was short; externalizing 

and internalizing problems often develop later in adolescence. Mechanisms by which VDD in 

middle childhood influences behavioral development may differ from those related to 

intrauterine exposure. During middle childhood, dopamine receptor density decreases, which 

may indicate synaptic pruning. VDD could influence this process by modifying the expression of 

glial cell line-derived neurotrophic factor, which promotes the survival of dopaminergic neurons. 

Dopamine regulates emotions and motivation, and thus alterations in the dopaminergic system 

may have long lasting impacts on behavior. 

In our study, low DBP concentration was associated with higher aggressive behavior and 

anxious/depressed scores. This is contrary to results from two case-control studies in adults in 

which major depressive disorder (MDD) was positively related to DBP concentration (15, 16). 
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Results may not be comparable due to reverse causation; MDD alters the inflammatory response, 

which may be associated with higher concentrations of DBP. Further, exposure in adulthood 

could have different effects than in middle childhood. Mechanisms that might explain this 

association are speculative as this association was not mediated by vitamin D. The functions of 

DBP in the innate immune response as a chemotaxic enhancer, a macrophage-activating factor, 

and through binding extracellular actin (17) could relate to behavior problems. 

 The strengths of our study include its prospective nature, which minimizes reverse 

causation bias. Further, the vitamin D biomarker we used integrates dietary and sunlight sources 

of the vitamin. We also tested a novel hypothesis on the potential role of DBP on behavioral 

development. Finally, we used a validated questionnaire to measure adolescent behavior 

problems (8).  

 There are limitations as well. We lacked a baseline measurement of behavior. Moreover, 

25(OH)D and DBP concentrations may reflect long-term exposure, rather than middle childhood 

exposure specifically. This limits our ability to identify target ages for intervention. Plasma DBP 

concentrations vary by isoform of the protein, determined by genetic variants in the GC gene. 

Among Hispanics, the predominant isoform is 1f/1f (34-35%), followed by 1s/2 (16-18%), 1s/1s 

(14-18%), 1f/2 (15-16%), 1f/1f (13-14%) and 2/2 (3-4%) (12, 18). If isoform distribution is 

related to behavior outcomes, our results may be confounded by genetics. Finally, the findings 

may not be generalizable to settings with higher or lower income populations or different 

nutritional profiles.  

 In conclusion, VDD and low DBP concentration in middle childhood were associated 

with behavior problems in adolescence. Additional studies in other populations with different 

distributions of vitamin D status and DBP are warranted.   
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Table 3.1. Youth Self-Report behavior scores at 11-18 y of age according to plasma 25-hydroxy 

vitamin D [25(OH)D] concentrations in middle childhood among children from Bogotá, 

Colombia 

Behavior problems1  Plasma 25(OH)D  P2  Adjusted 

difference  

(95% CI)3 
 ≥50 nmol/L 

n=245 

 <50 nmol/L 

n=28 

  

              

Externalizing problems              

Total   52.7 ± 9.6  57.4 ± 7.7  0.009  3.8 (0.7, 7.0) 

Aggressive behavior  56.1 ± 7.5  58.7 ± 7.9  0.03  2.2 (-0.9, 5.3) 

Rule breaking behavior  54.8 ± 5.4  56.6 ± 5.4  0.03  1.8 (-0.4, 3.9) 

              

Internalizing problems              

Total  53.4 ± 9.9  56.0 ± 8.3  0.22  2.7 (-0.5, 6.0) 

Anxious/depressed  55.5 ± 6.5  55.9 ± 7.1  0.80  0.6 (-2.2, 3.4) 

Withdrawn/depressed  55.3 ± 6.0  56.5 ± 7.1  0.32  1.4 (-1.4, 4.1) 

Somatic complaints  56.9 ± 7.6  58.5 ± 8.7  0.14  1.7 (-1.7, 5.2) 

              

Other problems              

Attention problems  52.4 ± 4.1  51.9 ± 2.6  0.83  -0.9 (-2.0, 0.2) 

Social problems  56.4 ± 6.9  56.2 ± 7.0  0.81  -0.4 (-3.0, 2.3) 

Thought problems  54.7 ± 5.8  55.5 ± 5.6  0.32  0.7 (-1.6, 3.0) 
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Footnotes to Table 3.1. 

 

1 Mean ± SD. 

 

2 From Wilcoxon rank-sum tests. 

 

3 From linear regression models with the behavior problems score as the continuous outcome. 

Predictors included indicator variables for VDD, sex, and low DBP, and baseline age and usual 

weekly hours spent watching television/playing video games as continuous. Empirical variances 

were specified in each model.   
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Table 3.2. Youth Self-Report behavior scores at 11-18 y of age according to plasma vitamin D 

binding protein (DBP) concentrations in middle childhood among children from Bogotá, 

Colombia 

 

Behavior problems1  Plasma DBP   P2  Adjusted 

difference 

(95% CI)3 
 ≥2497 nmol/L 

n=136 

 <2497 nmol/L 

n=137 

  

              

Externalizing problems              

Total   52.3 ± 9.1  54.0 ± 10.0  0.10  1.6 (-0.6, 3.8) 

Aggressive behavior  55.3 ± 6.9  57.3 ± 8.0  0.02  1.8 (0.1, 3.6) 

Rule breaking behavior  54.8 ± 5.3  55.2 ± 5.5  0.67  0.4 (-0.9, 1.7) 

              

Internalizing problems              

Total  53.1 ± 8.6  54.3 ± 10.9  0.16  1.5 (-0.8, 3.8) 

Anxious/depressed  54.6 ± 5.6  56.5 ± 7.2  0.07  2.1 (0.6, 3.6) 

Withdrawn/depressed  55.4 ± 5.8  55.5 ± 6.5  0.91  0.2 (-1.3, 1.6) 

Somatic complaints  56.4 ± 7.5  57.6 ± 7.9  0.21  1.3 (-0.5, 3.2) 

              

Other problems              

Attention problems  52.2 ± 3.9  52.6 ± 3.9  0.15  0.3 (-0.6, 1.3) 

Social problems  55.8 ± 6.0  57.0 ± 7.7  0.49  1.3 (-0.3, 2.9) 

Thought problems  54.2 ± 4.9  55.4 ± 6.5  0.23  1.3 (0.0, 2.7) 
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Footnotes to Table 3.2 

 

1 Mean ± SD. 

 

2 From Wilcoxon rank-sum tests. 

 

3 From linear regression models with the behavior problems score as the continuous outcome. 

Predictors included indicator variables for low DBP and sex, and baseline age and usual weekly 

hours spent watching television/playing video games as continuous. Empirical variances were 

specified in each model.   
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Chapter 4. Polyunsaturated Fatty Acids in Middle Childhood and                                

Externalizing and Internalizing Behavior Problems in Adolescence 

Abstract 

Long-chain omega-3 (n-3) and omega-6 (n-6) polyunsaturated fatty acids (PUFA) are essential 

for brain structural and functional development. It is unclear whether PUFA status in childhood 

could be related to neurobehavioral outcomes later in life. We sought to determine the 

associations of n-3 and n-6 PUFA in middle childhood with externalizing and internalizing 

behavior problems in adolescence. We quantified n-3 and n-6 PUFA in serum samples of 444 

Colombian schoolchildren who were 5-12 y of age at the time of enrollment into a cohort study, 

using gas-liquid chromatography. After a median 6 y follow-up, adolescent externalizing and 

internalizing behavior problems were determined with the Youth Self Report questionnaire. We 

estimated adjusted mean behavior problems score differences with 95% confidence intervals (CI) 

between quartiles of each PUFA, with the use of multivariable linear regression. We also 

considered as exposures the Δ6-desaturase (D6D) and Δ5-desaturase (D5D) enzyme activity 

indices. Docosapentaenoic acid (DPA) was inversely associated with externalizing problems in a 

linear manner. Every standard deviation (SD) of DPA concentration was related to an adjusted 

0.9 unit lower externalizing problems score (95% CI: -1.7, 0.0). By contrast, every SD of the 

docosahexaenoic acid (DHA) distribution was associated with 1 adjusted unit higher 

externalizing problems score (95% CI: 0.1, 1.9). The D5D enzyme activity index was inversely 

related to externalizing problems. Alpha-linolenic acid (ALA) concentration was positively 

associated with internalizing problems, whereas adrenic acid (AdA) was inversely related to this 
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outcome. DPA in middle childhood is inversely related to externalizing problems in adolescence 

whereas DHA is positively associated with this endpoint. ALA and AdA are related to 

internalizing problems in opposite directions. Some of these associations might reflect the role of 

D5D enzyme activity.  
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Introduction 

One in five adolescents worldwide has an externalizing or internalizing disorders such as 

attention deficit hyperactivity, bipolar, depressive, or anxiety disorder (1). These disorders lie at 

the extreme end of a continuum of behavior problems in adolescence. Externalizing and 

internalizing problems in youth are relevant to adult health and social status because they are 

associated with low educational attainment (2), substance use (3), psychiatric disorders (4), and 

criminality (5) later in life. 

Omega-3 (n-3) and omega-6 (n-6) polyunsaturated fatty acids (PUFA) are essential for 

adequate neurodevelopment. The precursors of each family, alpha-linolenic acid (18:3 n-3, ALA) 

and linoleic acid (18:2 n-6, LA), respectively, cannot be synthesized in humans and are therefore 

considered essential as they must be obtained from the diet. ALA and LA are metabolized into 

longer chain PUFA through a series of elongation and desaturation reactions. Conversion of 

ALA and LA to longer chain PUFA is considered biologically inefficient and efficiency varies 

from person-to-person depending on the Δ6-desaturase (D6D) and Δ5-desaturase (D5D) enzyme 

activity. These long-chain PUFA can also be obtained directly from diet.  

Different mechanisms explain the roles of PUFA on brain function and development. The 

long-chain PUFA docosahexaenoic acid (22:6 n-3, DHA), arachidonic acid (20:4 n-6, AA), and 

adrenic acid (22:4 n-6, AdA) accumulate in the fetal brain (6) and DHA accretion continues 

throughout childhood (7). PUFA incorporate into neuronal and glial cell membranes where they 

impact membrane protein function and fluidity, neuronal arborization, and synaptogenesis (8). 

N-3 PUFA, such as DHA, influence monoamine neurotransmitter transportation and metabolism 

(9, 10) and long-chain n-3 PUFA are precursors to anti-inflammatory eicosanoids, which exert 

antidepressant effects in rodent models (11). On the other hand, long-chain n-6 PUFA, such as 
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AA and AdA, metabolize into oxidative, pro-inflammatory eicosanoids which promote 

neuroinflammation, (12) and thus may play an etiologic role in the development of psychiatric 

disorders (13).  

Epidemiologic research on the role of PUFA on behavior has focused primarily on 

maternal or infant DHA and AA PUFA status in relation to behavior problems in early or middle 

childhood. DHA concentration has been inversely associated with internalizing problems in 

some (14-16) but not all (17, 18) studies. Results for AA are similarly mixed (14-18). Although 

approximately half of externalizing or internalizing disorders develop in adolescence (19), very 

few studies have included this age group. In Australia, n-3 PUFA intake in adolescence was not 

associated with depressive symptoms three years later (20). In a short-term trial of adolescents 

from the United Kingdom (UK), supplementation with n-3 PUFA, vitamins, and minerals 

resulted in improved behavior after 12 weeks but the effect cannot be necessarily attributed to 

PUFA (21). Among Mauritian children 8-16 y of age, n-3 PUFA supplementation for 6 months 

decreased aggression after one year (22). No study has examined the relations of PUFA status in 

middle childhood and behavior problems in adolescence, after an extended follow-up.  

The aim of this study was to investigate the associations between serum PUFA 

concentrations at ages 5-12 y and externalizing and internalizing problems in adolescence among 

schoolchildren from Bogotá, Colombia. We hypothesized that high concentrations of n-3 PUFA 

would be inversely related to externalizing and internalizing problems in adolescence whereas 

high concentrations of n-6 PUFA would be positively related to these outcomes. Because 

endogenous conversion of essential fatty acids (FA) into long-chain PUFA depends on 

desaturase enzymes, as an exploratory aim we examined the associations of desaturase 

enzymatic activity indices with behavioral outcomes.  
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Methods 

Study design and population 

We conducted this study in the context of the Bogotá School Children Cohort, a 

prospective investigation of nutrition and health in Bogotá, Colombia. Details on the cohort 

design have been previously published (23). In brief, in February 2006, we randomly sampled 

3202 primary schoolchildren aged 5-12 y from public schools in Bogotá and enrolled them into 

the study. Since the majority of children in the public school system in Bogotá are from low- and 

middle-income socioeconomic backgrounds, our sample pertains to these groups. The parents or 

primary caregivers of all children gave written informed consent prior to enrollment into the 

study and before the follow-up assessment. Children gave written assent to participate. The study 

protocol was approved by the Ethics Committee of the National University of Colombia Medical 

School. The Institutional Review Board at the University of Michigan approved the use of data 

from the study.  

Baseline information 

At the time of enrollment, we obtained information on sociodemographic characteristics 

of children and their families through a parental self-administered questionnaire. The survey 

inquired about child characteristics and health habits, maternal age, education level, height, and 

weight, and the household’s socioeconomic status (SES) per the classification by the local 

government for tax and planning purposes. The level of household food insecurity was assessed 

with a Spanish-language version of the United States Department of Agriculture Household Food 

Security Survey module (24) that has been validated for use in this setting (25).  

During the weeks following enrollment, trained research assistants visited schools to 

collect anthropometric data and blood samples from the children. At these visits, height was 
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measured without shoes to the nearest 1 mm with a wall-mounted portable Seca 202 stadiometer 

(Seca, Hanover, MD) and weight was measured in light clothing to the nearest 0.1 kg with Tanita 

H5301 electronic scales (Tanita, Arlington Heights, IL). Research assistants also measured 

height and weight among mothers who were present at schools. At the end of the visit, 

investigators collected fasting blood samples through antecubital venipuncture in 88% of 

children. One aliquot was collected in a metal-free polypropylene tube without anticoagulant for 

separation of serum. The samples were protected from sunlight and transported on dry ice to the 

Colombian National Institute of Health on the day of collection, where they were processed and 

cryostored. Samples were then transported to the United States for analyses.   

Follow-up 

Between 2011-2015 we conducted an in-person follow-up assessment on a random 

sample of 1139 cohort participants. At this assessment, we ascertained adolescent behavior 

problems with the Spanish language version of the Youth Self Report (YSR) (26). The YSR is a 

self-administered questionnaire designed for use in adolescents aged 11-18 y (27). The 

questionnaire consists of 112 statements of behaviors or feelings that the adolescents rate as 

never/false, sometimes true, or very/often true. From responses to these questions, we calculated 

continuous scores for 8 behavior problems subscales using software provided by the test 

developer (28): aggressive behavior, rule breaking behavior, anxious/depressed, 

withdrawn/depressed, somatic complaints, attention problems, social problems, and thought 

problems. We then computed scores for total externalizing and internalizing problems scores. 

The total externalizing problems score is calculated as the sum of the aggressive and rule 

breaking behavior subscale scores while the sum of anxious/depressed, withdrawn/depressed, 

and somatic complaints subscale scores comprise the total internalizing problems score. The 
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scores are standardized by age and sex to a reference population derived from data collected 

periodically in the United States (28). The YSR has been widely used in other Latin American 

settings (26, 29, 30). 

Laboratory methods 

Quantification of serum FA took place at the University of Michigan Metabolomics and 

Obesity Research Center. Lipids were extracted from baseline serum samples in a random subset 

of approximately 20% of participants. We prepared FA methyl esters of total lipids with BF3-

methanol (31). Methyl esters were extracted from a thin-layer chromatography plate, and the 

solvents were dried and resuspended in hexane. Approximately 2 ml of sample was injected via 

an autosampler and analyzed on a gas–liquid chromatography machine using a 100 m SP-2560 

column with optimum conditions for separation (Model 6890 N, Agilent, Santa Clara, CA). 

Eluted peaks were analyzed with the use of the Chemstation software (Agilent). The 

concentration of each FA was determined using a calibration curve with C17:0 methyl ester as 

the standard. Serum concentrations of n-3 ALA, eicosapentaenoic acid (20:5 n-3, EPA), 

docosapentaenoic acid (22:5 n-3, DPA) and DHA; and n-6 LA, gamma-linolenic acid (18:3 n-6, 

GLA), eicosadienoic acid (20:2 n-6, EDA), dihomo-gamma-linolenic acid (20:3 n-6, DGLA), 

AA, and AdA were each expressed as percentage weight concentrations of total FA. Inter-assay 

coefficients of variation ranged from 1.1% to 2.3% for all PUFA. 

Data analysis 

Four-hundred forty-four children in the subset selected for quantification of FA 

completed the YSR at 11-18 years of age. The primary outcomes of interest were the continuous 

total externalizing and internalizing problems scores. Secondary outcomes were scores on the 5 

behavior problems subscales that comprise total externalizing and internalizing problems. The 
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primary exposures of interest were the percentage of total weight concentrations for serum n-3 

(ALA, EPA, DPA, and DHA) and n-6 (LA, GLA, EDA, DGLA, AA, and AdA) PUFA. We also 

examined as exposures the ratios of GLA to LA and AA to DGLA as indices of enzymatic 

activity for Δ6-desaturase (D6D) and Δ5-desaturase (D5D), respectively. 

Covariates included sociodemographic and anthropometric characteristics as well as 

health habits measured at baseline. Children’s height-for-age Z scores were calculated according 

to the World Health Organization (WHO) growth reference for children and adolescents (32). 

Maternal BMI was calculated as kg/m2 from objectively measured height and weight in 34.7% of 

mothers and from self-reported data in the rest. Covariates were categorized as presented in 

Table 1.  

We first compared the distributions of total externalizing and internalizing problems 

scores across categories of baseline characteristics using means and standard deviation (SD). For 

ordinal exposures, we conducted tests for linear trend by fitting linear regression models with the 

behavior problems score as the continuous outcome and a variable representing ordinal 

categories of each predictor as a continuous covariate. For sex, we used the χ2 score statistic.  

We then compared the distributions of total externalizing and internalizing problems 

scores across quartiles of serum FA concentrations. Tests for linear trend were conducted by 

introducing a variable representing the median of each quartile into a linear regression model as 

a continuous predictor. In adjusted analyses, we estimated mean differences with 95% 

confidence intervals (CI) for total externalizing and internalizing problems scores between 

quartiles of FA. In addition, we estimated unadjusted and adjusted mean differences with 95% CI 

in behavior problems scores per 1 SD of serum FA concentrations when the associations seemed 

linear. In adjusted models, we included as covariates baseline characteristics which were 
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associated with total externalizing or internalizing problems in bivariate analysis (P<0.05). 

Child’s sex and age at baseline were included in all models as they were considered important 

from a mechanistic viewpoint. We deliberately avoided adjusting for child’s BMI-for-age Z 

score because PUFA may influence the development of adiposity (33). N-3 (ALA, EPA, DPA, 

and DHA) and n-6 PUFA (LA, GLA, EDA, DGLA, AA, and AdA) were adjusted for LA and 

ALA, respectively. Long-chain FA were additionally adjusted for their immediate FA 

precursor(s). Enzyme activity indices were adjusted in the same manner as their n-6 products; the 

D6D activity index was adjusted for ALA and LA, whereas the D5D activity index was adjusted 

for ALA, GLA, and EDA. Empirical estimates of the variance were specified in all models to 

overcome potential deviations from the multivariate normality assumption.  

In supplemental analyses, we examined the associations of n-3 and n-6 PUFA with scores 

on the component subscales for total externalizing and internalizing problems following an 

analogous approach to that used for the primary outcomes.  

All analyses were performed with the Statistical Analyses System version 9.4 (SAS 

Institute Inc.). 
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Results 

Mean ± SD age at enrollment was 8.6 ± 1.6 y; 57.4% of children were girls. Mean ± SD 

age at the time of follow-up assessment was 14.4 ± 1.6 y. In adolescence, mean ± SD total 

externalizing and internalizing problems scores were 52.0 ± 9.5 and 53.2 ± 9.7, respectively. 

Child’s age at baseline and time spent watching television / playing video games were positively 

associated with total externalizing problems scores (Table 1). Child’s BMI-for-age Z score and 

mother’s BMI at baseline were positively related to total externalizing and internalizing 

problems scores, whereas mother’s education level was inversely associated with these outcomes 

(Table 1). 

Total externalizing problems. In bivariate analysis, EPA and DPA concentrations and 

the D5D activity index were inversely associated with total externalizing problems scores 

whereas DHA concentration was positively related to this outcome (Table 2). In multivariable 

analysis, every SD of DPA or DHA concentrations was related to a -0.9 (P=0.05) and a 1.0 

(P=0.03) unit difference in total externalizing problems scores, respectively. Total externalizing 

problems were 3.2 units (P=0.02) lower in children with a D5D activity index in the highest 

quartile compared with those in the lowest quartile (Table 2).  

Externalizing problems subscales. In multivariable analysis, DPA concentration and the 

D5D activity index were inversely related to aggressive behavior scores whereas DHA 

concentration was positively associated with this outcome (Supplemental Table 2). DPA and 

AA concentrations and the D5D activity index were inversely associated with rule breaking 

behavior scores (Supplemental Table 3). In addition, rule breaking behavior scores were higher 

in children with DGLA concentration in the highest quartile compared with those in the lowest 

quartile (Supplemental Table 3).  
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Total internalizing problems. In bivariate analysis, ALA concentration was positively 

associated with total internalizing problems scores, whereas AdA concentration was inversely 

associated with these scores (Table 3). After adjustment for potential confounders, every SD of 

ALA concentration was related to a 1.2 (P=0.01) unit difference in total internalizing problems 

scores (Table 3). The adjusted difference in total internalizing problems scores between the 

highest and lowest quartile of AdA concentration was -3.2 units (P= 0.01) (Table 3). 

Internalizing problems subscales. In multivariable analysis, ALA concentration was 

positively associated with anxious/depressed scores whereas DPA and AdA concentrations and 

the D5D activity index were inversely related to this outcome (Supplemental Table 4). DPA 

concentration was inversely related to withdrawn/depressed scores in a nonlinear manner 

(Supplemental Table 5). AA concentration was also inversely associated with this outcome 

(Supplemental Table 5). There were no associations between PUFA concentrations and the 

somatic complaints scores (Supplemental Table 6).  
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Discussion 

In this prospective study of schoolchildren from Bogotá, Colombia, serum concentrations 

of DPA in middle childhood were related to decreased total externalizing problems scores in 

adolescence, whereas DHA concentrations were associated with increased scores. The D5D 

enzyme activity index was inversely related to externalizing problems. Alpha-linolenic acid 

concentration was positively associated with internalizing problems, whereas AdA was inversely 

related to this outcome. These associations were independent of baseline child, parental, and 

household characteristics. 

The inverse associations of DPA with total externalizing problems and the internalizing 

problems subscales anxious/depressed and withdrawn/depressed had not been previously 

reported among children or adolescents. Nevertheless, DPA in blood has been inversely 

associated with depressive symptoms in pregnant (34) and postmenopausal women (35). 

Evidence from animal experiments offers insights into potential explanatory mechanisms. 

Rodents supplemented with DPA perform better on the forced swim test (36), an animal model 

of depressive behavior. DPA could enhance hippocampal long-term potentiation (37), thereby 

countering stress- or glucocorticoid-induced damage which may be associated with psychiatric 

disorders (38).  

The positive association between serum DHA and total externalizing problems scores in 

adolescence was against our initial hypothesis. The majority of previous longitudinal studies 

have focused on the potential effects of DHA and other long-chain n-3 PUFA during the prenatal 

or infancy periods on early or middle childhood behavior problems. In all (14, 15, 17, 18) but 

one (16) studies DHA biomarkers during pregnancy have not been associated with childhood 

externalizing problems. In addition, maternal or early childhood intake of fatty fish, a major 
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source of DHA, has not been related to behavior problems (39, 40). DHA supplementation 

during the second half of pregnancy resulted in an increase of total problems at ages 4 and 7 

years among Australian children (41, 42). Only a handful of investigations have addressed the 

potential effect of DHA on behavior problems during adolescence. DHA supplementation of 

schoolchildren in Mauritius and the UK was related to decreased aggressive and disruptive 

behavior, respectively (21, 22). The apparent discrepancy between the positive association we 

found and the protective effect of supplementation trials might be related to other PUFA present 

in the supplement. An adverse effect of DHA in middle childhood could be explained through a 

number of mechanisms. Fish oil supplementation has been associated with delayed 

neurodevelopment in rodents, potentially due to reduced myelination in the brainstem (43). High 

DHA concentration has also been associated with behavioral delays in rodents when there is an 

imbalance of n-3 and n-6 PUFA (44). Some methodological limitations of observational studies 

could also explain these findings. For example, the association of DHA and behavior problems in 

our study may be confounded by mercury or lead since these neurotoxic heavy metals are readily 

found in fish consumed in Bogotá (45) and fish intake is an important source of preformed DHA.  

The D5D activity index in middle childhood was related to lower total externalizing 

problems scores in adolescence, possibly through lower aggressive and rule breaking behavior. 

Although no prior study has examined the association between the D5D activity index and 

behavior problems, some investigations have examined whether single nucleotide 

polymorphisms (SNPs) that influence D5D activity are related to child development. SNPs 

which encode for lower D5D activity were positively associated with infant psychomotor 

development (46) or child cognition (47), but it is unknown whether they are related to 

behavioral outcomes.  
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Serum ALA was positively related to total internalizing problems scores. These results 

are in line with those from a study of 10 year-old German children in whom prenatal ALA 

concentration was positively associated with peer relationship problems, an internalizing 

problem (18). The nature of this association is unclear. Lifelong ALA supplementation has been 

associated with more depressive-like behaviors in rodents, potentially attributable to alterations 

in the endocannabinoid system (48).  

AdA, a product of AA elongation, was inversely related to total internalizing problems 

scores, possibly through decreased anxious/depressed feelings. AA was inversely related to 

problems scores in some subscales. Epidemiologic evidence of the potential effects of n-6 PUFA 

on behavior is limited and conflicting. Studies to date have only examined the association of 

prenatal or infant AA concentration with behavior problems; three studies found no relation (14, 

15, 17), one found an inverse association (18), and another found a positive relation (16). 

Mechanisms underlying these associations are speculative; AA may enhance long-term 

potentiation of synapses in areas of the brain involved in reward (49), learning, and memory, 

(50) while AdA could be important in myelination (51). Of note, the D5D activity index and AA 

concentration were associated with rule breaking behavior in the same direction. It is plausible 

that the associations with AA represent underlying genetic polymorphisms related to D5D 

activity.  

Our study has several strengths. First, the prospective design limits bias due to reverse 

causation. While previous studies primarily focused on DHA and AA, we examined the 

associations of other PUFA biomarkers that may be biologically relevant. Further, serum 

biomarkers of several FA are highly correlated with measures of long-term PUFA intake (52). 

The YSR is a validated measure of externalizing and internalizing problems in adolescence (53). 
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Finally, we controlled for many potential confounders of the associations between PUFA 

concentration and behavior problems, including FA precursors.  

There are limitations as well. We do not have a baseline measurement of behavior 

problems and thus cannot preclude reverse causation as an explanation for our findings if 

behavior problems developed before middle childhood. Our ability to identify a time at which 

PUFA may exert a potential effect on behavior is limited since PUFA concentrations in middle 

childhood may be correlated with concentrations at other periods in development. We were 

unable to measure heavy metals which may share dietary sources with long-chain n-3 PUFA, 

especially EPA and DHA; thus, residual confounding may have attenuated or changed the 

direction of the associations. Finally, our results may not be generalizable to children from the 

highest socioeconomic status since they do not attend public schools in Bogotá.  

In conclusion, DPA concentration was inversely associated with externalizing problems 

whereas DHA concentration was positively related to this outcome. The D5D activity index was 

related to decreased externalizing problems. ALA concentration was positively associated with 

internalizing problems whereas AdA was inversely related to this outcome. Additional studies in 

other populations with different distributions of PUFA are warranted.  

  



117 

 

Acknowledgements 

This work was supported by the ASISA Research Fund at the University of Michigan. None of 

the authors has financial relationships relevant to this article or conflicts of interest to disclose. 

 

  



118 

 

References 

1.  Hankin BL, Abramson LY, Moffitt TE, Silva PA, McGee R, Angel KE. Development of 

depression from preadolescent to young adulthood: emerging gender differences in a 10-

year longitudinal study. J Abnorm Psychol 1998;107:128-40. 

2. Veldman K, Bultmann U, Almansa J, Reijneveld SA. Childhood adversities and 

educational attainment in young adulthood: the role of mental health problems in 

adolescence. J Adolesc Health 2015;57:462-7. 

3. Korhonen T, van Leeuwen AP, Reijneveld SA, Ormel J, Verhulst FC, Huizink AC. 

Externalizing behavior problems and cigarette smoking as predictors of cannabis use: The 

TRAILS study. J Am Acad Child Adolesc Psychiatry 2010;49:61-9. 

4. Roza SJ, Hofstra MB, van der Ende J, Verhulst FC. Stable prediction of mood and anxiety 

disorders based on behavioral and emotional problems in childhood: a 14-year follow-up 

during childhood, adolescence, and young adulthood. Am J Psychiatry 2003;160:2112-21. 

5. Aebi M, Giger J, Plattner B, Metzke CW, Steinhausen HC. Problem coping skills, 

psychosocial adversities and mental health problems in children and adolescents as 

predictors of criminal outcomes in young adulthood. Eur Child Adolesc Psychiatry 

2014;23:283-93. 

6. Martinez M. Tissue levels of polyunsaturated fatty acids during early human development. 

J Pediatr 1992;120:S129-38. 

7. Carver J, Benford V, Han B, Cantor A. The relationship between age and the fatty acid 

composition of cerebral cortex and erythrocytes in human subjects. Brain Res Bull 

2001;56:79-85. 

8. McNamara RK, Carlson SE. Role of omega-3 fatty acids in brain development and 

function: potential implications for the pathogenesis and prevention of psychopathology. 

Prostaglandins Leukot Essent Fatty Acids 2006;75:329-49. 

9. Davis PF, Ozias MK, Carlson SE, Reed GA, Winter MK, McCarson KE, Levant B. 

Dopamine receptor alterations in female rats with diet-induced decreased brain 

docosahexaenoic acid (DHA): interactions with reproductive status. Nutr Neurosci 

2010;13:161-9. 

10. McNamara RK, Jandacek R, Rider T, Tso P, Cole-Strauss A, Lipton JW. Omega-3 fatty 

acid deficiency increases constitutive pro-inflammatory cytokine production in rats: 

relationship with central serotonin turnover. Prostaglandins Leukot Essent Fatty Acids 

2010;83:185-91. 

11. Deyama S, Ishikawa Y, Yoshikawa K, Shimoda K, Ide S, Satoh M, Minami M. Resolvin 

D1 and D2 reverse lipopolysaccharide-induced depression-like behaviors through the 

mTORC1 signaling pathway. Int J Neuropsychopharmacol 2017;20:575-84. 



119 

 

12. Farooqui AA, Horrocks LA, Farooqui T. Modulation of inflammation in brain: a matter of 

fat. J Neurochem 2007;101:577-99. 

13. Kim YK, Na KS, Myint AM, Leonard BE. The role of pro-inflammatory cytokines in 

neuroinflammation, neurogenesis and the neuroendocrine system in major depression. Prog 

Neuropsychopharmacol Biol Psychiatry 2016;64:277-84. 

14. Krabbendam L, Bakker E, Hornstra G, van Os J. Relationship between DHA status at birth 

and child problem behaviour at 7 years of age. Prostaglandins Leukot Essent Fatty Acids 

2007;76:29-34. 

15. Loomans EM, Van den Bergh BR, Schelling M, Vrijkotte TG, van Eijsden M. Maternal 

long-chain polyunsaturated fatty acid status during early pregnancy and children's risk of 

problem behavior at age 5-6 years. J Pediatr 2014;164:762-8. 

16. Steenweg-de Graaff JC, Tiemeier H, Basten MG, Rijlaarsdam J, Demmelmair H, Koletzko 

B, Hofman A, Jaddoe VW, Verhulst FC, Roza SJ. Maternal LC-PUFA status during 

pregnancy and child problem behavior: the Generation R Study. Pediatr Res 2015;77:489-

97. 

17. de Jong C, Kikkert HK, Seggers J, Boehm G, Decsi T, Hadders-Algra M. Neonatal fatty 

acid status and neurodevelopmental outcome at 9 years. Early Hum Dev 2015;91:587-91. 

18. Kohlboeck G, Glaser C, Tiesler C, Demmelmair H, Standl M, Romanos M, Koletzko B, 

Lehmann I, Heinrich J, Group LIS. Effect of fatty acid status in cord blood serum on 

children's behavioral difficulties at 10 y of age: results from the LISAplus Study. Am J Clin 

Nutr 2011;94:1592-9. 

19. Kessler RC, Amminger GP, Aguilar-Gaxiola S, Alonso J, Lee S, Ustun TB. Age of onset of 

mental disorders: a review of recent literature. Curr Opin Psychiatry 2007;20:359-64. 

20. Oddy WH, Hickling S, Smith MA, O'Sullivan TA, Robinson M, de Klerk NH, Beilin LJ, 

Mori TA, Syrette J, Zubrick SR, et al. Dietary intake of omega-3 fatty acids and risk of 

depressive symptoms in adolescents. Depress Anxiety 2011;28:582-8. 

21. Tammam JD, Steinsaltz D, Bester DW, Semb-Andenaes T, Stein JF. A randomised double-

blind placebo-controlled trial investigating the behavioural effects of vitamin, mineral and 

n-3 fatty acid supplementation in typically developing adolescent schoolchildren. Br J Nutr 

2016;115:361-73. 

22. Raine A, Portnoy J, Liu J, Mahoomed T, Hibbeln JR. Reduction in behavior problems with 

omega-3 supplementation in children aged 8-16 years: a randomized, double-blind, 

placebo-controlled, stratified, parallel-group trial. J Child Psychol Psychiatry 2015;56:509-

20. 

23. Arsenault JE, Mora-Plazas M, Forero Y, Lopez-Arana S, Marin C, Baylin A, Villamor E. 

Provision of a school snack is associated with vitamin B-12 status, linear growth, and 

morbidity in children from Bogota, Colombia. J Nutr 2009;139:1744-50. 



120 

 

24. Harrison GG, Stormer A, Herman DR, Winham DM. Development of a Spanish-language 

version of the U.S. household food security survey module. J Nutr 2003;133:1192-7. 

25. Alvarez MC, Estrada A, Montoya EC, Melgar-Quiñonez H. Validation of a household food 

security scale in Antioquia, Colombia. Salud Publica Mex 2006;48:474-81. 

26. Achenbach TM, Bird H, Canino G, Phares V, Gould M, Rubio-Stipec M. Epidemiological 

comparisons of Puerto Rican and U.S. mainland children: parent, teacher, and self-reports. 

J Am Acad Child Adolesc Psychiatry 1990;29:84-93. 

27. Achenbach TM, Rescorla LA. Manual for the ASEBA school-age forms & profiles. Edtion 

ed. Burlington, VT: University of Vermont, Research Center for Children, Youth, & 

Families, 2001:99-135. 

28. Manual for the assessment data manager program (ADM) for the CBCL/4-18, YSR, TRF, 

YASR, YABCL, CBCL/2-3, CBCL/1½-5, & C-TRF. In: ASEBA, ed. 2.0. Burlington, VT, 

2000. 

29. Corapci F, Calatroni A, Kaciroti N, Jimenez E, Lozoff B. Longitudinal evaluation of 

externalizing and internalizing behavior problems following iron deficiency in infancy. J 

Pediatr Psychol 2010;35:296-305. 

30. Lozoff B, Castillo M, Clark KM, Smith JB, Sturza J. Iron supplementation in infancy 

contributes to more adaptive behavior at 10 years of age. J Nutr 2014;144:838-45. 

31. Morrison WR, Smith LM. Preparation of fatty acid methyl esters and dimethylacetals from 

lipids with boron fluoride-methanol. J Lipid Res 1964;5:600-8. 

32.  de Onis M. Development of a WHO growth reference for school-aged children and 

adolescents. Bull World Health Organ 2007;85:660-7. 

33. Perng W, Villamor E, Mora-Plazas M, Marin C, Baylin A. Alpha-linolenic acid (ALA) is 

inversely related to development of adiposity in school-age children. Eur J Clin Nutr 

2015;69:167-72. 

34. Pinto TJ, Vilela AA, Farias DR, Lepsch J, Cunha GM, Vaz JS, Factor-Litvak P, Kac G. 

Serum n-3 polyunsaturated fatty acids are inversely associated with longitudinal changes in 

depressive symptoms during pregnancy. Epidemiol Psychiatr Sci 2017;26:157-68. 

35. Jin Y, Kim TH, Park Y. Association between erythrocyte levels of n-3 polyunsaturated 

fatty acids and depression in postmenopausal women using or not using hormone therapy. 

Menopause 2016;23:1012-8. 

36. Laino CH, Garcia P, Podesta MF, Hocht C, Slobodianik N, Reines A. Fluoxetine 

potentiation of omega-3 fatty acid antidepressant effect: evaluating pharmacokinetic and 

brain fatty acid-related aspects in rodents. J Pharm Sci 2014;103:3316-25. 



121 

 

37. Kelly L, Grehan B, Chiesa AD, O'Mara SM, Downer E, Sahyoun G, Massey KA, Nicolaou 

A, Lynch MA. The polyunsaturated fatty acids, EPA and DPA exert a protective effect in 

the hippocampus of the aged rat. Neurobiol Aging 2011;32:2318 e1-15. 

38. Park HJ, Lee S, Jung JW, Kim BC, Ryu JH, Kim DH. Glucocorticoid- and long-term 

stress-induced aberrant synaptic plasticity are mediated by activation of the glucocorticoid 

receptor. Arch Pharm Res 2015;38:1204-12. 

39. Gale CR, Robinson SM, Godfrey KM, Law CM, Schlotz W, O'Callaghan FJ. Oily fish 

intake during pregnancy--association with lower hyperactivity but not with higher full-

scale IQ in offspring. J Child Psychol Psychiatry 2008;49:1061-8. 

40. Waylen A, Ford T, Goodman R, Samara M, Wolke D. Can early intake of dietary omega-3 

predict childhood externalizing behaviour? Acta Paediatr 2009;98:1805-8. 

41. Gould JF, Treyvaud K, Yelland LN, Anderson PJ, Smithers LG, McPhee AJ, Makrides M. 

Seven-year follow-up of children born to women in a randomized trial of prenatal DHA 

supplementation. JAMA 2017;317:1173-5. 

42. Makrides M, Gould JF, Gawlik NR, Yelland LN, Smithers LG, Anderson PJ, Gibson RA. 

Four-year follow-up of children born to women in a randomized trial of prenatal DHA 

supplementation. JAMA 2014;311:1802-4. 

43. Saste MD, Carver JD, Stockard JE, Benford VJ, Chen LT, Phelps CP. Maternal diet fatty 

acid composition affects neurodevelopment in rat pups. J Nutr 1998;128:740-3. 

44. Wainwright PE, Jalali E, Mutsaers M, Bell R, Cvitkovic S. An imbalance of dietary 

essential fatty acids retards behavioral development in mice. Physiol Behav 1999;66:833-9. 

45. Lopez-Barrera EA, Barragan-Gonzalez RG. Metals and metalloid in eight fish species 

consumed by citizens of Bogota D.C., Colombia, and potential risk to humans. J Toxicol 

Environ Health A 2016;79:232-43. 

46. Yeates AJ, Love TM, Engstrom K, Mulhern MS, McSorley EM, Grzesik K, Alhamdow A, 

Wahlberg K, Thurston SW, Davidson PW, et al. Genetic variation in FADS genes is 

associated with maternal long-chain PUFA status but not with cognitive development of 

infants in a high fish-eating observational study. Prostaglandins Leukot Essent Fatty Acids 

2015;102-103:13-20. 

47. Steer CD, Lattka E, Koletzko B, Golding J, Hibbeln JR. Maternal fatty acids in pregnancy, 

FADS polymorphisms, and child intelligence quotient at 8 y of age. Am J Clin Nutr 

2013;98:1575-82. 

48. Zamberletti E, Piscitelli F, De Castro V, Murru E, Gabaglio M, Colucci P, Fanali C, Prini 

P, Bisogno T, Maccarrone M, et al. Lifelong imbalanced LA/ALA intake impairs 

emotional and cognitive behavior via changes in brain endocannabinoid system. J Lipid 

Res 2017;58:301-16. 



122 

 

49. Dumuis A, Pin JP, Oomagari K, Sebben M, Bockaert J. Arachidonic acid released from 

striatal neurons by joint stimulation of ionotropic and matabotropic quisqualate receptors. 

Nature 1990;347:182-4. 

50. McGahon B, Clements MP, Lynch MA. The ability of aged rats to sustain long-term 

potentiation is restored when the age-related decrease in membrane arachidonic acid 

concentration is reversed. Neuroscience 1997;81:9-16. 

51. Wijendran V, Lawrence P, Diau G, Boehm G, Nathanielsz PW, Brenna JT. Significant 

utilization of dietary arachidonic acid is for brain adrenic acid in baboon neonates. J Lipid 

Res 2002;43:762-7. 

52. Baylin A, Kim MK, Donovan-Palmer A, Siles X, Dougherty L, Tocco P, Campos H. 

Fasting whole blood as a biomarker of essential fatty acid intake in epidemiologic studies: 

comparison with adipose tissue and plasma. Am J Epidemiol 2005;162:373-81. 

53. Ivanova MY, Achenbach TM, Rescorla LA, Dumenci L, Almqvist F, Bilenberg N, Bird H, 

Broberg AG, Dobrean A, Dopfner M, et al. The generalizability of the Youth Self-Report 

syndrome structure in 23 societies. J Consult Clin Psychol 2007;75:729-38.  



123 

 

Table 4.1. Total behavior problems scores at 11-18 y of age according to sociodemographic 

characteristics in middle childhood among children from Bogota, Colombia 

    Externalizing  Internalizing 

Characteristic  

n1 

 problems 

Mean ± SD 

 problems 

Mean ± SD 

       

Sex       

Boys  189  51.4 ± 9.5  52.4 ± 9.2 

Girls  255  52.4 ± 9.4  53.8 ± 10.1 

P2    0.27  0.13 

       

Child’s age at baseline, y       

5-6  78  48.5 ± 10.5  52.6 ± 11.5 

7-8  171  51.1 ± 9.1  52.5 ± 9.2 

9-10  170  53.7 ± 8.6  53.8 ± 9.2 

11-12  25  56.5 ± 9.8  56.1 ± 11.0 

P-trend3    <0.0001  0.12 

       

Height-for-age Z score3 at 

baseline 

 

 

 

 
 

 

<-2.0   35  51.4 ± 9.8  52.7 ± 9.4 

-2.0 to <-1.0  135  51.0 ± 9.7  52.4 ± 10.1 

-1.0 to <0.0  164  52.1 ± 9.2  53.8 ± 9.7 

≥0.0  97  53.4 ± 9.4  53.8 ± 9.6 

P-trend     0.08  0.24 

       

BMI-for-age Z score3 at baseline       

<-1.0   61  50.4 ± 8.9  51.2 ± 8.5 

-1.0 to <0.0  145  51.0 ± 9.5  52.4 ± 10.3 

0.0 to <1.0  152  53.0 ± 9.7  54.2 ± 9.5 

≥1.0  73  53.2 ± 9.0  54.8 ± 10.0 

P-trend    0.02  0.008 

       

Time spent watching television / 

playing video games, h/wk 

 

 

 

 
 

 

<10  140  51.1 ± 9.3  53.9 ± 8.7 

10 to <20  106  51.7 ± 9.9  52.4 ± 10.7 

20 to <30  115  51.5 ± 8.9  52.8 ± 10.0 

≥30  76  54.7 ± 9.7  54.2 ± 9.8 

P-trend    0.02  0.98 
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    Externalizing  Internalizing 

Characteristic  

n1 

 problems 

Mean ± SD 

 problems 

Mean ± SD 

 

Mother’s education, y 

 

 

 

 
 

 

Incomplete primary, 1-4   29  53.9 ± 8.5  56.4 ± 9.1 

Complete primary, 5   82  53.3 ± 8.8  54.2 ± 10.0 

Incomplete secondary, 6-10   105  51.9 ± 9.4  53.8 ± 9.8 

Complete secondary, 11   189  51.4 ± 10.2  52.3 ± 9.7 

University, >11   29  50.3 ± 8.1  50.8 ± 9.4 

P-trend    0.03  0.005 

       

Mother’s height quartile 

(median), cm 

 

 

 

 
 

 

Q1, (150)  108  52.6 ± 9.8  54.8 ± 10.0 

Q2, (155)  112  51.3 ± 10.0  52.0 ± 10.2 

Q3, (160)  101  51.6 ± 8.9  53.8 ± 9.3 

Q4, (165)  111  52.2 ± 9.3  52.4 ± 9.4 

P-trend    0.79  0.20 

       

Mother’s BMI, kg/m2       

<18.5  11  49.0 ± 8.9  47.2 ± 11.1 

18.5 to <25.0  259  51.5 ± 9.3  52.9 ± 9.7 

25.0 to <30.0  126  52.2 ± 9.8  53.4 ± 9.4 

≥30.0  32  55.9 ± 9.5  57.6 ± 9.2 

P-trend    0.02  0.007 

       

Food insecurity       

Secure  108  51.3 ± 9.0  53.4 ± 9.6 

Insecure – no hunger  222  51.9 ± 9.9  53.1 ± 10.0 

Insecure – moderate hunger  61  53.2 ± 9.1  54.8 ± 9.1 

Insecure – severe hunger  52  52.1 ± 9.3  51.8 ± 9.7 

P-trend    0.35  0.66 

       

Socioeconomic status       

1 (lowest)  33  49.7 ± 10.4  53.9 ± 10.8 

2  101  51.9 ± 8.9  52.2 ± 9.9 

3  250  52.6 ± 9.6  53.5 ± 9.7 

4  60  50.6 ± 9.1  53.4 ± 9.1 

P-trend    0.65  0.67 

       

 



125 

 

Footnotes to Table 4.1 

 

1 Sums may be less than the total due to missing values in covariates. 

 

2  χ2 score statistic from linear regression with the behavior problems score as the continuous 

outcome and sex as the categorical predictor. Empirical estimates of the variance were used in all 

models.   

 

3  Test for linear trend when a variable representing ordinal categories of the characteristic was 

introduced into a linear regression model as a continuous covariate.   

 

4 According to the World Health Organization growth reference for children and adolescents 

(31).  



126 

 

Table 4.2. Total externalizing problems scores at 11-18 y of age according to serum fatty acid (FA) percentage weight concentration in 

middle childhood among children from Bogota, Colombia 

Total externalizing  Q1  Q2  Q3  Q4    Mean difference  

problems scores  n=111  n=111  n=111  n=111  P1  per 1 SD2  

              

n-3 polyunsaturated FA (PUFA)              

18:3n-3 α-linolenic acid              

Mean ± SD   51.4  ±  8.8   51.7  ±  8.8   52.5  ±  10.4   52.3  ±  9.8  0.40   0.4  (-0.4, 1.3)  

Adjusted differences4  Reference  0.4 (-2.0, 2.8)  0.3 (-2.2, 2.8)  0.9 (-1.5, 3.4)  0.48   0.4  (-0.4, 1.3)  

20:5n-3 eicosapentaenoic acid              

Mean ± SD   53.0  ±  9.4   52.6  ±  9.7   51.4  ±  10.2   50.8  ±  8.4  0.05   -0.8  (-1.5, 0.0)  

Adjusted differences  Reference  0.0 (-2.5, 2.4)  -0.1 (-2.6, 2.4)  -1.0 (-3.4, 1.3)  0.42   -0.3 (-1.1, 0.5)  

22:5n-3 docosapentaenoic acid              

Mean ± SD   52.6  ±  10.0   52.3  ±  9.1   53.0  ±  9.3   49.8  ±  9.1  0.02   -1.0  (-1.8, -0.2)  

Adjusted differences  Reference  -1.3 (-3.8, 1.2)  -0.2 (-2.7, 2.4)  -3.0 (-5.7, -0.3)  0.05   -0.9 (-1.7, 0.0)  

22:6n-3 docosahexaenoic acid              

Mean ± SD   51.3  ±  9.7   51.7  ±  9.3   51.5  ±  9.9   53.3  ±  8.9  0.11   1.0  (0.1, 1.9)  

Adjusted differences  Reference  0.9 (-1.5, 3.3)  -0.5 (-3.1, 2.1)  1.7 (-0.7, 4.1)  0.22   1.0  (0.1, 1.9)  

              

n-6 PUFA              

18:2n-6 linoleic acid              

Mean ± SD   51.2  ±  9.7   51.6  ±  9.6   53.5  ±  9.6   51.6  ±  8.8  0.49   0.1  (-0.8, 0.9)  

Adjusted differences  Reference  0.9 (-1.6, 3.4)  2.8 (0.3, 5.3)  0.6 (-1.8, 2.9)  0.41   0.2  (-0.7, 1.0)  

18:3n-6 γ-linolenic acid              

Mean ± SD   51.7  ±  9.3   52.2  ±  9.9   51.8  ±  9.5   52.1  ±  9.3  0.80   -0.1  (-1.0, 0.7)  

Adjusted differences  Reference  -0.1 (-2.7, 2.4)  -0.5 (-3.0, 2.0)  -0.1 (-2.6, 2.5)  0.95   -0.1 (-1.0, 0.8)  

20:2n-6 eicosadienoic acid              

Mean ± SD   52.2  ±  9.1   53.2  ±  10.2   51.4  ±  9.4   51.1  ±  9.0  0.23   -0.2  (-1.0, 0.6)  

Adjusted differences  Reference  1.5 (-1.0, 4.1)  -0.9 (-3.3, 1.6)  -0.5 (-3.2, 2.1)  0.40   -0.1 (-1.0, 0.7)  

20:3n-6 dihomo-γ-linolenic acid              

Mean ± SD   50.5  ±  9.1   52.9  ±  10.0   52.0  ±  9.9   52.4  ±  8.8  0.20   0.3  (-0.6, 1.3)  

Adjusted differences  Reference  2.4 (-0.1, 4.9)  1.1 (-1.4, 3.7)  2.6 (0.0, 5.3)  0.14   0.6  (-0.5, 1.7)  
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Total externalizing  Q1  Q2  Q3  Q4    Mean difference  

problems scores  n=111  n=111  n=111  n=111  P1  per 1 SD2  

 

n-6 PUFA, cont. 

 
         

 
  

20:4n-6 arachidonic acid              

Mean ± SD   52.9  ±  9.7   52.3  ±  9.5   51.8  ±  9.1   50.8  ±  9.5  0.09   -0.9  (-1.8, 0.0)  

Adjusted differences  Reference  0.2 (-2.4, 2.7)  -0.3 (-2.7, 2.1)  -1.8 (-4.3, 0.8)  0.15   -0.8 (-1.7, 0.1)  

22:4n-6 adrenic acid              

Mean ± SD   52.8  ±  9.5   51.8  ±  9.0   51.8  ±  10.3   51.5  ±  9.1  0.28   -0.5  (-1.3, 0.4)  

Adjusted differences  Reference  -1.6 (-3.9, 0.8)  -0.9 (-3.3, 1.6)  -1.6 (-4.0, 0.8)  0.25   -0.5 (-1.4, 0.3)  

              

Enzyme activity indices              

Δ6-desaturase 18:3n-6/18:2n-6              

Mean ± SD   52.3  ±  9.3   51.3  ±  9.2   52.2  ±  10.0   52.1  ±  9.3  0.89   -0.2  (-1.0, 0.7)  

Adjusted differences  Reference  -1.5 (-3.9, 0.9)  -0.4 (-2.9, 2.2)  -0.5 (-3.2, 2.2)  0.97   -0.2 (-1.2, 0.8)  

Δ5-desaturase 20:4n-6/20:3n-6              

Mean ± SD   53.2  ±  9.7   51.1  ±  9.3   53.5  ±  9.4   50.0  ±  9.2  0.05   -0.8  (-1.8, 0.2)  

Adjusted differences  Reference  -1.6 (-4.1, 0.8)  0.7 (-1.8, 3.2)  -3.2 (-5.8, -0.6)  0.05   -0.7 (-1.8, 0.3)  
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Footnotes to Table 4.2. 

 

1 Test for linear trend when a variable representing the median of each quartile was introduced into the linear regression model as a 

continuous predictor. Empirical estimates of the variance were specified in all models. 

 

2 From a linear regression model with total externalizing problems score as the outcome and % of total serum FA per 1 SD 

(continuous) as the predictor.  

 

3 Adjusted for child’s sex (dichotomous), child’s age at baseline (continuous), weekly hours spent watching television / playing video 

games (continuous), years of mother’s education (continuous) and mother’s BMI (continuous). n-3 and n-6 PUFA were adjusted for 

the continuous % of total serum FA per 1 SD of linoleic acid and α-linolenic acid, respectively. Long-chain FA were additionally 

adjusted for their immediate FA precursor(s) (continuous). Δ6-desaturase activity was additionally adjusted for α-linolenic acid and 

linoleic acid (continuous). Δ5-desaturase activity was additionally adjusted for α-linolenic acid, γ-linolenic acid, and eicosadienoic 

acid (continuous). 
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Table 4.3. Total internalizing problems scores at 11-18 y of age according to serum fatty acid (FA) percentage weight concentration in 

middle childhood among children from Bogota, Colombia 

Total internalizing  Q1  Q2  Q3  Q4    Mean difference  

problems scores  n=111  n=111  n=111  n=111  P1  per 1 SD2  

              

n-3 polyunsaturated FA (PUFA)              

18:3n-3 α-linolenic acid              

Mean ± SD   52.3  ±  10.0   52.2  ±  9.4   53.5  ±  9.8   54.9  ±  9.6  0.03   1.0  (0.1, 2.0)  

Adjusted differences3  Reference  0.0 (-2.7, 2.6)  1.1 (-1.6, 3.8)  2.8 (0.1, 5.5)  0.02   1.2  (0.3, 2.2)  

20:5n-3 eicosapentaenoic acid              

Mean ± SD   52.5  ±  10.0   53.4  ±  9.6   53.7  ±  9.8   53.4  ±  9.5  0.47   0.2  (-0.7, 1.0)  

Adjusted differences  Reference  1.1 (-1.4, 3.7)  1.7 (-0.9, 4.3)  1.5 (-1.1, 4.1)  0.22   0.4  (-0.4, 1.3)  

22:5n-3 docosapentaenoic acid              

Mean ± SD   54.7  ±  11.2   53.3  ±  9.5   52.4  ±  9.1   52.5  ±  9.0  0.12   -0.4  (-1.3, 0.4)  

Adjusted differences  Reference  -1.8 (-4.6, 1.0)  -2.6 (-5.3, 0.2)  -2.0 (-4.8, 0.9)  0.21   -0.2 (-1.1, 0.6)  

22:6n-3 docosahexaenoic acid              

Mean ± SD   53.8  ±  10.5   53.2  ±  10.1   52.8  ±  9.1   53.1  ±  9.3  0.60   0.2  (-0.7, 1.2)  

Adjusted differences  Reference  0.0 (-2.7, 2.7)  -0.9 (-3.5, 1.8)  -0.4 (-3.0, 2.2)  0.69   0.4  (-0.6, 1.3)  

              

n-6 PUFA              

18:2n-6 linoleic acid              

Mean ± SD   52.3  ±  8.9   53.3  ±  9.9   54.1  ±  10.0   53.3  ±  10.1  0.37   0.3  (-0.6, 1.2)  

Adjusted differences  Reference  0.7 (-1.8, 3.2)  1.2 (-1.3, 3.8)  0.7 (-1.8, 3.1)  0.54   0.2  (-0.6, 1.1)  

18:3n-6 γ-linolenic acid              

Mean ± SD   53.4  ±  10.0   53.4  ± 9.9   53.2  ±  9.5   52.9  ±  9.7  0.64   -0.3  (-1.2, 0.7)  

Adjusted differences  Reference  -0.3 (-3.0, 2.3)  -0.4 (-3.1, 2.2)  -0.3 (-3.0, 2.4)  0.84   0.0  (-1.0, 1.0)  

20:2n-6 eicosadienoic acid              

Mean ± SD   52.3  ±  9.8   54.5  ±  10.5   54.1  ±  9.7   52.1  ±  8.8  0.71   0.2  (-0.6, 1.1)  

Adjusted differences  Reference  2.0 (-0.8, 4.8)  0.9 (-1.7, 3.5)  -0.5 (-3.2, 2.3)  0.58   0.2  (-0.8, 1.1)  

20:3n-6 dihomo-γ-linolenic acid              

Mean ± SD   52.4  ±  9.7   53.6  ±  10.1   53.9  ±  10.0   53.1  ±  9.2  0.57   0.0  (-0.9, 0.8)  

Adjusted differences  Reference  1.1 (-1.6, 3.9)  1.2 (-1.6, 3.9)  0.9 (-2.0, 3.8)  0.60   -0.1 (-1.1, 0.9)  
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Total internalizing  Q1  Q2  Q3  Q4    Mean difference  

problems scores  n=111  n=111  n=111  n=111  P1  per 1 SD2  

 

n-6 PUFA, cont. 

 
         

 
  

20:4n-6 arachidonic acid              

Mean ± SD   54.2  ±  9.7   53.4  ±  10.3   53.7  ±  9.4   51.8  ±  9.5  0.08   -0.8  (-1.6, 0.1)  

Adjusted differences  Reference  -0.7 (-3.5, 2.0)  -0.3 (-2.8, 2.2)  -2.0 (-4.6, 0.5)  0.16   -0.6 (-1.5, 0.3)  

22:4n-6 adrenic acid              

Mean ± SD   55.2  ±  10.3   52.4  ±  9.3   54.1  ±  9.8   51.3  ±  9.2  0.01   -1.1  (-2.1, -0.2)  

Adjusted differences  Reference  -3.1 (-5.6, -0.6)  -0.3 (-2.9, 2.3)  -3.2 (-5.8, -0.7)  0.06   -0.8 (-1.7, 0.0)   

              

Enzymatic activity indices              

Δ6-desaturase 18:3n-6/18:2n-6              

Mean ± SD  54.1 ± 10.3   52.7  ±  9.6   53.5  ±  9.3   52.6  ±  9.8  0.40   -0.3  (-1.2, 0.5)  

Adjusted differences  Reference  -1.1 (-3.8, 1.5)  -0.6 (-3.2, 2.1)  -0.9 (-3.8, 2.0)  0.67   -0.1 (-1.1, 0.9)  

Δ5-desaturase 20:4n-6/20:3n-6              

Mean ± SD  53.7 ± 9.2   52.8  ± 10.2   55.1  ±  10.8   51.3  ±  8.4  0.14   -0.4  (-1.4, 0.6)  

Adjusted differences  Reference  -0.4 (-3.0, 2.2)  1.8 (-0.8, 4.5)  -1.9 (-4.4, 0.5)  0.22   -0.2 (-1.1, 0.7)  
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Footnotes to Table 4.3. 

 

1 Test for linear trend when a variable representing the median of each quartile was introduced into the linear regression model as a 

continuous predictor. Empirical estimates of the variance were specified in all models. 

 

2 From a linear regression model with total internalizing problems score as the outcome and % of total serum FA per 1 SD 

(continuous) as the predictor.  

 

3 Adjusted for child’s sex (dichotomous), child’s age at baseline (continuous), weekly hours spent watching television / playing video 

games (continuous), years of mother’s education (continuous) and mother’s BMI (continuous). n-3 and n-6 PUFA were adjusted for 

the continuous % of total serum FA per 1 SD of linoleic acid and α-linolenic acid, respectively. Long-chain FA were additionally 

adjusted for their immediate FA precursor(s) (continuous). Δ6-desaturase activity was additionally adjusted for α-linolenic acid and 

linoleic acid (continuous). Δ5-desaturase activity was additionally adjusted for α-linolenic acid, γ-linolenic acid, and eicosadienoic 

acid (continuous).   
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Supplemental Table 4.1 Distribution of serum fatty acid (FA) percentage weight concentrations 

Serum FA percentage weight concentration Mean  ±  SD 

  

n-3 polyunsaturated FA (PUFA) (%)  

   18:3n-3 α-linolenic acid  0.48  ±  0.14 

   20:5n-3 eicosapentaenoic acid  0.23  ±  0.13 

   22:5n-3 docosapentaenoic acid  0.46  ±  0.19 

   22:6n-3 docosahexaenoic acid  2.24  ±  0.92 

   Total long-chain n-3 PUFA1  2.93  ±  0.96 

   Total n-3 PUFA  3.47  ±  0.97 

  

n-6 PUFA (%)  

   18:2n-6 linoleic acid 30.62  ± 3.00 

   18:3n-6 γ-linolenic acid  0.30  ±  0.16 

   20:2n-6 eicosadienoic acid  0.29  ±  0.08 

   20:3n-6 dihomo-γ-linolenic acid  1.59  ±  0.36 

   20:4n-6 arachidonic acid  6.04  ±  1.17 

   22:4n-6 adrenic acid  3.15  ±  1.20 

   Total long-chain n-6 PUFA2 11.07  ±  1.76 

   Total n-6 PUFA 41.99  ±  3.31 

  

Enzymatic activity  

Δ6-desaturase 18:3n-6/18:2n-6  0.01  ±  0.01 

Δ5-desaturase 20:4n-6/20:3n-6  4.01  ±  1.49 
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Footnotes to Supplemental Table 4.1. 

 

 
1 Sum of 20:5n-3 eicosapentaenoic acid, 22:5n-3 docosapentaenoic acid, and 22:6n-3 

docosahexaenoic acid. 

 

2 Sum of 20:2n-6 eicosadienoic acid, 20:3n-6 dihomo-γ-linolenic acid, 20:4n-6 arachidonic 

acid, and 22:4n-6 adrenic acid. 
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Supplemental Table 4.2 Aggressive behavior scores at 11-18 y of age according to serum fatty acid (FA) percentage weight 

concentration in middle childhood among children from Bogota, Colombia 

Aggressive behavior scores 
 Q1  Q2  Q3  Q4    Mean difference  

 n=111  n=111  n=111  n=111  P1  per 1 SD2  

              

n-3 polyunsaturated FA (PUFA)              

18:3n-3 α-linolenic acid              

Mean ± SD  54.8 ± 6.1  55.1 ± 6.4  56.8 ± 8.7  55.8 ± 6.8  0.13  0.5 (-0.1, 1.1)  

Adjusted differences4  Reference  0.3 (-1.4, 2.0)  1.4 (-0.5, 3.3)  1.1 (-0.7, 2.8)  0.15  0.5 (-0.1, 1.1)  

20:5n-3 eicosapentaenoic acid              

Mean ± SD  56.3 ± 7.5  56.3 ± 8  55.6 ± 7.3  54.3 ± 5.1  0.02   -0.6 (-1.2, -0.1)  

Adjusted differences  Reference  0.3 (-1.7, 2.3)  0.5 (-1.5, 2.4)  -1.3 (-3.0, 0.4)  0.19  -0.3 (-0.9, 0.2)  

22:5n-3 docosapentaenoic acid              

Mean ± SD  56.6 ± 8.0  55.4 ± 6.8  56.3 ± 7.2  54.3 ± 6.0  0.02  -0.8 (-1.4, -0.2)  

Adjusted differences  Reference  -1.7 (-3.7, 0.2)  -0.5 (-2.5, 1.6)  -2.1 (-4.1, 0.0)  0.12  -0.6 (-1.2, 0.0)   

22:6n-3 docosahexaenoic acid              

Mean ± SD  55.3 ± 7.3  55.6 ± 7.3  55.4 ± 7.2  56.3 ± 6.7  0.29  0.8 (0.1, 1.6)  

Adjusted differences  Reference  0.7 (-1.2, 2.6)  -0.3 (-2.2, 1.7)  0.9 (-0.9, 2.8)  0.42  0.9 (0.1, 1.6)  

              

n-6 PUFA              

18:2n-6 linoleic acid              

Mean ± SD  55.0 ± 6.7  55.6 ± 7.0  56.5 ± 7.6  55.4 ± 7.0  0.46  0.1 (-0.6, 0.8)  

Adjusted differences  Reference  1.0 (-0.7, 2.8)  1.9 (0.0, 3.8)  0.6 (-1.1, 2.4)  0.38  0.2 (-0.5, 0.9)  

18:3n-6 γ-linolenic acid              

Mean ± SD  55.3 ± 6.8  55.9 ± 7.9  55.7 ± 7.1  55.6 ± 6.5  0.92  -0.1 (-0.7, 0.5)  

Adjusted differences  Reference  0.1 (-1.8, 2.1)  -0.1 (-1.9, 1.8)  0.1 (-1.8, 1.9)  0.99  0.0 (-0.7, 0.6)  

20:2n-6 eicosadienoic acid              

Mean ± SD  55.4 ± 7.3  56.7 ± 8.3  55.6 ± 6.8  54.8 ± 5.7  0.31  -0.1 (-0.7, 0.5)  

Adjusted differences  Reference  1.5 (-0.6, 3.5)  0.3 (-1.5, 2.2)  -0.6 (-2.5, 1.4)  0.39  -0.1 (-0.7, 0.6)  

20:3n-6 dihomo-γ-linolenic acid              

Mean ± SD  54.5 ± 5.9  56.3 ± 8.3  56.2 ± 7.7  55.5 ± 6.2  0.36  0.2 (-0.4, 0.7)  

Adjusted differences  Reference  1.8 (-0.2, 3.8)  1.3 (-0.5, 3.2)  1.4 (-0.6, 3.3)  0.30  0.3 (-0.3, 1.0)  
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Aggressive behavior scores 
 Q1  Q2  Q3  Q4    Mean difference  

 n=111  n=111  n=111  n=111  P1  per 1 SD2  

 

n-6 PUFA, cont. 

 
            

20:4n-6 arachidonic acid              

Mean ± SD  56.1 ± 7.4  55.9 ± 7.3  55.8 ± 7.2  54.6 ± 6.4  0.11   -0.7 (-1.3, -0.1)  

Adjusted differences  Reference  0.4 (-1.5, 2.4)  0.4 (-1.5, 2.3)  -1.3 (-3.1, 0.6)  0.18  -0.6 (-1.3, 0.0)   

22:4n-6 adrenic acid              

Mean ± SD  56.4 ± 7.3  54.9 ± 6.5  56.1 ± 8.2  55.1 ± 6.2  0.31  -0.3 (-0.9, 0.3)  

Adjusted differences  Reference  -1.8 (-3.7, 0.0)  -0.2 (-2.1, 1.8)  -1.4 (-3.2, 0.4)  0.28  -0.3 (-0.9, 0.3)  

              

Enzyme activity indices              

Δ6-desaturase 18:3n-6/18:2n-6              

Mean ± SD  55.7 ± 7.2  55.3 ± 7.0  55.9 ± 7.7  55.6 ± 6.5  0.86  -0.1 (-0.7, 0.5)  

Adjusted differences  Reference  -0.7 (-2.5, 1.2)  0.2 (-1.7, 2.2)  0.0 (-2.0, 2.0)  0.76  0.0 (-0.7, 0.7)  

Δ5-desaturase 20:4n-6/20:3n-6              

Mean ± SD  56.5 ± 6.9  55.2 ± 7.2  56.6 ± 8.1  54.2 ± 5.7  0.04  -0.5 (-1.2, 0.1)  

Adjusted differences  Reference  -0.9 (-2.8, 0.9)  0.5 (-1.5, 2.5)  -2.2 (-3.9, -0.4)  0.05   -0.5 (-1.2, 0.2)  
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Footnotes to Supplemental Table 4.2. 

 

1  Test for linear trend when a variable representing the median of each quartile was introduced into the linear regression model as a 

continuous predictor. Empirical estimates of the variance were specified in all models. 

 

2  From a linear regression model with aggressive behavior score as the outcome and % of total serum FA per 1 SD (continuous) as 

the predictor.  

 

3 Adjusted for child’s sex (dichotomous), child’s age at baseline (continuous), weekly hours spent watching television / playing 

video games (continuous), years of mother’s education (continuous) and mother’s BMI (continuous). n-3 and n-6 PUFA were 

adjusted for the continuous % of total serum FA per 1 SD of linoleic acid and α-linolenic acid, respectively. Long-chain FA were 

additionally adjusted for their immediate FA precursor(s) (continuous). Δ6-desaturase activity was additionally adjusted for α-

linolenic acid and linoleic acid (continuous). Δ5-desaturase activity was additionally adjusted for α-linolenic acid, γ-linolenic acid, 

and eicosadienoic acid (continuous). 
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Supplemental Table 4.3. Rule breaking behavior scores at 11-18 y of age according to serum fatty acid (FA) percentage weight 

concentration in middle childhood among children from Bogota, Colombia 

Rule breaking  Q1  Q2  Q3  Q4    Mean difference  

behavior scores  n=111  n=111  n=111  n=111  P1  per 1 SD2  

              

n-3 polyunsaturated FA (PUFA)              

18:3n-3 α-linolenic acid              

Mean ± SD  53.9 ± 4.3  54.1 ± 4.5  54.3 ± 5.3  54.6 ± 5.4  0.33  0.2 (-0.3, 0.6)  

Adjusted differences4  Reference  0.2 (-1.0, 1.3)  0.0 (-1.2, 1.3)  0.7 (-0.6, 2.0)  0.31  0.2 (-0.2, 0.7)  

20:5n-3 eicosapentaenoic acid              

Mean ± SD  54.6 ± 4.9  54.4 ± 5.4  54.0 ± 4.8  54.0 ± 4.5  0.29  -0.3 (-0.7, 0.1)  

Adjusted differences  Reference  0.1 (-1.2, 1.5)  0.1 (-1.1, 1.3)  -0.1 (-1.3, 1.2)  0.93  -0.1 (-0.5, 0.3)  

22:5n-3 docosapentaenoic acid              

Mean ± SD  54.5 ± 5.3  54.5 ± 5.0  54.7 ± 4.8  53.3 ± 4.4  0.05  -0.4 (-0.8, 0.0)  

Adjusted differences  Reference  -0.5 (-1.8, 0.9)  -0.1 (-1.5, 1.2)  -1.5 (-2.9, -0.1)  0.04  -0.4 (-0.8, 0.1)  

22:6n-3 docosahexaenoic acid              

Mean ± SD  54.1 ± 4.7  53.7 ± 4.7  54.4 ± 5.1  54.8 ± 5.0  0.18  0.4 (-0.1, 0.9)  

Adjusted differences  Reference  -0.1 (-1.3, 1.2)  0.3 (-1.0, 1.6)  0.7 (-0.6, 2.0)  0.22  0.4 (0.0, 0.9)   

              

n-6 PUFA              

18:2n-6 linoleic acid              

Mean ± SD  54.4 ± 5.0  53.9 ± 4.8  55.1 ± 5.4  53.5 ± 4.1  0.31  -0.3 (-0.8, 0.1)  

Adjusted differences  Reference  -0.5 (-1.7, 0.8)  0.8 (-0.6, 2.1)  -1.0 (-2.2, 0.2)  0.27  -0.3 (-0.8, 0.1)  

18:3n-6 γ-linolenic acid              

Mean ± SD  54.1 ± 4.9  54.5 ± 5.0  54.1 ± 4.9  54.2 ± 4.8  0.90  -0.1 (-0.6, 0.4)  

Adjusted differences  Reference  0.0 (-1.3, 1.4)  -0.6 (-1.9, 0.7)  -0.5 (-1.9, 0.9)  0.36  -0.3 (-0.8, 0.3)  

20:2n-6 eicosadienoic acid              

Mean ± SD  54.3 ± 4.6  55.1 ± 5.4  53.5 ± 4.2  53.9 ± 5.1  0.23  -0.2 (-0.7, 0.2)  

Adjusted differences  Reference  0.7 (-0.7, 2.1)  -1.0 (-2.2, 0.2)  -0.4 (-1.8, 1.0)  0.25  -0.3 (-0.7, 0.2)  

20:3n-6 dihomo-γ-linolenic acid              

Mean ± SD  53.6 ± 4.5  54.8 ± 5.4  53.9 ± 4.5  54.5 ± 5.0  0.31  0.2 (-0.3, 0.7)  

Adjusted differences  Reference  1.2 (-0.1, 2.5)  0.1 (-1.1, 1.3)  1.4 (0.1, 2.8)  0.15  0.4 (-0.1, 0.9)  
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Rule breaking  Q1  Q2  Q3  Q4    Mean difference  

behavior scores  n=111  n=111  n=111  n=111  P1  per 1 SD2  

 

n-6 PUFA, cont. 

 
            

20:4n-6 arachidonic acid              

Mean ± SD  55.2 ± 5.6  54.2 ± 4.9  53.6 ± 4.2  53.9 ± 4.7  0.04  -0.6 (-1.1, -0.1)  

Adjusted differences  Reference  -0.6 (-2.0, 0.8)  -1.2 (-2.6, 0.1)  -1.3 (-2.7, 0.1)  0.05   -0.6 (-1.1, -0.1)  

22:4n-6 adrenic acid              

Mean ± SD  54.3 ± 4.9  54.4 ± 5.1  54.2 ± 4.9  54.0 ± 4.7  0.63  -0.1 (-0.5, 0.4)  

Adjusted differences  Reference  0.1 (-1.2, 1.4)  0.1 (-1.2, 1.3)  -0.1 (-1.4, 1.1)  0.86  0.0 (-0.5, 0.4)  

              

Enzyme activity indices              

Δ6-desaturase 18:3n-6/18:2n-6              

Mean ± SD  54.4 ± 5.1  53.8 ± 4.3  54.5 ± 5.3  54.2 ± 4.9  0.99  -0.1 (-0.5, 0.3)  

Adjusted differences  Reference  -0.9 (-2.1, 0.4)  -0.4 (-1.8, 0.9)  -0.9 (-2.4, 0.6)  0.39  -0.3 (-0.9, 0.2)  

Δ5-desaturase 20:4n-6/20:3n-6              

Mean ± SD  55.2 ± 5.4  53.6 ± 4.5  54.6 ± 5.3  53.5 ± 4.1  0.04  -0.5 (-0.9, -0.1)  

Adjusted differences  Reference  -1.4 (-2.8, -0.1)  -0.4 (-1.8, 1.0)  -1.9 (-3.2, -0.6)  0.02  -0.6 (-1.0, -0.1)  
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Footnotes to Supplemental Table 4.3. 

 

1  Test for linear trend when a variable representing the median of each quartile was introduced into the linear regression model as a 

continuous predictor. Empirical estimates of the variance were specified in all models. 

 

2  From a linear regression model with rule breaking behavior score as the outcome and % of total serum FA per 1 SD (continuous) 

as the predictor.  

 

3 Adjusted for child’s sex (dichotomous), child’s age at baseline (continuous), weekly hours spent watching television / playing 

video games (continuous), years of mother’s education (continuous) and mother’s BMI (continuous). n-3 and n-6 PUFA were 

adjusted for the continuous % of total serum FA per 1 SD of linoleic acid and α-linolenic acid, respectively. Long-chain FA were 

additionally adjusted for their immediate FA precursor(s) (continuous). Δ6-desaturase activity was additionally adjusted for α-

linolenic acid and linoleic acid (continuous). Δ5-desaturase activity was additionally adjusted for α-linolenic acid, γ-linolenic acid, 

and eicosadienoic acid (continuous). 
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Supplemental Table 4.4 Anxious/depressed scores at 11-18 y of age according to serum fatty acid (FA) percentage weight 

concentration in middle childhood among children from Bogota, Colombia 

Anxious/depressed scores 
 Q1  Q2  Q3  Q4    Mean difference  

 n=111  n=111  n=111  n=111  P1  per 1 SD2  

              

n-3 polyunsaturated FA (PUFA)              

18:3n-3 α-linolenic acid              

Mean ± SD  54.7 ± 6.1  54.7 ± 5.8  55.8 ± 7.2  56.0 ± 7.0  0.08  0.5 (-0.1, 1.1)  

Adjusted differences4  Reference  -0.1 (-1.7, 1.5)  1.2 (-0.6, 3.0)  1.5 (-0.3, 3.4)  0.05   0.7 (0.0, 1.3)   

20:5n-3 eicosapentaenoic acid              

Mean ± SD  54.7 ± 6.4  55.1 ± 6.8  55.6 ± 6.0  55.7 ± 7.0  0.21  0.2 (-0.4, 0.8)  

Adjusted differences  Reference  0.6 (-1.1, 2.4)  1.3 (-0.4, 3.0)  1.3 (-0.5, 3.1)  0.11  0.3 (-0.3, 0.9)  

22:5n-3 docosapentaenoic acid              

Mean ± SD  56.9 ± 7.4  55.4 ± 6.7  54.5 ± 5.7  54.2 ± 6.0  0.002  -0.8 (-1.3, -0.2)  

Adjusted differences  Reference  -1.6 (-3.5, 0.3)  -2.6 (-4.3, -0.8)  -3.2 (-5.1, -1.3)  0.001  -0.8 (-1.4, -0.2)  

22:6n-3 docosahexaenoic acid              

Mean ± SD  56.2 ± 7.1  55.8 ± 7.2  54.1 ± 6.0  55.0 ± 5.7  0.12  -0.2 (-0.8, 0.5)  

Adjusted differences  Reference  0.1 (-1.8, 2.0)  -1.7 (-3.6, 0.1)  -0.8 (-2.5, 0.9)  0.24  0.0 (-0.6, 0.7)  

              

n-6 PUFA              

18:2n-6 linoleic acid              

Mean ± SD  54.4 ± 5.3  55.5 ± 6.8  55.7 ± 7.3  55.5 ± 6.7  0.18  0.4 (-0.2, 1.0)  

Adjusted differences  Reference  0.7 (-1.0, 2.3)  0.8 (-0.9, 2.5)  0.6 (-1.0, 2.2)  0.49  0.3 (-0.3, 0.9)  

18:3n-6 γ-linolenic acid              

Mean ± SD  55.2 ± 6.7  55.1 ± 6.1  55.6 ± 7.0  55.1 ± 6.4  0.97  0.0 (-0.6, 0.6)  

Adjusted differences  Reference  -0.4 (-2.1, 1.4)  -0.1 (-1.9, 1.7)  0.0 (-1.8, 1.9)  0.87  0.1 (-0.6, 0.8)  

20:2n-6 eicosadienoic acid              

Mean ± SD  54.9 ± 7.1  55.6 ± 6.3  56.2 ± 7.0  54.5 ± 5.7  0.66  0.0 (-0.5, 0.6)  

Adjusted differences  Reference  0.3 (-1.6, 2.2)  0.8 (-1.2, 2.7)  -0.6 (-2.5, 1.3)  0.61  0.0 (-0.6, 0.7)  

20:3n-6 dihomo-γ-linolenic acid              

Mean ± SD  54.5 ± 5.7  55.7 ± 7.4  55.7 ± 7.0  55.2 ± 5.9  0.53  0.0 (-0.6, 0.5)  

Adjusted differences  Reference  1.0 (-0.8, 2.9)  0.9 (-0.9, 2.6)  0.8 (-1.0, 2.7)  0.51  0.0 (-0.6, 0.7)  
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Anxious/depressed scores 
 Q1  Q2  Q3  Q4    Mean difference  

 n=111  n=111  n=111  n=111  P1  per 1 SD2  

 

n-6 PUFA, cont. 

 
            

20:4n-6 arachidonic acid              

Mean ± SD  55.5 ± 6.4  55.8 ± 7.1  55.9 ± 6.9  54.0 ± 5.6  0.08  -0.5 (-1.1, 0.0)  

Adjusted differences  Reference  0.5 (-1.4, 2.4)  0.6 (-1.2, 2.4)  -1.3 (-3.0, 0.3)  0.13  -0.5 (-1.0, 0.1)  

22:4n-6 adrenic acid              

Mean ± SD  56.9 ± 7.8  54.3 ± 5.6  55.5 ± 6.8  54.3 ± 5.5  0.01  -0.9 (-1.5, -0.2)  

Adjusted differences  Reference  -2.8 (-4.6, -1.0)  -1.0 (-2.9, 0.9)  -2.4 (-4.2, -0.7)  0.03  -0.7 (-1.3, -0.1)  

              

Enzyme activity indices              

Δ6-desaturase 18:3n-6/18:2n-6              

Mean ± SD  55.5 ± 6.9  55.1 ± 6.4  55.4 ± 6.4  55.2 ± 6.5  0.82  -0.1 (-0.7, 0.5)  

Adjusted differences  Reference  -0.3 (-2.2, 1.5)  -0.3 (-2.0, 1.5)  0.2 (-1.8, 2.2)  0.77  0.1 (-0.6, 0.8)  

Δ5-desaturase 20:4n-6/20:3n-6              

Mean ± SD  55.4 ± 6.1  55.3 ± 6.8  56.7 ± 7.8  53.8 ± 4.9  0.08  -0.2 (-0.9, 0.5)  

Adjusted differences  Reference  0.3 (-1.5, 2.0)  1.4 (-0.5, 3.3)  -1.6 (-3.1, 0.0)   0.07  -0.2 (-0.9, 0.6)  
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Footnotes to Supplemental Table 4.4. 

 

1  Test for linear trend when a variable representing the median of each quartile was introduced into the linear regression model as a 

continuous predictor. Empirical estimates of the variance were specified in all models. 

 

2  From a linear regression model with anxious/depressed score as the outcome and % of total serum FA per 1 SD (continuous) as the 

predictor.  

 

3 Adjusted for child’s sex (dichotomous), child’s age at baseline (continuous), weekly hours spent watching television / playing 

video games (continuous), years of mother’s education (continuous) and mother’s BMI (continuous). n-3 and n-6 PUFA were 

adjusted for the continuous % of total serum FA per 1 SD of linoleic acid and α-linolenic acid, respectively. Long-chain FA were 

additionally adjusted for their immediate FA precursor(s) (continuous). Δ6-desaturase activity was additionally adjusted for α-

linolenic acid and linoleic acid (continuous). Δ5-desaturase activity was additionally adjusted for α-linolenic acid, γ-linolenic acid, 

and eicosadienoic acid (continuous). 
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Supplemental Table 4.5. Withdrawn/depressed scores at 11-18 y of age according to serum fatty acid (FA) percentage weight 

concentration in middle childhood among children from Bogota, Colombia 

Withdrawn/depressed scores 
 Q1  Q2  Q3  Q4    Mean difference  

 n=111  n=111  n=111  n=111  P1  per 1 SD2  

              

n-3 polyunsaturated FA (PUFA)              

18:3n-3 α-linolenic acid              

Mean ± SD  55.0 ± 5.9  54.3 ± 5.1  54.9 ± 6.1  56.0 ± 6.7  0.14  0.4 (-0.2, 1.0)  

Adjusted differences4  Reference  -0.8 (-2.3, 0.7)  -0.3 (-1.9, 1.3)  1.1 (-0.6, 2.8)  0.15  0.4 (-0.2, 1.0)  

20:5n-3 eicosapentaenoic acid              

Mean ± SD  55.2 ± 6.7  55.6 ± 6.2  54.7 ± 5.8  54.8 ± 5.3  0.44  -0.3 (-0.9, 0.2)  

Adjusted differences  Reference  0.6 (-1.1, 2.3)  -0.2 (-1.8, 1.4)  -0.2 (-1.8, 1.4)  0.66  -0.2 (-0.8, 0.3)  

22:5n-3 docosapentaenoic acid              

Mean ± SD  56.5 ± 6.6  54.5 ± 5.0  54.5 ± 6.0  54.8 ± 6.1  0.14  -0.3 (-0.8, 0.2)  

Adjusted differences  Reference  -2.4 (-3.9, -0.8)  -2.2 (-3.9, -0.5)  -1.5 (-3.4, 0.4)  0.28  -0.2 (-0.8, 0.3)  

22:6n-3 docosahexaenoic acid              

Mean ± SD  55.1 ± 6.0  55.1 ± 5.7  55.1 ± 6.3  55.0 ± 6.0  0.85  0.1 (-0.5, 0.7)  

Adjusted differences  Reference  0.3 (-1.2, 1.9)  0.1 (-1.6, 1.8)  -0.1 (-1.8, 1.5)  0.77  0.2 (-0.4, 0.8)  

              

n-6 PUFA              

18:2n-6 linoleic acid              

Mean ± SD  54.8 ± 5.7  55.7 ± 6.8  55.1 ± 5.6  54.8 ± 5.9  0.81  -0.1 (-0.6, 0.4)  

Adjusted differences  Reference  0.9 (-0.7, 2.6)  0.2 (-1.3, 1.8)  0.0 (-1.5, 1.5)  0.79  -0.1 (-0.6, 0.4)  

18:3n-6 γ-linolenic acid              

Mean ± SD  55.8 ± 6.6  54.9 ± 6.0  54.7 ± 5.7  54.9 ± 5.7  0.33  -0.2 (-0.9, 0.4)  

Adjusted differences  Reference  -1.2 (-2.9, 0.4)  -1.5 (-3.2, 0.1)  -1.3 (-3.0, 0.4)  0.21  -0.3 (-1.0, 0.4)  

20:2n-6 eicosadienoic acid              

Mean ± SD  54.5 ± 5.7  56.0 ± 7.0  55.5 ± 6.1  54.3 ± 4.9  0.56  0.0 (-0.5, 0.5)  

Adjusted differences  Reference  1.2 (-0.6, 3.0)  0.4 (-1.2, 2.0)  -0.6 (-2.3, 1.0)  0.31  -0.1 (-0.7, 0.5)  

20:3n-6 dihomo-γ-linolenic acid              

Mean ± SD  55.2 ± 6.4  55.2 ± 5.9  55.3 ± 6.3  54.6 ± 5.4  0.41  -0.3 (-0.8, 0.2)  

Adjusted differences  Reference  -0.1 (-1.8, 1.7)  -0.1 (-1.9, 1.7)  -0.5 (-2.3, 1.3)  0.60  -0.2 (-0.8, 0.4)  
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Withdrawn/depressed scores 
 Q1  Q2  Q3  Q4    Mean difference  

 n=111  n=111  n=111  n=111  P1  per 1 SD2  

 

n-6 PUFA, cont. 

 
            

20:4n-6 arachidonic acid              

Mean ± SD  55.8 ± 6.0  55.7 ± 6.8  54.6 ± 5.5  54.2 ± 5.5  0.01  -0.7 (-1.2, -0.1)  

Adjusted differences  Reference  -0.1 (-1.8, 1.7)  -1.3 (-2.9, 0.2)  -1.5 (-3.1, 0.1)  0.03  -0.6 (-1.1, 0.0)   

22:4n-6 adrenic acid              

Mean ± SD  55.7 ± 7.0  54.6 ± 5.5  55.8 ± 6.1  54.1 ± 5.2  0.15  -0.5 (-1.0, 0.1)  

Adjusted differences  Reference  -1.4 (-3.1, 0.2)  0.3 (-1.4, 2.0)  -1.5 (-3.0, 0.1)  0.25  -0.4 (-0.9, 0.2)  

              

Enzyme activity indices              

Δ6-desaturase 18:3n-6/18:2n-6              

Mean ± SD  55.9 ± 6.6  54.8 ± 5.7  54.7 ± 5.8  54.8 ± 5.8  0.26  -0.2 (-0.8, 0.4)  

Adjusted differences  Reference  -1.2 (-2.8, 0.5)  -1.6 (-3.2, 0.1)  -1.5 (-3.4, 0.3)  0.14  -0.3 (-1.1, 0.4)  

Δ5-desaturase 20:4n-6/20:3n-6              

Mean ± SD  54.8 ± 5.6  55.2 ± 6.1  56.0 ± 6.7  54.2 ± 5.4  0.48  -0.3 (-0.8, 0.2)  

Adjusted differences  Reference  0.4 (-1.2, 2.1)  1.1 (-0.6, 2.8)  -0.6 (-2.1, 0.9)  0.46  -0.3 (-0.8, 0.2)  
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Footnotes to Supplemental Table 4.5. 

 

1  Test for linear trend when a variable representing the median of each quartile was introduced into the linear regression model as a 

continuous predictor. Empirical estimates of the variance were specified in all models. 

 

2  From a linear regression model with withdrawn/depressed score as the outcome and % of total serum FA per 1 SD (continuous) as 

the predictor.  

 

3 Adjusted for child’s sex (dichotomous), child’s age at baseline (continuous), weekly hours spent watching television / playing 

video games (continuous), years of mother’s education (continuous) and mother’s BMI (continuous). n-3 and n-6 PUFA were 

adjusted for the continuous % of total serum FA per 1 SD of linoleic acid and α-linolenic acid, respectively. Long-chain FA were 

additionally adjusted for their immediate FA precursor(s) (continuous). Δ6-desaturase activity was additionally adjusted for α-

linolenic acid and linoleic acid (continuous). Δ5-desaturase activity was additionally adjusted for α-linolenic acid, γ-linolenic acid, 

and eicosadienoic acid (continuous). 
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Supplemental Table 4 6. Somatic complaints scores at 11-18 y of age according to serum fatty acid (FA) percentage weight 

concentration in middle childhood among children from Bogota, Colombia 

Somatic complaints scores 
 Q1  Q2  Q3  Q4    Mean difference  

 n=111  n=111  n=111  n=111  P1  per 1 SD2  

              

n-3 polyunsaturated FA (PUFA)              

18:3n-3 α-linolenic acid              

Mean ± SD  56.9 ± 7.2  56.5 ± 7.3  56.8 ± 7.8  57.3 ± 7.5  0.61  0.3 (-0.4, 1.1)  

Adjusted differences4  Reference  -0.2 (-2.1, 1.7)  0.0 (-2.0, 1.9)  0.6 (-1.3, 2.6)  0.49  0.5 (-0.2, 1.3)  

20:5n-3 eicosapentaenoic acid              

Mean ± SD  56.8 ± 7.0  56.7 ± 7.1  57.4 ± 8.4  56.6 ± 7.2  0.95  0.1 (-0.5, 0.8)  

Adjusted differences  Reference  0.1 (-1.8, 2.0)  0.9 (-1.2, 3.0)  0.4 (-1.5, 2.3)  0.51  0.4 (-0.3, 1.1)  

22:5n-3 docosapentaenoic acid              

Mean ± SD  57.4 ± 8.8  57.2 ± 6.7  55.9 ± 6.8  56.9 ± 7.2  0.55  -0.1 (-0.8, 0.6)  

Adjusted differences  Reference  -0.3 (-2.4, 1.7)  -1.3 (-3.4, 0.7)  0.3 (-1.9, 2.5)  0.84  0.2 (-0.5, 0.9)  

22:6n-3 docosahexaenoic acid              

Mean ± SD  57.4 ± 8.4  56.2 ± 7.1  57.2 ± 7.5  56.7 ± 6.7  0.64  0.3 (-0.6, 1.2)  

Adjusted differences  Reference  -0.9 (-2.9, 1.1)  -0.2 (-2.4, 1.9)  -0.5 (-2.5, 1.4)  0.76  0.4 (-0.5, 1.3)  

              

n-6 PUFA              

18:2n-6 linoleic acid              

Mean ± SD  56.2 ± 7.4  56.6 ± 7.4  57.5 ± 7.6  57.2 ± 7.5  0.25  0.3 (-0.4, 1.1)  

Adjusted differences  Reference  -0.1 (-2.0, 1.8)  1.0 (-1.0, 3.1)  0.8 (-1.2, 2.8)  0.32  0.4 (-0.5, 1.2)  

18:3n-6 γ-linolenic acid              

Mean ± SD  56.8 ± 7.6  57.5 ± 8.5  56.6 ± 6.6  56.5 ± 7.1  0.51  -0.3 (-1.0, 0.4)  

Adjusted differences  Reference  0.6 (-1.6, 2.7)  0.0 (-1.9, 1.9)  0.4 (-1.7, 2.5)  0.87  0.1 (-0.7, 0.8)  

20:2n-6 eicosadienoic acid              

Mean ± SD  56.4 ± 6.3  58.5 ± 9.6  56.7 ± 7.1  55.9 ± 6  0.25  -0.1 (-0.7, 0.4)  

Adjusted differences  Reference  2.0 (-0.2, 4.2)  0.1 (-1.8, 1.9)  -0.5 (-2.4, 1.5)  0.33  -0.1 (-0.7, 0.6)  

20:3n-6 dihomo-γ-linolenic acid              

Mean ± SD  56.4 ± 7.5  56.9 ± 7.7  57.3 ± 6.8  56.9 ± 7.8  0.63  0.1 (-0.6, 0.8)  

Adjusted differences  Reference  0.6 (-1.5, 2.7)  0.8 (-1.2, 2.8)  1.0 (-1.3, 3.3)  0.39  0.1 (-0.7, 0.9)  
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Somatic complaints scores 
 Q1  Q2  Q3  Q4    Mean difference  

 n=111  n=111  n=111  n=111  P1  per 1 SD2  

 

n-6 PUFA, cont. 

 
            

20:4n-6 arachidonic acid              

Mean ± SD  57.5 ± 8.4  56.5 ± 7.0  56.6 ± 7.3  56.8 ± 7.0  0.55  -0.4 (-1.2, 0.3)  

Adjusted differences  Reference  -1.3 (-3.3, 0.8)  -0.9 (-3.0, 1.3)  -0.7 (-2.8, 1.4)  0.64  -0.4 (-1.1, 0.4)  

22:4n-6 adrenic acid              

Mean ± SD  57.9 ± 7.7  56.9 ± 7.3  57.3 ± 8.1  55.5 ± 6.4  0.03  -0.7 (-1.3, 0.0)  

Adjusted differences  Reference  -1.0 (-2.9, 0.9)  0.1 (-2.0, 2.2)  -1.8 (-3.6, 0.0)  0.14  -0.4 (-1.1, 0.2)  

              

Enzyme activity indices              

Δ6-desaturase 18:3n-6/18:2n-6              

Mean ± SD  57.6 ± 8.3  56.5 ± 6.8  57.2 ± 7.4  56.3 ± 7.1  0.31  -0.4 (-1.1, 0.3)  

Adjusted differences  Reference  -0.9 (-2.9, 1.2)  -0.2 (-2.3, 1.9)  -0.3 (-2.6, 2.0)  0.97  0.0 (-0.8, 0.8)  

Δ5-desaturase 20:4n-6/20:3n-6              

Mean ± SD  57.5 ± 8.3  56.2 ± 6.8  57.9 ± 8.4  55.9 ± 5.8  0.23  -0.2 (-0.8, 0.3)  

Adjusted differences  Reference  -1.2 (-3.2, 0.8)  0.5 (-1.8, 2.8)  -1.8 (-3.8, 0.3)  0.21  -0.3 (-0.8, 0.3)  
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. 

Footnotes to Supplemental Table 4.6. 

 

1  Test for linear trend when a variable representing the median of each quartile was introduced into the linear regression model as a 

continuous predictor. Empirical estimates of the variance were specified in all models. 

 

2  From a linear regression model with somatic complaints score as the outcome and % of total serum FA per 1 SD (continuous) as 

the predictor.  

 

3 Adjusted for child’s sex (dichotomous), child’s age at baseline (continuous), weekly hours spent watching television / playing 

video games (continuous), years of mother’s education (continuous) and mother’s BMI (continuous). n-3 and n-6 PUFA were 

adjusted for the continuous % of total serum FA per 1 SD of linoleic acid and α-linolenic acid, respectively. Long-chain FA were 

additionally adjusted for their immediate FA precursor(s) (continuous). Δ6-desaturase activity was additionally adjusted for α-

linolenic acid and linoleic acid (continuous). Δ5-desaturase activity was additionally adjusted for α-linolenic acid, γ-linolenic acid, 

and eicosadienoic acid (continuous). 



149 

 

 

Chapter 5 Conclusions 

Summary of Findings 

This work generates new knowledge on the potential effects of nutritional exposures in 

middle childhood on externalizing and internalizing problems in adolescence.  

In Chapter 2, we found that ID, anemia, and low vitamin B-12 in middle childhood were 

positively associated with total externalizing problems among boys in Bogotá, Colombia. The 

association between low vitamin B-12 and total externalizing problems may be explained by 

higher aggressive behavior scores. In addition, ID was positively associated with total 

internalizing problems among boys, perhaps due to higher anxious/depressed and somatic 

complaints scores. These nutritional exposures in middle childhood were not associated with 

total externalizing or internalizing problems in adolescence among girls. Previous studies 

focused on iron status in infancy as an exposure. Chronic iron deficiency in infancy has been 

related to behavior problems in early and middle childhood, adolescence, and young adulthood 

(1-4). Iron is required for the production of the monoamine neurotransmitters (dopamine, 

serotonin, and norepinephrine) as well as gamma-aminobutyric acid and glutamate (5). In our 

population, anemia was not related to biomarkers of nutrients relevant to the hemoglobin 

metabolism, thus the nature of this association is uncertain. Anemia may be indicative of 

micronutrient deficiencies that we did not measure such as vitamin C or riboflavin. Vitamin B-12 

intake in adolescence has not been associated with behavior problems in cross-sectional studies 

(6-8). Vitamin B-12 is involved in the formation of S-adenosylmethionine, a precursor to the 
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monoamine neurotransmitters which govern mood and behavior, which has used to treat clinical 

depression in adults (9).  

In Chapter 3, we focus on vitamin D and its carrier protein, DBP, as exposures. VDD was 

positively associated with total externalizing problems. In addition, low DBP was related to 

higher aggressive behavior and anxious/depressed scores. The associations between DBP and 

behavior problems were not mediated by VDD. Previous findings on the association of vitamin 

D status and behavior problems have been inconsistent (10-14). Vitamin D deficiency alters 

dopamine metabolism and thus the vitamin may be related to the regulation of emotions and 

motivation. In middle childhood, VDD may regulate glial cell line-derived neurotrophic factor 

(15) which influences dopaminergic neuronal pruning (16). Our finding that low DBP 

concentration was associated with behavior problems is novel and hypothesis generating. DBP is 

involved in the innate immune response (17), which could influence behavior problems.  

Chapter 4 examines the associations of PUFA concentrations in middle childhood with 

total externalizing and internalizing problems in adolescence. The n-3 PUFA DPA was inversely 

associated with total externalizing problems, while DHA was positively related to this outcome. 

In addition, the D5D activity index was inversely related to total externalizing problems. ALA 

concentration was positively related to total internalizing problems, whereas AdA was inversely 

related to this outcome. Although not related to total externalizing or internalizing problems, AA 

was inversely associated with the behavior problems subscales rule breaking behavior and 

withdrawn/depressed scores. The positive association of DHA with total externalizing problems 

was unexpected, though consistent with several previous studies (18-20). A few rodent studies 

have found that DHA is related to delayed neurodevelopment (21, 22). Alternatively, limitations 

of observational studies may account for this positive association. For example, the association 
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between DHA and behavior problems may be confounded by environmental toxicants found in 

fatty fish, a dietary source of DHA. Mechanisms explaining the inverse associations of DPA, 

AA, and AdA with behavior problems are speculative. DPA and AA influence long-term 

potentiation of synapses in the striatum or the hippocampus, areas of the brain involved in 

behavior and cognition, whereas AdA may be involved in myelination (23). Since AA and the 

D5D activity index were both inversely related to rule breaking behavior scores, it is plausible 

that the associations with AA represent individual differences related to D5D activity. 

This dissertation has several strengths. The longitudinal study design minimizes the 

possibility of bias due to reverse causation. We used plasma or serum biomarkers to measure 

nutrient intake, which is considered an objective measurement method free of recall bias (24). 

Serum ferritin concentrations are adequately correlated with iron stores in the absence of 

inflammation (25). We excluded those with CRP >10 mg/L, thereby addressing inflammation. 

Total circulating 25(OH)D is considered the most complete way to capture vitamin D status, as it 

integrates dietary and sunlight sources of the vitamin (26). Serum biomarkers of FA adequately 

correlate with long-term intake of PUFA (27). In addition, the YSR is generalizable to many 

populations and widely used in epidemiologic research (28). We adjusted for key potential 

confounding variables collected at baseline including children’s BMI-for-age Z scores, time 

spent watching television or playing video games, maternal BMI, household food insecurity, and 

household socioeconomic status. 

There are some limitations as well. We do not have a baseline measurement of behavior 

problems in children and therefore do not know whether the problems measured in adolescence 

developed after the measurement of exposure or were present before. If behavior problems were 

already present at the time of enrollment and had caused changes in dietary behavior, reverse 
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causation cannot be ruled out as an explanation of the results. With regard to internalizing 

problems, reverse causation is unlikely, as average age of onset is during adolescence (29). 

Laboratory methods to quantify serum and plasma biomarkers may introduce random error. 

However, the majority of our coefficients of variation were low (<10%), which indicates small 

amounts of random error. Further, all exposures were assessed only once. However, for many of 

these biomarkers, a single measurement may adequately represent long-term intake (30, 31), and 

may therefore be representative of middle childhood exposure. If middle childhood nutrition is 

correlated with nutrition in other periods of development, then the results may reflect exposure at 

other ages rather than exposure in middle childhood. Ferritin, vitamin B-12, vitamin D, and 

PUFA concentrations may be correlated. However, we were unable to control for all dietary 

biomarker exposures in each Chapter as the study samples in Chapters 2-4 did not coincide. In 

addition, we were not able to control for several independent predictors of behavior problems, 

including genetics, parenting styles, and environmental toxicants. If these unmeasured 

independent predictors of the behavior problems are associated with the nutritional exposures of 

interest, then our results would be subject to residual confounding. Finally, our results may not 

be generalizable to children from the highest socioeconomic status, because they were not 

represented in this sample of children attending public school in Bogotá, Colombia.  

In conclusion, nutrition in middle childhood was associated with externalizing and 

internalizing problems in adolescence. Among boys, ID, anemia, and low vitamin B-12 were 

positively related to externalizing problems. ID was positively associated with internalizing 

problems among boys. VDD was associated with externalizing problems among boys and girls. 

Low DBP was related to high aggressive behavior and anxious/depressed scores. DPA and the 

D5D activity index were inversely related to externalizing problems whereas DHA was 
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positively associated with this outcome. ALA and AdA were positively and inversely related to 

internalizing problems, respectively. These results contribute knowledge on the relation between 

nutrition in middle childhood and adolescent behavior problems and may eventually form the 

basis for planning effective interventions in school-aged children.  
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Public Health Implications 

This dissertation represents a relatively comprehensive investigation of middle childhood 

diet in relation to adolescent behavior problems in the context of the BoSCCo study. Most 

studies conducted to date have only examined the influence of diet during the prenatal or infancy 

periods on child behavior problems. Middle childhood is a key period in cognitive development, 

as the frontal and temporal lobes undergo further changes (32). Many behavior problems first 

occur in adolescence (29). Thus, it is a critical time period to investigate behavior problem 

outcomes.  

We found that middle childhood ID, anemia, and low vitamin B-12 were associated with 

adolescent behavior problems among boys. As the association with ID is consistent with studies 

that have examined ID in infancy, results from this observational investigation could be the basis 

for the planning of intervention studies aimed at testing the effect of correcting ID or low vitamin 

B-12 in childhood on behavior problems later in life. In this population, administration of a 

school snack designed to provide 30, 50, and 40% of the recommended daily intake of energy, 

iron, and calcium, respectively, increased vitamin B-12 concentrations after approximately 3 

months (33). Public schools in Bogotá continue to administer this daily school snack. In addition, 

a limited number of schools with the necessary infrastructure provide a hot breakfast or lunch for 

their students. In 1996, Colombia mandated wheat flour fortification of iron and folate, however, 

vitamin B-12 fortification is not required by law (34). Daily vitamin supplementation or 

fortification of commonly eaten food sources could be implemented and scaled up at very low 

cost. School-based dietary interventions can be highly cost-effective, since they can be 

implemented as part of ongoing school nutrition programs.     
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The associations observed between middle childhood VDD and DBP concentrations are 

quite novel and need replication in other populations with different distributions of these 

nutrients or biomarkers. For example, the prevalence of VDD in Hispanic children in the United 

States is higher than the prevalence in our study (35, 36). To strengthen causal inference, future 

observational studies should use various informants to measure adolescent behavior problems. In 

addition, future studies should measure DBP with a polyclonal assay to account for potential 

confounding by isoform. If these results are replicated in future observational studies, then the 

planning of intervention studies would be warranted. Milk fortified with vitamin D increases 

25(OH)D concentrations in various populations (37). A school-based intervention in Bogotá 

could offer vitamin D fortified milk as part of the existing school snack program. DBP cannot be 

provided as a supplement, and there are few modifiable predictors of DBP concentration. 

Therefore, it would be difficult to intervene on DBP concentration. Associations between DPB 

and behavior may represent underlying genetic differences in children. If replicated, this finding 

could advance the etiologic understanding of adolescent behavior problems.  

The associations between PUFA concentrations and behavior problems also need 

replication in different populations. Future observational studies should investigate the PUFA 

metabolites DPA and AdA as exposures, since they may be important in the development of 

behavior problems. In addition, it would be valuable to elucidate the role of the D5D enzyme in 

the development of behavior problems. The D5D activity is regulated by genetic and 

environmental factors. Thus, future research could identify modifiable environmental factors that 

enhance the activity of this enzyme. The positive association between DHA concentrations and 

behavior problems should be interpreted with caution, since the observed association could be 
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confounded by intake of heavy metals or environmental pollutants, as these exposures are related 

to fatty fish intake, a source of preformed DHA.  

These studies are especially relevant because they took place among low- and middle- 

income schoolchildren in Bogotá, Colombia. Mental health is understudied in low- to middle-

income countries and often neglected in pediatric populations. Over the next 35 years, the 

number of children with psychiatric and developmental disorders is expected to increase in low- 

to middle-income countries (38), which largely do not have the resources to address psychiatric 

disorders adequately (39)  This is particularly relevant in a country like Colombia, which has 

been subjected to political and social unrest for the past 6 decades in what sociologists and 

historians call a new “culture of violence” (40) and thus may have a high prevalence of 

childhood behavior problems.  

Psychiatric and substance use disorders are the fifth leading cause of disability adjusted 

life years worldwide. They are the leading cause of years lived with disability (41). Externalizing 

problems are related to violent and criminal behavior (42), which may not only affect the 

immediate environment of children (e.g., family and school) but also adversely impact the 

dynamics of a society as a whole. Internalizing problems in adolescence are highly correlated 

with depressive and anxiety disorders in adults (43). Identifying modifiable predictors of 

externalizing and internalizing problems is the first step in lowering the burden of disease 

attributable to psychiatric disorders. 

In summation, this dissertation research shows that nutrition in middle childhood is 

associated with externalizing and internalizing problems in adolescence. As research on 

adolescent behavior problems and psychiatric disorders continues to advance, we anticipate that 

middle childhood and adolescence will be increasingly considered as critical periods in 
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development that are responsive to environmental conditions. With additional research on the 

correlates of nutrition in middle childhood with later behavioral health outcomes, these findings 

may have implications for planning effective intervention studies among school-aged children.  
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Future Directions 

 The work presented in this dissertation may eventually provide scientific rationale for 

planning school-based dietary interventions. However, several steps should be taken to 

strengthen causal inference before planning intervention studies. 

 First, the mechanisms presented throughout this dissertation are speculative. Most animal 

models focus on the effects of nutrition on central nervous system development in the prenatal 

period. Mechanisms in middle childhood are unknown. There are a variety of possible 

mechanisms; nutrition in middle childhood could alter synaptic plasticity, influence neuronal 

pruning, impact neurotransmitter metabolisms, or alter glial cell functioning. Identifying these 

mechanisms would provide biologic rationale for a long-term effect of nutrition in middle 

childhood on behavior. In addition, knowledge of the specific insults of nutritional deficiencies 

on brain development may allow future researchers to develop targeted interventions to restore 

optimal brain functioning. 

In this work, we were not able to account for nutrition in the prenatal or infancy period 

and thus cannot determine if the associations found in these studies represent the potential effect 

of middle childhood nutrition or the cumulative effect of early life and middle childhood 

nutrition. To isolate the critical period relevant to the development of behavior problems, future 

observational studies should control for nutrition in the prenatal or infancy period. If the results 

in this dissertation are replicated in studies which account for earlier nutrition, this would 

indicate that the association between nutrition in middle childhood and adolescent behavior 

problems is independent of nutrition earlier in life and strengthen justification for planning 

intervention studies among school-aged children.  
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 If these results are replicated in future observational studies, then testing the hypotheses 

examined in this work with the use of intervention studies would be warranted for some 

exposures examined. Since ID has known negative health effects (44), a randomized controlled 

trial of iron supplementation among children with ID would not be ethical. Randomized 

controlled trials of vitamin D fortification (45, 46) and fish oil supplementation (47, 48) 

conducted in school-aged children have good adherence and high short-term retention. Although 

resource intensive, an intervention study of vitamin D fortification, or vitamin B-12 or DPA 

supplementation with long-term follow-up would provide the strongest epidemiologic evidence 

for causal inference.   

Public health interventions would be merited if these results are replicated in intervention 

studies. In Colombia, fortification of wheat flour with vitamin B-12 or milk with vitamin D is not 

mandatory. I would recommend the addition of products made with vitamin B-12 fortified wheat 

flour and vitamin D fortified milk to the existing school snack program in Bogotá. Vitamin D 

fortification of milk is not required in many Latin American countries (49). Therefore, this 

recommendation could also apply to other countries in the region. Since the prevalence of ID, 

anemia, and VDD were low in our study, screening all schoolchildren to identify those with 

deficiencies or anemia would not be a cost-effective intervention strategy. However, in regions 

where the prevalence of nutritional deficiencies is higher, schools could partner with local 

pediatric clinics to detect children deficient in key nutrients through minimally invasive methods 

and provide supplementation to correct their deficiency.   

 In summary, investigations of the potential effects of middle childhood nutrition on later 

behavior problems are scant. Future research using animal models could identify mechanisms by 

which middle childhood nutrition affects brain development. In tandem, observational 
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epidemiologic research should work to isolate the effect of middle childhood nutrition on later 

behavior problems. Intervention studies of supplementation or fortification of commonly eaten 

foods would strengthen causal inference and could provide the basis for public health 

interventions at the local or national level.   

  



161 

 

References 

1. Lozoff B, Castillo M, Clark KM, Smith JB, Sturza J. Iron supplementation in infancy 

contributes to more adaptive behavior at 10 years of age. J Nutr 2014;144:838-45. 

2. Lozoff B, Jimenez E, Hagen J, Mollen E, Wolf AW. Poorer behavioral and developmental 

outcome more than 10 years after treatment for iron deficiency in infancy. Pediatrics 

2000;105. 

3. Lozoff B, Klein NK, Nelson EC, McClish DK, Manuel M, Chacon ME. Behavior of 

infants with iron-deficiency anemia. Child Dev 1998;69:24-36. 

4. Lozoff B, Smith JB, Kaciroti N, Clark KM, Guevara S, Jimenez E. Functional significance 

of early-life iron deficiency: outcomes at 25 years. J Pediatr 2013;163:1260-6. 

5. Beard JL, Connor JR. Iron status and neural functioning. Annu Rev Nutr 2003;23:41-58. 

6. Herbison CE, Hickling S, Allen KL, O'Sullivan TA, Robinson M, Bremner AP, Huang RC, 

Beilin LJ, Mori TA, Oddy WH. Low intake of B-vitamins is associated with poor 

adolescent mental health and behaviour. Prev Med 2012;55:634-8. 

7. Murakami K, Miyake Y, Sasaki S, Tanaka K, Arakawa M. Dietary folate, riboflavin, 

vitamin B-6, and vitamin B-12 and depressive symptoms in early adolescence: the Ryukyus 

Child Health Study. Psychosom Med 2010;72:763-8. 

8. Fulkerson JA, Sherwood NE, Perry CL, Neumark-Sztainer D, Story M. Depressive 

symptoms and adolescent eating and health behaviors: a multifaceted view in a population-

based sample. Prev Med 2004;38:865-75. 

9. Sarris J, Price LH, Carpenter LL, Tyrka AR, Ng CH, Papakostas GI, Jaeger A, Fava M, 

Mischoulon D. Is S-adenosyl methionine (SAMe) for depression only effective in males? A 

re-analysis of data from a randomized clinical trial. Pharmacopsychiatry 2015;48:141-4. 

10. Daraki V, Roumeliotaki T, Koutra K, Chalkiadaki G, Katrinaki M, Kyriklaki A, Kampouri 

M, Margetaki K, Vafeiadi M, Papavasiliou S, et al. High maternal vitamin D levels in early 

pregnancy may protect against behavioral difficulties at preschool age: the Rhea mother-

child cohort, Crete, Greece. Eur Child Adolesc Psychiatry 2017. 

11. Darling AL, Rayman MP, Steer CD, Golding J, Lanham-New SA, Bath SC. Association 

between maternal vitamin D status in pregnancy and neurodevelopmental outcomes in 

childhood: results from the Avon Longitudinal Study of Parents and Children (ALSPAC). 

Br J Nutr 2017;117:1682-92. 

12. Gale CR, Robinson SM, Harvey NC, Javaid MK, Jiang B, Martyn CN, Godfrey KM, 

Cooper C, Princess Anne Hospital Study G. Maternal vitamin D status during pregnancy 

and child outcomes. Eur J Clin Nutr 2008;62:68-77. 



162 

 

13. Keim SA, Bodnar LM, Klebanoff MA. Maternal and cord blood 25(OH)-vitamin D 

concentrations in relation to child development and behaviour. Paediatr Perinat Epidemiol 

2014;28:434-44. 

14. Whitehouse AJ, Holt BJ, Serralha M, Holt PG, Kusel MM, Hart PH. Maternal serum 

vitamin D levels during pregnancy and offspring neurocognitive development. Pediatrics 

2012;129:485-93. 

15. Sanchez B, Relova JL, Gallego R, Ben-Batalla I, Perez-Fernandez R. 1,25-

Dihydroxyvitamin D3 administration to 6-hydroxydopamine-lesioned rats increases glial 

cell line-derived neurotrophic factor and partially restores tyrosine hydroxylase expression 

in substantia nigra and striatum. J Neurosci Res 2009;87:723-32. 

16. Jaumotte JD, Zigmond MJ. Comparison of GDF5 and GDNF as neuroprotective factors for 

postnatal dopamine neurons in ventral mesencephalic cultures. J Neurosci Res 

2014;92:1425-33. 

17. White P, Cooke N. The multifunctional properties and characteristics of vitamin D-binding 

protein. Trends Endocrinol Metab 2000;11:320-7. 

18. Krabbendam L, Bakker E, Hornstra G, van Os J. Relationship between DHA status at birth 

and child problem behaviour at 7 years of age. Prostaglandins Leukot Essent Fatty Acids 

2007;76:29-34. 

19. Gould JF, Treyvaud K, Yelland LN, Anderson PJ, Smithers LG, McPhee AJ, Makrides M. 

Seven-year follow-up of children born to women in a randomized trial of prenatal DHA 

supplementation. JAMA 2017;317:1173-5. 

20. Makrides M, Gould JF, Gawlik NR, Yelland LN, Smithers LG, Anderson PJ, Gibson RA. 

Four-year follow-up of children born to women in a randomized trial of prenatal DHA 

supplementation. JAMA 2014;311:1802-4. 

21. Saste MD, Carver JD, Stockard JE, Benford VJ, Chen LT, Phelps CP. Maternal diet fatty 

acid composition affects neurodevelopment in rat pups. J Nutr 1998;128:740-3. 

22. Wainwright PE, Jalali E, Mutsaers M, Bell R, Cvitkovic S. An imbalance of dietary 

essential fatty acids retards behavioral development in mice. Physiol Behav 1999;66:833-9. 

23. Wijendran V, Lawrence P, Diau G, Boehm G, Nathanielsz PW, Brenna JT. Significant 

utilization of dietary arachidonic acid is for brain adrenic acid in baboon neonates. J Lipid 

Res 2002;43:762-7. 

24. Willett WC. Nutritional epidemiology. Third Edition ed: Oxford University Press, 2012. 

25. Yang Z, Dewey KG, B. L, Hernell O, Chaparro C, Adu-Afarwuah S, McLean ED, Cohen 

RJ, Domellof M, Allen LH, et al. Comparison of plasma ferritin concentration with the 

ratio of plasma transferrin receptor to ferritin in estimating body iron stores: results of 4 

intervention trials. Am J Clin Nutr 2008;87:1892-8. 



163 

 

26. Millen AE, Bodnar LM. Vitamin D assessment in population-based studies: a review of the 

issues. Am J Clin Nutr 2008;87(suppl):1102S-5S. 

27. Baylin A, Kim MK, Donovan-Palmer A, Siles X, Dougherty L, Tocco P, Campos H. 

Fasting whole blood as a biomarker of essential fatty acid intake in epidemiologic studies: 

comparison with adipose tissue and plasma. Am J Epidemiol 2005;162:373-81. 

28. Ivanova MY, Achenbach TM, Rescorla LA, Dumenci L, Almqvist F, Bilenberg N, Bird H, 

Broberg AG, Dobrean A, Dopfner M, et al. The generalizability of the Youth Self-Report 

syndrome structure in 23 societies. J Consult Clin Psychol 2007;75:729-38. 

29. Costello EJ, Mustillo S, Erkanli A, Keeler G, Angold A. Prevalence and development of 

psychiatric disorders in childhood and adolescence. Arch Gen Psychiatry 2003;60:837-44. 

30. Al-Delaimy WK, Jansen EH, Peeters PH, van der Laan JD, van Noord PA, Boshuizen HC, 

van der Schouw YT, Jenab M, Ferrari P, Bueno-de-Mesquita HB. Reliability of biomarkers 

of iron status, blood lipids, oxidative stress, vitamin D, C-reactive protein and fructosamine 

in two Dutch cohorts. Biomarkers 2006;11:370-82. 

31. Zeleniuch-Jacquotte A, Chajes V, Van Kappel A, Riboli E, Toniolo P. Reliability of fatty 

acid composition in human serum phospholipids. Eur J Clin Nutr 2000;54:367-72. 

32. Brown TT, Jernigan TL. Brain development during the preschool years. Neuropsychol Rev 

2012;22:313-33. 

33. Arsenault JE, Mora-Plazas M, Forero Y, Lopez-Arana S, Marin C, Baylin A, Villamor E. 

Provision of a school snack is associated with vitamin B-12 status, linear growth, and 

morbidity in children from Bogota, Colombia. J Nutr 2009;139:1744-50. 

34. Darnton-Hill I, Mora JO, Weinstein H, Wilbur S, Nalubola PR. Iron and folate fortification 

in the americas to prevent and control micronutrient malnutrition: an analysis. Nutr Rev 

1999;57:25-31. 

35. Au LE, Economos CD, Goodman E, Must A, Chomitz VR, Sacheck JM. Vitamin D intake 

and serum vitamin D in ethnically diverse urban schoolchildren. Public Health Nutr 

2012;15:2047-53. 

36. Kant AK, Graubard BI. Race-ethnic, family income, and education differentials in 

nutritional and lipid biomarkers in US children and adolescents: NHANES 2003-2006. Am 

J Clin Nutr 2012;96:601-12. 

37. Black LJ, Seamans KM, Cashman KD, Kiely M. An updated systematic review and meta-

analysis of the efficacy of vitamin D food fortification. J Nutr 2012;142:1102-8. 

38. Mental, neurological, and substance use disorders. Third Edition ed. Washington, DC: 

World Bank 2015. 



164 

 

39. Jacob KS, Sharan P, Mirza I, Garrido-Cumbrera M, Seedat S, Mari JJ, Sreenivas V, Saxena 

S. Mental health systems in countries: where are we now? Lancet 2007;370:1061-77. 

40. Waldmann P. Is there a culture of violence in Colombia? Terror Political Violence 

2007;19:593-609. 

41. Whiteford HA, Degenhardt L, Rehm J, Baxter AJ, Ferrari AJ, Erskine HE, Charlson FJ, 

Norman RE, Flaxman AD, Johns N, et al. Global burden of disease attributable to mental 

and substance use disorders: findings from the Global Burden of Disease Study 2010. 

Lancet 2013;382:1575-86. 

42. Aebi M, Giger J, Plattner B, Metzke CW, Steinhausen HC. Problem coping skills, 

psychosocial adversities and mental health problems in children and adolescents as 

predictors of criminal outcomes in young adulthood. Eur Child Adolesc Psychiatry 

2014;23:283-93. 

43. Kovacs M, Devlin B. Internalizing disorders in childhood. J Child Psychol Psychiatry 

1998;39:47-63. 

44. Zimmermann MB, Hurrell RF. Nutritional iron deficiency. Lancet 2007;370:511-20. 

45. Brett NR, Lavery P, Agellon S, Vanstone CA, Maguire JL, Rauch F, Weiler HA. Dietary 

vitamin D dose-response in healthy children 2 to 8 y of age: a 12-wk randomized controlled 

trial using fortified foods. Am J Clin Nutr 2016;103:144-52. 

46. Khadgawat R, Marwaha RK, Garg MK, Ramot R, Oberoi AK, Sreenivas V, Gahlot M, 

Mehan N, Mathur P, Gupta N. Impact of vitamin D fortified milk supplementation on 

vitamin D status of healthy school children aged 10-14 years. Osteoporos Int 

2013;24:2335-43. 

47. Tammam JD, Steinsaltz D, Bester DW, Semb-Andenaes T, Stein JF. A randomised double-

blind placebo-controlled trial investigating the behavioural effects of vitamin, mineral and 

n-3 fatty acid supplementation in typically developing adolescent schoolchildren. Br J Nutr 

2016;115:361-73. 

48. Raine A, Portnoy J, Liu J, Mahoomed T, Hibbeln JR. Reduction in behavior problems with 

omega-3 supplementation in children aged 8-16 years: a randomized, double-blind, 

placebo-controlled, stratified, parallel-group trial. J Child Psychol Psychiatry 2015;56:509-

20. 

49. Bowley A (editor). Mandatory food enrichment. NUTRIVIEW, Special Issue 2003. 2003; 

Basel: Roche Vitamins Europe Ltd.  



165 

 

 

Appendix – Associations between Examined Exposures  

The biomarker dietary exposures used across the three aims of this dissertation may be 

correlated. Although it is challenging to properly examine this overlap given that the study 

samples do not coincide, our objective was to present the associations between exposures where 

data was available. 

 Among children with plasma 25-hydroxy vitamin D and vitamin D binding protein 

measured, 8 and 5 children had ID and anemia, respectively. Among children with ID, 37.5% 

were VDD compared with 10.3% of children without ID. None of the anemic children were 

VDD. Among children with low vitamin B-12, 16.7% were VDD; 9.8% of children without low 

vitamin B-12 were VDD. However, there were no statistically significant associations between 

VDD or low DBP with ID, anemia, and low vitamin B-12 (Table 1).  

Among children with PUFA concentration ascertained, 13, 14, and 25 children had ID, 

anemia, and VDD, respectively. ID and anemia were not associated with n-3 or n-6 PUFA 

concentrations or with the D6D or D5D enzyme activity indices (Table 2). Low vitamin B-12 

was positively associated with GLA and DGLA concentrations as well as the D6D activity index 

and inversely associated with AdA concentrations and the D5D activity index. VDD was 

positively associated with ALA concentrations and inversely associated with AA concentrations 

and the D6D and D5D activity indices. DBP was not associated with PUFA concentrations or 

with the D6D or D5D activity indices (Table 2). 

Given these associations, some of the results observed in aims 2 and 3 of this dissertation 

may be confounded by other nutritional exposures. For instance, the inverse association between 
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D5D and externalizing problems may be confounded by low vitamin B-12 or VDD, which were 

each positively associated with externalizing problems. If we had been able to control for low 

vitamin B-12 or VDD, the inverse association between D5D and externalizing problems would 

likely have been attenuated.  

When nutritional exposures share a common food source or enzyme activity may be 

influenced by nutritional deficiencies, future studies should examine the joint distributions of 

nutritional status biomarkers to determine whether to control for other nutritional exposures. 
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Table 6.1. Associations between vitamin D deficiency and low vitamin D binding protein with 

iron deficiency, anemia, and low vitamin B-12 concentration in middle childhood 

 

 

 

Nutritional characteristic 

 

 
Vitamin D 

deficiency1 

 Low vitamin 

D binding 

protein2  

   n  %  n  % 

          

Iron deficiency3          

Yes   8  37.5  8  62.5 

No   213  10.3  213  48.8 

P4     0.17    0.45 

          

Anemia5          

Yes   5  0.0  5  60.0 

No   217  11.5  217  49.3 

P     0.54    0.64 

          

Low vitamin B-126          

Yes   54  16.7  54  42.6 

No   164  9.8  164  52.4 

P     0.22    0.21 
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Footnotes to Table 6.1 

 

1 Plasma 25(OH)D <50 nmol/L. 

 

2 Plasma vitamin D binding protein <2497 nmol/L. 

 

3 Plasma ferritin concentration <15 µg/L. 13 children with CRP >10 mg/L were excluded from 

the analysis. 

 

4 χ2 score test statistic from Poisson regression with vitamin D deficiency or low vitamin D 

binding protein as the dichotomous outcome. Empirical estimates were used in all models. 

Fisher’s exact test for anemia and vitamin D deficiency.   

 

5 Hemoglobin <12.7 g/dL. 

 

6 Plasma vitamin B-12 in quartile 1 (median boys: 204 pmol/L, girls: 218 pmol/L). 
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Table 6.2. Polyunsaturated fatty acid serum percentage weight concentration and enzyme activity indices according to categories of 

micronutrient status indicators among schoolchildren from Bogotá, Colombia 

 

Nutritional characteristic 

 n-3 polyunsaturated fatty acid (PUFA)1  n-6 PUFA  Enzyme activity indices 

 18:3n-3  20:5n-3  22:5n-3  22:6n-3   18:2n-6  18:3n-6  20:2n-6  20:3n-6  20:4n-6  22:4n-6   GLA/LA AA/DGLA 

n ALA EPA DPA DHA  LA GLA EDA DGLA AA AdA  Δ6-desaturase Δ5-desaturase 

                

Iron deficiency2                

Yes 13 0.5 ± 0.1 0.2 ± 0.1 0.5 ± 0.2 2.4 ± 1.1  31.1 ± 2.9 0.3 ± 0.1 0.3 ± 0.1 1.6 ± 0.2 5.9 ± 1.0 3.3 ± 1.0  0.008 ± 0.003 3.8 ± 0.8 

No 428 0.5 ± 0.1 0.2 ± 0.1 0.5 ± 0.2 2.2 ± 0.9  30.6 ± 3.0 0.3 ± 0.2 0.3 ± 0.1 1.6 ± 0.4 6.0 ± 1.2 3.1 ± 1.2    0.01 ± 0.006 4.0 ± 1.5 

P3  0.59 0.89 0.22 0.54  0.54 0.09 0.71 0.82 0.72 0.63  0.06 0.44 

                

Anemia4                

Yes 14 0.5 ± 0.2 0.2 ± 0.2 0.5 ± 0.2 2.6 ± 1.2  31.2 ± 2.4 0.2 ± 0.1 0.3 ± 0.1 1.4 ± 0.4 6.4 ± 1.0 3.4 ± 1.1  0.008 ± 0.004 4.9 ± 2.1 

No 430 0.5 ± 0.1 0.2 ± 0.1 0.5 ± 0.2 2.2 ± 0.9  30.6 ± 3.0 0.3 ± 0.2 0.3 ± 0.1 1.6 ± 0.4 6.0 ± 1.2 3.1 ± 1.2    0.01 ± 0.006 4.0 ± 1.5 

P  0.88 0.34 0.56 0.24  0.36 0.10 0.70 0.20 0.14 0.45  0.08 0.10 

                

Low vitamin B-125                

Yes 121 0.5 ± 0.1 0.2 ± 0.1 0.5 ± 0.2 2.1 ± 0.9  30.3 ± 3.0 0.3 ± 0.2 0.3 ± 0.1 1.7 ± 0.4 6.0 ± 1.1 3.0 ± 1.1  0.01 ± 0.007 3.8 ± 1.1 

No 310 0.5 ± 0.1 0.2 ± 0.1 0.5 ± 0.2 2.3 ± 0.9  30.8 ± 3.0 0.3 ± 0.1 0.3 ± 0.1 1.6 ± 0.4 6.1 ± 1.2 3.2 ± 1.2  0.01 ± 0.006 4.1 ± 1.6 

P  0.59 0.08 0.68 0.12  0.12 0.01 0.93 0.04  0.33 0.03   0.01 0.02 

                

Vitamin D deficiency6                

Yes 25 0.6 ± 0.1 0.2 ± 0.1 0.4 ± 0.1 2.4 ± 0.8  30.8 ± 3.2 0.3 ± 0.1 0.3 ± 0.1 1.6 ± 0.2 5.3 ± 0.9 3.0 ± 1.2  0.008 ± 0.004 3.5 ± 0.9 

No 197 0.5 ± 0.1 0.2 ± 0.1 0.4 ± 0.2 2.6 ± 1.1  30.2 ± 2.9 0.3 ± 0.2 0.3 ± 0.1 1.6 ± 0.4 5.9 ± 1.1 3.1 ± 1.0    0.01 ± 0.006 4.0 ± 1.8 

P  0.03 0.43 0.58 0.25  0.34 0.09 0.70 0.61 0.01 0.69  0.06 0.03 

                

Low vitamin D binding  

protein7      

 

         

Yes 110 0.5 ± 0.1 0.2 ± 0.1 0.4 ± 0.2 2.7 ± 1.1  30.5 ± 2.9 0.3 ± 0.1 0.3 ± 0.1 1.6 ± 0.3 5.9 ± 1.2 3.1 ± 1.1  0.01 ± 0.005 4.0 ± 2.2 

No 112 0.5 ± 0.1 0.2 ± 0.1 0.4 ± 0.1 2.6 ± 0.9  29.9 ± 3.0 0.3 ± 0.2 0.3 ± 0.1 1.6 ± 0.4 5.9 ± 1.1 3.1 ± 0.9  0.01 ± 0.006 3.8 ± 1.1 

P  0.91 0.22 0.76 0.64  0.12 0.39 0.12 0.56 0.85 0.66  0.24 0.54 
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Footnotes to Table 6.2 

 

1 Mean ± SD of serum fatty acid percentage weight concentration. Abbreviations are as follows: 

alpha-linolenic acid, ALA; eicosapentaenoic acid, EPA; docosapentaenoic acid, DPA; 

docosahexaenoic acid, DHA; linoleic acid, LA; gamma-linolenic acid, GLA; eicosadienoic acid, 

EDA; dihomo-gamma-linolenic acid, DGLA; arachidonic acid, AA; and adrenic acid, AdA. 

 

2 χ2 score test statistic from linear regression with PUFA percentage weight concentration as the 

continuous outcome. Empirical estimates were used in all models.   

 

3 Plasma ferritin concentration <15 µg/L. 13 children with CRP >10 mg/L were excluded from 

the analysis. 

 

4 Hemoglobin <12.7 g/dL. 

 

5 Plasma vitamin B-12 in quartile 1 (median boys: 204 pmol/L, girls: 218 pmol/L). 

 

6 Plasma 25(OH)D <50 nmol/L. 

 

7 Plasma vitamin D binding protein <2497 nmol/L. 


