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Abstract

Children who are iron deficient (ID) or iron-deficient anemic (IDA) have been shown to seek and
receive less stimulation from their caregivers, contributing to functional isolation. Over time, the
reduced interactions between child and caregiver are thought to interfere with the acquisition of
normative social competencies and adversely affect the child’s development. The current study
examined functional isolation in children who were ID or IDA in infancy in relation to social
difficulties in middle childhood and problem behaviors in adolescence. Using a sample of 873
Chilean children, 45% of whom were ID or IDA in infancy, structural equation modeling results
indicated that infant IDA was associated with children’s dull affect and social reticence at age 5,
which were related to mothers’ unresponsiveness and under-stimulation. Mothers’ limited
responsiveness and stimulation were, in turn, related to children’s peer rejection at age 10, which
further linked to problem behaviors and associating with deviant peers at adolescence. Findings
support the functional isolation hypothesis and suggest that early limited caregiver responsiveness
and stimulation contribute to long-term social difficulties in adolescents who were iron-deficient
anemic in infancy.
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It is well documented that malnourished children have flat affect, are less active and show
less exploration of their environments (Brown & Pollitt, 1996). These altered behavioral
patterns make such children less able to seek and receive developmentally facilitating
caregiving, resulting in functional isolation (Levitsky & Strupp, 1995). Over time, the
diminished child-caregiver interactions interfere with input from the physical and social
environment and the child’s acquisition of social, motor and cognitive skills, which can
adversely affect the child’s long-term development. Like severely malnourished children,
iron-deficient anemic infants also have been observed to be emotionally dull and disengaged
(Lozoff et al., 1998), and the mothers of iron-deficient anemic infants less stimulating and
responsive than the mothers of non-anemic infants (Armony-Sivan, Kaplan-Estrin, Jacobson,
& Lozoff, 2010). However, the long-term effects of these reduced interactive patterns are not
known. Using longitudinal data, the current study tested whether iron deficiency in infancy
relates to children’s dull affect and social reticence at age 5, which, in turn, contribute to
mothers’ unresponsiveness and under-stimulation. We further examined whether mothers’
limited responsiveness and low social stimulation lead to peer rejection in middle childhood,
and whether peer rejection contributes to problem behaviors and affiliation with deviant
peers in adolescence (see conceptual model in Figure 1). Our conceptual model derives from
a developmental cascade model, wherein an early health insult (infant iron deficiency)
affects “downstream” development, with effects spreading across time and domains (Masten
& Cicchetti, 2010). The connections between iron deficiency in infancy and later problem
behaviors has widespread significance given that the estimated global prevalence of anemia
in children younger than 5 years is 43%, or approximately 273 million children worldwide,
mostly due to iron deficiency (Stevens et al., 2013). In the U.S., from 2007 to 2010, 7.1% of
children 1-5 years were iron deficient, or approximately 1.5 million children (Gupta,
Perrine, Mei, & Scanlon, 2016). Latino children have the highest prevalence (15-20% iron
deficiency sustained over several decades) due in part to rapid postnatal growth and a greater
likelihood of being overweight (Brotanek, Gosz, Weitzman, & Flores, 2007). Low-income
children also have a high prevalence of iron deficiency due to nutritional deficiencies
resulting from food insecurity (Park et al., 2009).

Iron-Deficiency Anemia (IDA) and Affective Dullness and Unresponsive

Parenting

Iron deficiency is characterized by depleted iron stores and reduced iron dependent protein
production (Baker, Greer, & The Committee on Nutrition, 2010). Iron deficiency in infancy
may be particularly harmful due to rapid brain growth, during which critical iron-containing
enzymes and hemoproteins are needed for the brain’s hippocampal and cortical regional
development (Georgieff, 2011; Lozoff, 2011). In animal studies, IDA also adversely affects
the brain’s striatal dopaminergic systems (Beard, 2007). Because dopamine plays a major
role in positive affect and the degree to which individuals experience inherent reward,
alterations in the striatal-frontal and mesolimbic dopaminergic system connections
associated with IDA would be consistent with affective dullness (Lozoff, 2011).
Functionally, alterations of processes associated with the striatum and hippocampus in
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humans would be evidenced by a general disruption of systems regulating emotion, possibly
resulting in delayed emotional responding or flat affect (Georgieff, 2011; Lozoff, 2011).

There is much evidence that early IDA in humans is associated with aberrant social
behaviors that can interfere with developmentally facilitating caregiving. For example,
infants who are iron deficient have been observed to be more solemn, listless, and easily
fatigued than iron sufficient infants (Lozoff, 2007). Iron-deficient anemic preschool children
in New Delhi displayed less social looking toward their mothers and were slower to show
positive affect than non-anemic children when observed in a semi-structured in-home play
setting (Lozoff et al., 2007). Five-year-olds from Costa Rica who had chronic, severe iron
deficiency in infancy displayed lower levels of smiling, verbalization, and physical activity
compared to children who had good infant iron status (Corapci, Radan, & Lozoff, 2006).
Four-year-old Chinese children who had chronic IDA in infancy showed less positive affect
and were more passive and unengaged than children who were non-anemic throughout
infancy (Chang et al., 2011). In addition, children within the current study sample who were
IDA in infancy were less socially engaging and less active in infancy and less attentive in
childhood (East, et al., 2017; Lozoff et al., 2003, 2010, 2014).

The mothers of iron-deficient children also show impaired interactive behaviors. Compared
to mothers of non-anemic infants, the mothers of iron-deficient anemic infants in Costa Rica
showed less pleasure and affection in interaction with their child and were less likely to offer
encouragement on a motor task (Lozoff et al., 1998). In a videotaped feeding interaction
task, mothers of iron-deficient anemic infants were less sensitive to infant cues and showed
less cognitive and social-emotional growth fostering behavior than mothers of non-anemic
infants (Armony-Sivan et al., 2010). Other studies also have detected less mother-child
reciprocity and maternal responsivity between iron-deficient infants or young children and
their mothers (Corapci et al., 2006; Lozoff, Klein, & Prabucki, 1986; Lozoff et al., 1998).

Consistent with what one would expect from functional isolation, persistent limited social
exchanges between iron-deficient children and their caregivers would provide fewer
opportunities for the acquisition of critical social skills, thereby creating a lasting
impairment in the child’s social development (Wachs, 2009). Although mothers’
responsiveness was not directly considered, children with chronic iron deficiency in infancy
have higher levels of social problems at ages 10 and 14 than their counterparts with good
iron status in infancy (Corapci et al., 2010; Lozoff, Jimenez, Hagen, Mollen, & Wolf, 2000).
Parental unresponsiveness and low parental warmth and affection have been widely
associated with children’s poor peer relations and peer rejection (Elicker, Englund, &
Sroufe, 2016; Parke & Ladd, 2016). Studies also show that children who are actively
disliked by their classmates are more likely to engage in later delinquency and substance use
(Dodge et al., 2009; Kupersmidt & Coie, 1990). Youth who are socially rejected in the
school setting tend to affiliate with deviant peers who are more tolerant of inept social
behaviors (Snyder et al., 2005). Such affiliations, though, often foster “deviancy training,”
whereby socially rejected youth are encouraged to also use substances and engage in
delinquent-like behavior to solidify social bonding (Monahan, Steinberg, & Cauffman, 2009;
Snyder et al., 2005). Given evidence of low maternal stimulation and responsiveness to iron
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deficient children, such children may be at risk for later social difficulties, such as peer
exclusion, association with deviant peers, and delinquency.

The Current Study

The current study examined the process of functional isolation in children who were iron
deficient or iron-deficient anemic in infancy and its relation to children’s social difficulties
in middle childhood and problem behaviors in adolescence. To test these relations, we
analyzed longitudinal data on over 800 Chilean children who were enrolled as infants when
there was no national program for iron fortification in infant formula, resulting in a sample
with relatively high rates of iron deficiency and iron-deficiency anemia in infancy. To best
understand how iron deficiency relates to children’s affect, we analyzed iron status in two
ways. First, we considered iron status as a continuous variable based on severity (coded [0]
iron sufficiency, [1] iron deficiency, and [2] iron-deficiency anemia). Second, we considered
iron status as a 3-level categorical (ordinal trichotomous) variable to assess group
differences (i.e., comparing children who were iron sufficient [I1S] as infants to those who
were iron deficient only [ID-only], comparing children who were IS to those who were iron-
deficient anemic [IDA], and comparing children who were ID to those who were IDA).

Regarding tests of severity effects, although some studies have found that iron deficiency
severity is associated with more socioemotional impairment (Lozoff et al. 2008; Wachs,
Pollitt, Cueto, Jacoby, & Creed-Kanashiro, 2005) and poorer cognitive functioning (Carter et
al., 2010; Doom et al. 2014), several studies have not found severity effects (reviewed in
Grantham-McGregor & Ani, 2001; McCann & Ames, 2007). Given that a dose-response
relationship is one criterion used to establish causal relations (worse outcomes associated
with higher levels of the exposure; Hill, 1965), it would be important to establish that an
association exists between more severe iron deficiency and poorer socioemotional
functioning.

The analyses involving iron status as an ordinal trichotomous variable will reveal whether
differences exist in children’s affective behavior across groups, including the direct
comparison of children who were iron deficient alone (no anemia) and those who were iron
sufficient. Although some animal studies have demonstrated that iron deficiency without
anemia is associated with poorer functioning, few studies of human infants have examined
this question (McCann & Ames, 2007) (exceptions: Akman et al., 2004; Doom et al., 2014;
Lozoff, Jimenez, & Wolf, 1991). Iron deficiency (alone, without anemia) is present when
there is insufficient iron to maintain normal physiologic function, which may have harmful
effects on brain and behavioral development (Baker et al., 2010). Given that iron deficiency
without anemia is asymptomatic and often goes undetected, and is roughly 2.5 times more
common than iron-deficiency with anemia (Centers for Disease Control and Prevention,
2002), understanding the effects of iron deficiency without anemia on children’s
socioemotional behavior is important.

In the analyses comparing children who were iron deficient only to those who were iron-
deficient anemic in infancy, we test whether iron-deficiency anemia is associated with
deficits above and beyond those associated with iron deficiency alone. Anemia is a more
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severe and end-stage form of iron deficiency, characterized not only by depleted iron stores
and functional alterations in iron-dependent compounds, but also by reduced hemoglobin
concentrations (Zimmerman & Hurrell, 2007). Anemia in adults has been found in some
studies to be associated with more severe symptoms of weakness, fatigue, and listlessness
than iron deficiency without anemia (Zimmerman & Hurrell, 2007). We test whether
children show more affective dullness and listlessness as a function of whether they were
iron-deficient anemic in infancy compared to iron deficient only.

Tests of our conceptual model (Fig. 1) included all direct paths between distal variables,
such as between children’s dull affect and problem behavior in adolescence. We
operationalized mothers’ unresponsiveness using home observations of mothers’ low
responsiveness, low warmth/affection, and low social stimulation. We operationalized peer
rejection as active exclusion from the peer group. We did not focus on peer neglect
(preferring solitary activities, uninvolved with peers) because peer rejection reflects more
problematic social adjustment, whereas peer neglect is thought to derive from shyness and
introversion and does not necessarily reflect social inadequacies (Parker, Rubin, Price, & de
Rosier, 1995). Children’s problem behaviors at adolescence were operationalized as
delinquent-like behaviors (cheating, stealing, truancy) and substance use, based on problem
behavior theory, which asserts that such behaviors comprise a single multidimensional
behavioral syndrome (Donovan & Jessor, 1985). We specifically analyzed early, regular, and
problematic use of cigarettes, alcohol, and marijuana as our index of substance use, given
that moderate use of these substances within this Chilean cohort of youth might be
considered relatively normative. For example, data from the global school-based student
health survey show that, in 2013 [the most recent Chile survey], 28% of 13- to 17-year-old
Chilean students smoked cigarettes in the past 30 days and 25% had used marijuana (World
Health Organization, 2013).

In addition, we tested an alternate ordering of study variables, specifically testing whether
infant iron status relates directly to mothers’ unresponsiveness which, in turn, is associated
with children’s dull affect. This analysis was conducted to potentially rule out this alternate
ordering of effects and to derive evidence that children’s dull affect is best understood as a
mediator linking infant iron deficiency and mothers’ unresponsiveness. Further analyses
tested whether the pathways outlined in our analytic model differ for males and females.

Analyses controlled for several child, family, and socioeconomic factors that are related to
the study variables. Because iron deficiency is more likely to occur in disadvantaged family
circumstances (Lozoff, 2007) and among males (due in part to greater postnatal weight gain
and lower neonatal iron stores in boys; Domellof et al., 2002), we control for family
socioeconomic status (SES) and child sex. We also control for whether infants were iron-
supplemented as part of the original infancy study, as this is negatively associated with poor
iron status (Lozoff et al., 2003), and whether infants were breastfed as the sole source of
milk at 6 months, given that breast feeding into the second half year of life is associated with
increased risk of iron deficiency and iron deficiency anemia (Baker et al., 2010; Clark et al.,
2017). Dull temperament at 6 months of age was also included as a covariate to strengthen
interpretation that dull affect at 5 years results from iron deficiency or iron-deficiency
anemia independent of temperamental dullness. We also control for mothers’ depressive
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symptoms, 1Q, and educational level, as well as number of children in the family and family
stressors on mothers’ unresponsiveness. Lastly, we control for family stress, SES, mothers’
education, child sex, and age at the adolescent follow-up on deviant friends and problem
behaviors at adolescence.

Participants and Study Design

Participants were 873 children (53% male) who have been studied since infancy as part of an
iron-deficiency anemia randomized controlled preventive trial and follow-up study in
Santiago, Chile (Lozoff et al., 2003). Table 1 displays descriptive information about the
analytic sample and the study variables. The study originally involved 1,657 infants
recruited from community clinics in Santiago, Chile between 1991 and 1996, a period
during which iron deficiency in infancy was widespread and there was no national program
for iron fortification in infant formula. All infants were born healthy at term (birth weight >
3.0 kg) and had no perinatal complications or acute or chronic illnesses. Participants were
generally from lower middle-class families, for whom most heads of households held stable
skilled jobs (22%, e.g., carpenter), stable semi-skilled jobs (37%, e.g., taxi driver), or
sporadic unskilled jobs (29%, e.g., house painter). Most mothers had a 9t-grade education
(only 9 years of schooling was compulsory in Chile at the time of the study), with the mean
and median of mothers’ education the 9t grade. (Adults with a 61-through 10™-grade
education comprise most of the lower middle class in Chile; Barozet & Fierro, 2011).

At 5% years of age, 888 children were assessed on various behaviors and caregiver
interactions. The entire original sample could not be studied due to funding constraints. The
focus was on children in the high-iron supplement and no-added iron groups but not the low-
iron supplement group, since the low-iron supplement and high-iron supplement groups did
not differ in IDA prevalence and were similar in behavior in infancy (Walter, Pino, Pizarro,
& Lozoff, 1998). Because infants were randomly assigned to iron-supplementation or no
supplementation, these groups were similar on most background characteristics.

At subsequent follow-ups (age 10 and adolescence), funding allowed us to reach out to the
entire infancy sample. At 10 years, 1,127 of the study children participated, and at
adolescence, 1,119 youth (M= 14.63 years; range 11.92-17.83) completed assessments of
their friendships, behaviors, and substance use. The 873 youth who had complete data at
most study time points form the core sample for this analysis. These 873 participants had
good coverage (<10% missing) on all model variables (see Table 1), except for the variable
dull infant temperament, which was deemed important to retain despite relatively high
numbers of missing participants. There were no differences between the 873 children in the
current analytic sample and the original sample of 1,657 regarding: infant iron deficiency or
iron-deficiency anemia status, number of children in the household, mothers’ education,
mothers’ 1Q, age, or depression, or any of the model variables (child’s dull affect, mothers’
unresponsiveness at 5 years, etc.). However, compared to children who were not part of the
current analytic sample, those who were studied here were less likely to have received iron
supplementation in infancy, were from lower socioeconomic families, and slightly younger
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at the adolescent follow-up (p < .05). These factors were controlled in all analyses. A
detailed description of the study is published elsewhere (Lozoff et al., 2003).

The infant study and the 5-year, 10-year, and adolescent follow-ups were approved by the
relevant institutional review boards in the U.S. and Chile. Signed informed consent was
obtained from parents at each time point; assent was obtained from children at 10 years and
at adolescence. At the adolescent follow-up, youth completed a two-hour, interviewer-
administered questionnaire in a private room. The questionnaires were administered by
Chilean psychologists who were trained in the administration of standardized questionnaires.

At all study time points, Spanish versions of the study measures were used. They were
extensively pilot-tested with the population under investigation prior to conducting the study
and shown to have good reliability and high equivalence to the English versions. Measures
administered at the adolescent follow-up were back-translated to verify comparability with
the English version. All Cronbach’s coefficient alphas (a) are reported using the current
sample.

Infant iron deficiency (ID) and iron-deficiency anemia (IDA)—At 6 months,
children underwent a finger stick to determine hemoglobin levels. Infants with finger stick
hemoglobin values < 103 g/L had a venipuncture performed to determine iron status.
Anemia at 6 months was defined as a venous hemoglobin concentration < 100 g/L and two
of three iron measures in the iron deficient range (mean corpuscular volume < 70 fL,
erythrocyte protoporphyrin > 100 pg/L red blood cells, and serum ferritin < 12 mg/L). At 12
months, venipuncture blood specimens (7-10 ml) were drawn on all infants; at 18 months,
infants in the low- and no-added iron groups received another venipuncture. Anemia at 12
and 18 months was defined as venous hemoglobin < 110 g/L. Iron deficiency at 12 and 18
months was defined as two of three iron measures in the iron-deficient range (described
above). These criteria were the standard in the field (Dallman, Reeves, Driggers, & Lo,
1981). Infants with iron-deficiency anemia at 6, 12 or 18 months of age were treated with
therapeutic doses of oral iron and followed up for improvement. With testing and treatment
for IDA every 6 months, the longest a child could have been iron-deficient anemic was
typically 6 months. Since iron status fluctuated across infancy, we categorized infants’ iron
status as the most severe diagnosis at any of the three time points, or as: ever IDA, ever ID,
or IS (iron sufficient, or not iron deficient or iron-deficient anemic at any time point in
infancy). The various iron groups were mutually exclusive, such that no child was coded as
both ever ID or ever IDA. The proportions of the iron status groups are shown in Table 1.
Venous blood samples were also obtained at 5, 10, and 16 years. We defined ID as 2 or more
abnormal iron measures and anemia using age-appropriate cutoffs. Iron status was generally
good after infancy. No child had IDA at age 5 and only 5% had ID at 10 years or
adolescence.

Child dull affect 5 years—Mothers completed the Children’s Adaptive Behavior
Inventory (CABI; Cowan & Cowan, 1990), which includes scales of dull affect (6 items:
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e.g., my child shows no smiles, fixed expression, sits idly, not interested in things: a = .64)
and timidity/social reticence (7 items: e.g., my child is shy with adults, is shy with children,
is inhibited; a = .76). Response options were: never (coded as 1), rarely (2), repeatedly (3),
and most of the time (4). Scores were summed to yield a possible score range of 6-24 for
dull affect, and 7-28 for timidity/social reticence.

Mothers’ low responsiveness, low warmth/affection, and low social
stimulation to child at 5 years—Researcher observation ratings on the Home
Observation for Measurement of the Environment Inventory-Early Childhood version
(HOME-EC) were used to assess mothers’ low responsiveness, low warmth/affection, and
low social stimulation toward her child (Bradley, Corwyn, & Whiteside-Mansell, 1996). The
HOME-EC is a well-established measure that is sensitive to variations in family life,
including in Latin American countries (Bradley et al., 1996). There have been several factor
analytic studies of the HOME-EC, some of which show different factor structures for
families of different race and ethnicity (Bradley Mundfrom, Whiteside, Casey, & Barrett,
1994). To clarify the factor structure within the current sample, we conducted a principal
components analysis on 13 items that appeared to capture the maternal behaviors of interest
while excluding items that would be correlated with socioeconomic status (e.g., has toys for
learning). Three factors were identified using the Kaiser (K1) criteria (all factor loadings = .
42): responsivity (2 items: e.g., mother responds to child, mother responds to child’s
verbalization), warmth/affection (3 items: mother kisses, holds, praises child), and social
stimulation (8 items: e.g., mother talks to child, mother encourages child to talk). The
Kaiser-Meyer-Olkin (KMO) measure of sampling adequacy was .722, and the Bartlett’s test
of sphericity was Chi-square [78] = 1292.15, p < .000. These procedures and criterion cutoff
values are stated in Meyers, Gamst and Guarino (2006). Ratings were scored as binary-
choice options of yes=1 or no= 0. Scores were reversed so that high scores indicate low
responsiveness, low warmth/affection, and low social stimulation.

Peer rejection at age 10—Mothers’ ratings on seven items on the social problems scale
of the Child Behavior Checklist (CBCL; Achenbach & Ruffle, 2000) were used to assess
children’s peer rejection (e.g., not liked, not get along with others, has no friends, is teased;
a =.69). Response options were not true (coded as 0), somewhat or sometimes true (1), and
very true or often true (2). Scores were summed to yield a possible score range of 0-14.

Deviant friends in adolescence—Adolescents answered eight questions about the
extent to which “the kids you spend time with” engage in acting-out behaviors (e.g., they get
into a lot of trouble at school, they cheat on tests; a =.74) and four items about how
committed their friends are to school (e.g., they do well in school, they like school; a =.69).
Response options ranged from 0 (rone of them) to 4 (all of them). These scores were
reversed, such that higher scores indicate having many friends who act out (range: 0-32) and
having many friends who are uncommitted to school (range: 0-16).

Problem behavior at adolescence—Items from the self-report youth version of the
CBCL rule-breaking scale (Achenbach, 1991) were used to assess delinquent-like behavior
at adolescence (12 items: e.g., lies, cheats, steals, cuts class; a = .75). Response options
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ranged from not true (coded as 0) to very true or often true (2). Scores were summed to yield
a possible score range of 0-24. Youth also completed an extensive substance use inventory
in which they responded to questions about their use of cigarettes, alcohol, and marijuana.
All youth were assured of the confidentiality of their responses. Separate scores were
derived for each substance. A score of 1 was coded for each of the following: ever used,
early age of onset (< 14 years), and regular use (cigarettes: smoked = 10 days within the last
month; alcohol: drank = 3 days within the last month; marijuana: used/smoked = 2 occasions
within the last month). These cutoff criteria were based on a median split per each
substance. Youth also responded to 14 questions per each substance about problems
resulting from their use of cigarettes, alcohol, and marijuana (e.g., “Your use of marijuana
[cigarettes, alcohol] has ... hurt your relationship with your parents; hurt your school or job
performance; caused physical health problems?”). Participants who reported at least 3
problems associated with their substance use received a score of 1 for problem use. All
scores were summed, resulting in a possible score range of 0 to 12 for total substance use (or
0 to 4 for each substance, with one point for each of the following: ever used, early use,
regular use, and problem use; Table 1).

Background Variables

Family socioeconomic status was assessed by parent responses on the Graffar instrument,
which is an often-used measure of poverty in developing countries and asks about the
family’s living and housing conditions, material possessions, and parents’ occupation
(Graffar, 1956). Mothers’ 1Q was assessed at the infant assessment by an abbreviated
Wechsler Adult Intelligence Scale (WAIS-I11; Wechsler, 1955), which yields a full-scale 1Q
score (Mean = 100, SD = 15). Children’s temperamental dullness at infancy was measured
by mothers’ ratings at 6 months on the Infant Characteristics Questionnaire (Bates, Freeland,
& Lounsbury, 1979), which asks three questions about the infant’s smiling, happy
excitement, and activity level. Response options ranged from rot at al/ (coded as 1) to a// the
time (7). Scores were reversed coded, with high scores indicating temperamental dullness
(range: 3-21). Children’s mothers were interviewed by research staff when the infant was 8
months and asked to indicate their highest level of schooling, the number of children living
in the household who were younger than 15 years, and the presence of 30 possible stressors
(e.g., chronic illness of a family member; a = .91) on a modified Social Readjustment
Rating Scale (Holmes & Rahe, 1967). Iron supplementation as part of the preventive trial
was also included as a covariate, coded as receiving some form of iron supplementation (1)
or not receiving iron supplementation (0). Additionally, mothers’ depressive symptoms at
the 5-year assessment were assessed by their responses on the 20-item Center for
Epidemiologic Studies-Depression Scale (CES-D; Radloff, 1977), which asks about the
frequency of depressed mood within the last week (e.g., | could not get going) using
response options of rarely or none of the time (0) to most or all the time (3).

Analytic Strategy

Structural equation modeling using Mplus 6.0 (Muthén & Muthén, 2010) was used to
evaluate the model shown in Figure 1. We assessed this model twice: first, we considered
iron status as a continuous variable reflecting severity of iron deficiency, and second, we
treated iron status as an ordinal trichotomous variable and assessed pairwise comparisons
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among the three iron status classifications. For this second model, iron status was dummy
coded into three categories: IDA, 1D, and IS. IS was the omitted category because it served
as the reference group. Thus, the two exogenous variables in the second analysis were IS vs.
ID and IS vs. IDA. To compare ID and IDA groups directly, we specified new parameters
derived from parameter estimates for the two dummy variables in the full model. The
standard errors for these new parameters were produced using the delta method (Muthén,
2011). We also analyzed an alternate ordering of study variables to rule out a different
ordering of effects (i.e., that increasing levels of iron deficiency relate directly to mothers’
unresponsiveness, which relates directly to child’s dull affect). Finally, we tested whether the
strength of relations within our model differed by child sex by conducting an omnibus test
using multiple-group analyses in the model analyzing iron status as a continuous variable
reflecting increasing severity. Model fit was examined by reviewing indices of good model
fit (Kline, 2011), including a nonsignificant chi-square, comparative fit index (CFI) > .90,
root mean square error of approximation (RMSEA) < .06, and standardized root mean
square residual (SRMR) < .08 Mediation was tested using the INDIRECT command within
Mplus, which estimates indirect effects with the delta method standard errors (Muthén,
2011). Analyses were conducted using maximum likelihood estimators, which are robust to
non-normality. Missing data were treated within Mplus with the full information maximum
likelihood method (FIML). Given their expected association, deviant friends and problem
behaviors in adolescence were correlated a priori.

Inclusion of covariates—Based on correlational results (available upon request and
described below) as well as the relations found in the literature (described in the Introduction
under The Current Study), several covariates were included. For infant iron status,
covariates included child sex, family socioeconomic status (SES), mothers’ educational
level, breastfeeding as the sole source of milk at 6 months, and iron supplementation. For
child’s dull affect, covariates included child age at 5 years, child sex, temperamental
dullness at infancy, and family SES. For maternal unresponsiveness, covariates included
child age at 5 years, child sex, family stress, mothers’ depressive symptoms, educational
level, and 1Q, and number of children in the household < 15 years. For peer rejection,
covariates included child sex, age at the 10-year assessment, family SES, family stress, and
number of children in household < 15 years. For deviant friends and problem behaviors in
adolescence, child sex, age at the adolescent follow-up, family SES, mothers’ education,
depression, and 1Q, and iron supplementation were covariates. Modification indices within
Mplus did not indicate additional covariates for any of the models, and all covariates
remained in the model regardless of significance level.

Prior to conducting this study’s main analyses, we computed the main and interaction effects
of iron status and iron supplementation on the model’s 10 (observed) endogenous variables
(in Fig. 1: child dull affect, child timidity, mothers’ low responsiveness, low warmth/
affection, low stimulation, child peer rejection, friends who act out, friends uncommitted to
school, substance use, and delinquent behaviors). This was done to rule out the possibility
that the effects of iron status are moderated by iron supplementation. There were no
statistically significant interactions for any of the endogenous variables. Thus, given that the
effects of iron status do not vary across iron supplementation group, we model only the main
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effects of IDA and I1D. We keep iron supplementation in the model as a covariate to control
for confounding, as it relates to our predictor, iron status.

Formation of Latent Variables and Measurement Model

We constructed latent factors within Mplus for the model’s endogenous variables. A latent
variable for peer rejection was estimated using the parceling procedure of randomly
selecting items as outlined by Bandalos and Finney (2001). The individual factor loadings
for all latent variables were significant in all models (.45-.87, p < .001). The measurement
model had good fit: Xz (34) = 74.54, CFl = .962, RMSEA = .037, SRMR =.037. When
tested separately by child sex in a model where all paths were allowed to vary freely, the
pattern of loadings was nearly identical for males and females. Table 2 displays the bivariate
correlations among the study variables.

Modeling Results

Figure 2 shows the model results for infant iron status analyzed as a continuous variable
representing severity. The fit statistics are listed in Figure 2 and indicate good model fit. Path
coefficients indicate that more severe iron deficiency in infancy was associated with higher
levels of dull affect at 5 years (8=.09, B = .25, SE = .12, p<.05), and child’s dull affect
was strongly associated with mothers’ unresponsiveness (8= .26, B = .04, SE = .01, p<.
001). Mothers’ unresponsiveness at 5 years was related to children’s peer rejection at 10
years (8 =.38, B =1.03, SE = .21, p<.001), and peer rejection was related to both deviant
friends and problem behaviors in adolescence (8= .19, B = .67, SE = .29, p<.05and S=.
31, B = .51, SE = .14, p<.001, respectively). Direct effects between distal variables were
also tested; none were significant.

Figure 3 shows the path coefficients and fit statistics for the model testing the various iron
category comparisons. Model fit was adequate and modification indices indicated that no
additional covariates would improve model fit. Results indicated that, compared to IS in
infancy, ID in infancy was not related to child’s dull affect at age 5 (8= .06, B = .21, SE =.
23), but IDA in infancy was significantly related to dull affect at 5 years (8= .09, B = .50,
SE = .26, p<.05). The path coefficient comparing IDA to ID-only was not significant (5=".
001, B = .25, SE = .30, ns). The remainder of the paths from child’s dull affect to adolescent
outcomes were highly similar to the model testing iron deficiency severity (Fig. 2).

Tests of indirect effects—Tests of the indirect effects indicated that the full mediated
model from iron status severity in infancy to problem behavior in adolescence approached
significance (top, Table 3). The 3- and 4-variable pathways (starting from child’s dull affect)
that comprise this indirect effect were significant. Importantly, and as a test of functional
isolation, children’s dull affect significantly mediated iron status severity in infancy to
mothers’ unresponsiveness at child’s age 5. When analyzing iron status as an ordinal
trichotomous variable (bottom, Table 3), the indirect effect from IDA in infancy to peer
rejection at age 10 approached significance. In addition, the two mediated pathways from
child’s dull affect to deviant friends and problem behavior in adolescence were significant.
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Tests of alternate ordering of effects—Given the possibility that infant iron deficiency
might relate directly to mothers’ unresponsiveness, we computed a model where infant iron
status (analyzed as a continuous variable reflecting severity) leads directly to mothers’
unresponsiveness, and mothers’ unresponsiveness leads to child’s dull affect, which in turn,
leads to peer rejection and the two exogenous outcomes at adolescence. All covariates
controlled in previous models were included, and all paths between distal variables were
included. The model had good fit (XZ [182] = 410.77, CFI = .884, RMSEA = .038, SRMR
=.037, N=873). Results indicated that iron status was not directly related to mothers’
unresponsiveness (8= .05, B =.03, SE = .02, ns), but iron status was directly related to
children’s dull affect at age 5 (8= .08, B = .25, SE = .12, p<.05). As in the previous two
models (Figures 2 and 3), mothers’ unresponsiveness was positively related to child’s dull
affect (8= .29, B = 1.88, SE = .47, p<.001) and to peer rejection (8=.38, B=1.03, SE =
21, p<.001). Child’s dull affect at age 5 was not related to peer rejection, however, peer
rejection at age 10 was positively related to adolescent problem behavior (8= .31, B = .52,
SE = .14, p<.001) and having deviant friends (8= .20, B = .68, SE = .29, p<.05). Thus,
the significant paths that emerged in this alternate model are the significant paths shown in
Figure 2.

Sex differences in model paths—The omnibus chi-square difference test was
nonsignificant for the multiple group analyses comparing model paths for males and females
(X2 [36] = 44.43, p> .10), indicating that the relations in the model do not differ by child
sex.

Discussion

The findings of this study provide evidence of functional isolation among children who were
iron-deficient anemic in infancy. Specifically, infant iron-deficiency anemia was found to be
associated with children’s dull socioemotional expressiveness and social reticence at age 5,
which were related to mothers’ lower nurturance and stimulation. Mothers’ low nurturance
and stimulation, in turn, predicted children’s subsequent peer rejection, which linked to
children’s problem behaviors and association with deviant peers in adolescence.

These findings extend earlier research in several ways. First, results confirm that functional
isolation processes occur among children who were iron-deficient anemic in infancy.
Functional isolation has been largely studied among critically malnourished infants (Brown
& Pollitt, 1996; Levitsky & Strupp, 1995; Wachs, 2009). Yet, both malnourished infants and
iron-deficient anemic infants show similar aberrant behaviors of infrequent vocalizations and
less engagement and exploration of their environments (Black et al., 2004; Lozoff et al.,
1998, 2007). The current findings confirm that functional isolation can occur among
children who, other than their iron deficiency, were healthy as infants and not malnourished.

Second, although earlier studies have noted low responsiveness in mothers of iron-deficient
infants (Armony-Sivan et al., 2010; Corapci et al., 2006; Lozoff et al., 1986, 1998), the
current results highlight the key role of children’s affective dullness and social reticence as
important behavioral mediators linking infant iron-deficiency anemia to later maternal
unresponsiveness. Results also showed linear relations between increasing severity of iron

Dev Psychol. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

East et al.

Page 13

deficiency and higher levels of children’s dull affect and social reticence, and between
higher levels of children’s dull affect-social reticence and mothers’ greater
unresponsiveness. Thus, these findings confirm the process outlined in functional isolation
and illustrate a developmental sequence by which infant iron deficiency-anemia is associated
with behaviors that reduce children’s engagement with, and receipt of input from, the
environment.

Third, the current findings indicate that the limited interactions observed between mothers
and their iron-deficient infants (Armony-Sivan et al., 2010; Lozoff et al., 1998) continue into
early childhood and are associated with long-lasting adverse effects. The current findings
add to the literature, then, by showing that maternal unresponsiveness may be rooted in their
child’s early-life nutritional deficiency, can last into early childhood, and can adversely
affect their child’s future social functioning and integration.

The findings related to the comparisons among the three iron status groups indicated that
children who were iron-deficient anemic as infants had deficits in affective expressiveness at
5 years compared to those who had been iron sufficient (Fig. 3). This corroborates the results
from several previous studies (Chang et al.,2011; Corapci et al., 2006; reviewed in Lozoff,
2011). There were, however, no differences between those who were iron sufficient in
infancy and those who were iron deficient-only (without anemia) in terms of their affective
dullness at 5 years. Only a few studies have found effects associated with iron deficiency
without anemia. A recent review of studies concluded that the evidence is suggestive but
limited with regard to impaired social-affective functioning associated with iron deficiency
alone (McCann & Ames, 2007). It may be that more subtle effects occur with iron
deficiency only, which could explain the weak and inconclusive findings (McCann & Ames,
2007).

Finally, study findings confirm earlier research that shows that childhood peer rejection is
associated with later deviant friends, delinquent behaviors, and substance use (Dodge et al.,
2009; Kupersmidt & Coie, 1990; Snyder et al., 2005). Previous studies show that children
who lack critical social skills and are largely rejected from normative social cliques are more
likely to associate with deviant peers, with substance use and delinquent acts a means of
strengthening ties with such peers (Monahan et al., 2009). Because deviant friendships and
problem behaviors were measured concurrently, we cannot establish the direction of effects.
Nevertheless, having deviant friends and engaging in problem behaviors were highly
correlated and, thus, could possibly be reinforcing each other (Dodge et al., 2009; Snyder et
al., 2005).

Limitations and Strengths

Certain study limitations are important for interpreting the findings. For instance, iron
deficiency and iron-deficiency anemia may adversely affect children’s cognitive and motor
development (Georgieff, 2011; Lozoff, 2007). Indirect effects through these mechanisms
could be at work in producing poor child and adolescent adjustment and should be
considered in future work. In addition, while our sample was lower middle income rather
than abject poverty, it is possible that early iron deficiency was associated with unmeasured
disadvantaged circumstances (Lozoff, 2007). Although we statistically controlled for many
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family, home, and child and adolescent characteristics in attempts to adjust for these factors,
unmeasured features in the environments of formerly anemic children could contribute to
their poorer outcomes. For example, an inadequate diet, food insecurity, and not attending
preschool are risk factors know to be associated with iron deficiency and could contribute to
the poor outcomes of formerly iron deficient children (Brotanek et al., 2007; Park et al.,
2009). Another limitation is that iron status was not determined for most mothers. It is
possible that maternal ID or IDA contributed to their unresponsiveness. This possibility
should be considered in future studies.

Important strengths of the current study are its use of multiple-wave longitudinal data, the
specificity with which iron deficiency and iron-deficiency anemia were assessed, the use of
observer-, parent-, and youth-reports in the assessment of study variables, the large sample,
and good retention rates. It is also noteworthy that all study children were healthy as
newborns. Thus, there were no neonatal health problems confounding infants’ health status.
Almost all child participants also had good iron status levels in childhood, making it unlikely
that chronic iron deficiency and/or anemia contributed to adolescent outcomes.

Another strength is our consideration of an alternate ordering of effects. The results did not
support an alternate ordering, strengthening interpretation about the direction of effects.
Specifically, it appears that infant iron deficiency severity does not lead directly to mothers’
low responsiveness but, rather, predicts mothers’ unresponsiveness by its association with
children’s affective dullness. Similarly, children’s dull affect at age 5 was not directly related
to peer rejection in middle childhood but, rather, children’s dull affect predicted subsequent
peer rejection through its association with mothers’ low responsiveness and stimulation.

Modeling analyses also incorporated key covariates on all variables. Earlier studies that
found that the mothers of iron-deficient anemic infants were less expressive did not rule out
the possibility that these mothers were also depressed (Lozoff et al., 1986, 1998, 2007).
Statistically controlling for mothers’ depressive symptoms in the current study (as well as
controlling for numerous other family and home characteristics) increases confidence in the
relations found

Conclusion and Future Directions

The findings of this study provide an understanding of the processes by which iron-
deficiency anemia in infancy constitutes an early health insult, which has cascading effects
that give rise to “downstream” problems, notably social difficulties, substance use, and
delinguent-like behavior. Iron-deficiency anemia has been consistently linked to altered
child affect, energy and activity, but little is known about how these aberrations affect later
development or adjustment in other contexts. For example, it would be informative to study
formerly iron-deficient children’s interactions with peers and teachers in the school setting.
Do these individuals also provide less stimulation and responsivity? Educators who serve
children who were anemic during infancy might benefit from knowing about their reticent
behavioral tendencies and might provide social skill interventions to maximize these
children’s integration in the school-peer context. In addition, home-based interventions
aimed at fostering responsive and stimulating parenting throughout early childhood would
also likely be beneficial (Landry, Smith, Swank, & Guttentag, 2008; Lozoff et al., 2010). On
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a broad scale, it is important to continue primary prevention efforts to reduce the high
worldwide prevalence of iron deficiency. The persistence of negative outcomes derived from
infant iron-deficiency anemia found here highlights the need for prevention, screening, and
treatment to lessen the long-term effects of this pervasive nutrient disorder.
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Infancy 5 years 10 years Adolescence
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Figure 1.
Conceptual model of the associations among infant iron status, child’s dull affect, mothers’

unresponsiveness, peer rejection, and outcomes at adolescence. P, = parcel 1, etc.
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Infancy

Iron Status®

Page 20

5 years 10 years

.09*

Mothers’
Unresponsiveness

Child Dull
Affect

Peer
Rejection

Figure 2.
aron status coded as a continuous variable reflecting increasing severity: 0 = iron sufficient,

1 = iron deficient, 2 = iron-deficient anemic (N = 873). Standardized coefficients are shown.
Direct effects between distal variables (e.g., child dull affect — problem behaviors) were
tested; no significant direct distal effects emerged. The model had good fit: x2 (182) =
416.47, CFl = .881, RMSEA = .038, SRMR =.038. “p<.05. ™p<.001. ""p<.001.
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Infancy

IS vs. ID

IS vs. IDA

1D vs. IDA

Page 21
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Child Dull
Affect
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Rejection

< BoxE#

Problem
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0%

Figure 3.
IS = iron sufficient. ID = iron deficient. IDA = iron-deficient anemic (N = 873).

Standardized coefficients are shown. Direct effects between distal variables (e.g., child dull
affect — problem behaviors) were tested; no significant direct distal effects emerged. The
model had good fit: Xz (195) = 523.90, CFI = .801, RMSEA = .044, SRMR = .040. “p< .
05. ™ p<.001. " p<.001.
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Table 3

Summary of Significant Indirect Effects

Severity Model (Figure 2)

B

Iron status? — dull affect — mothers’ unresponsiveness — peer rejection — problem behavior 005+

Iron status? — dull affect — mothers’ unresponsiveness — peer rejection

Iron status? — dull affect — mothers’ unresponsiveness

Child dull affect — mothers’ unresponsiveness — peer rejection — problem behavior
Child dull affect — mothers’ unresponsiveness — peer rejection — deviant friends
Child dull affect — mothers’ unresponsiveness — peer rejection

Mothers’ unresponsiveness — peer rejection — problem behavior

Mothers’ unresponsiveness — peer rejection — deviant friends

Multiple Comparison Model (Figure 3)

IDAY — dull affect — mothers’ unresponsiveness — peer rejection

IDA? — dull affect — mothers’ unresponsiveness

Child dull affect — mothers’ unresponsiveness — peer rejection — problem behavior
Child dull affect — mothers’” unresponsiveness — peer rejection — deviant friends
Child dull affect — mothers’ unresponsiveness — peer rejection

Mothers’ unresponsiveness — peer rejection — problem behavior

Mothers’ unresponsiveness — peer rejection — deviant friends

.008+

*

.010

.022

.010+

.028+

.034

.508

*

.666

(SE)
(.003)

(.004)
(.005)
(.008)
(.014)
(011)
(170)

(312)

(:006)
(015)
(013)
(010)
(:028)
(165)
(:305)

Page 25

a . . L . . . - . - . - .
Note. Iron status coded as a continuous variable reflecting increasing severity: 0 = iron sufficient, 1 = iron deficient, 2 = iron-deficient anemic.

b - . . -
Iron-deficiency anemia compared to iron sufficiency. +p < .09.

*
p<.05.

*ok

p<.0l.

Aok

p<.001.
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