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Abstract

Most studies of behavioral/developmental effects of iron deficiency anemia (IDA) or iron supplementation in infancy have

found social-emotional differences. Differences could relate to behavioral inhibition or lack of positive affect and altered

response to reward. To determine long-term behavioral effects, the study was a follow-up of a randomized controlled trial

of behavioral/developmental effects of preventing IDA in infancy. Healthy Chilean infants free of IDA at age 6 mo were

randomly assigned to iron supplementation or no added iron (formula with iron/powdered cowmilk, vitamins with/without

iron) from ages 6 to 12 mo. At age 10 y, 59% (666 of 1123) and 68% (366 of 534) of iron-supplemented and no-added-iron

groupswere assessed. Social-emotional outcomes includedmaternal-reported behavior problems, self-reported behavior,

examiner ratings, and video coding of a social stress task and gamelike paradigms. Examiners rated the iron-supplemented

group as more cooperative, confident, persistent after failure, coordinated, and direct and reality-oriented in speech and

working harder after praise compared with the no-added-iron group. In a task designed to elicit positive affect,

supplemented children spent more time laughing and smiling together with their mothers and started smiling more

quickly. In the social stress task they smiled and laughed more and needed less prompting to complete the task. All

P values were <0.05; effect sizes were 0.14–0.36. There were no differences in behaviors related to behavioral inhibition,

such as anxiety/depression or social problems. In sum, iron supplementation in infancywas associatedwithmore adaptive

behavior at age 10 y, especially in affect and response to reward, which may improve performance at school and work,

mental health, and personal relationships. J. Nutr. 144: 838–845, 2014.

Introduction

Social-emotional differences are among the most consistent
findings in studies of the behavioral and developmental effects of
iron deficiency in infancy. Infants with iron deficiency anemia
(IDA) have been observed to be more wary, hesitant, fearful,
withdrawn, shy, unhappy, or tense; stay closer to their mothers;
be less playful; and show less pleasure and reaction to usual
stimuli (1). Several randomized trials of supplemental iron
showed affective benefits of iron (1).

Altered social-emotional behavior can influence how an infant
reacts to the environment and how caregivers respond to that
infant and consequently the infant�s experience of the physical and
social environment (2–4). In the nutrition literature, the functional

isolation hypothesis has provided a relevant framework (5,6). The
concept is that nutritional deficiencies can alter infants� affect,
attention, or activity, making them less able to seek or benefit from

developmentally supportive experiences. Combined with the

effects on caregivers, the behavioral alterations are postulated to

contribute to the poorer developmental outcome observed in

infants with generalized undernutrition or IDA (2). However, this

useful framework is quite nonspecific. We have turned to the

burgeoning behavioral neuroscience field for further ways to

understand the behavioral effects of iron deficiency in infancy.
The behavior pattern seems to resemble the temperamental

trait that has become known as behavioral inhibition in devel-

opmental psychology and psychiatry research. Behaviorally

inhibited infants and toddlers respond to unfamiliar contexts

with withdrawal, fear, and increased vigilance [see review (7)].

Individual differences in toddlers� and preschoolers� affect and

behavior in reaction to novel situations have been the focus of

numerous studies (7,8). Since the mid-1980s, we have questioned

whether IDA infants fit the pattern of behavioral inhibition

(9,10). Our subsequent observations of mother- and teacher-

reported increases in anxiety/depression and social problems

among young adolescents who had chronic, severe iron deficiency

as infants (11) and feelings of detachment and disengagement in

1 Supported by a grant from the NIH (R01 33487). The content is solely the

responsibility of the authors and does not necessarily represent the official views

of the NIH. Infant formulas (Similac) were donated by Ross Laboratories.
2 Author disclosures: B. Lozoff, M. Castillo, K. M. Clark, J. B. Smith, and J. Sturza,

no conflicts of interest.
3 Supplemental Figure 1 and Supplemental Tables 1 and 2 are available from the

"Online Supporting Material" link in the online posting of the article and from the

same link in the online table of contents at http://jn.nutrition.org.
4 The study was presented in platform format at the 2012 Pediatric Academic

Societies meetings in Boston, MA.

* To whom correspondence should be addressed. E-mail: blozoff@umich.edu.

ã 2014 American Society for Nutrition.

838 Manuscript received September 3, 2013. Initial review completed November 25, 2013. Revision accepted March 10, 2014.

First published online April 9, 2014; doi:10.3945/jn.113.182048.

 at U
N

IV
E

R
S

ID
A

D
 D

E
 C

H
ILE

 M
E

D
IC

IN
A

 - S
IS

IB
 on O

ctober 7, 2014
jn.nutrition.org

D
ow

nloaded from
 

8.DCSupplemental.html 
http://jn.nutrition.org/content/suppl/2014/05/11/jn.113.18204
Supplemental Material can be found at:

http://jn.nutrition.org/
http://jn.nutrition.org/content/suppl/2014/05/11/jn.113.182048.DCSupplemental.html 
http://jn.nutrition.org/content/suppl/2014/05/11/jn.113.182048.DCSupplemental.html 


adulthood (12) also seem to parallel long-term outcome in studies
in behaviorally inhibited children [see reviews (8,13)]. However,
the neurophysiologic profile of behavioral inhibition reported in
the psychology and psychiatry literature (increased heart rate,
altered cortisol response, etc.) did not map onto what was known
from iron deficiency studies at the time. Furthermore, the
amygdala, thought to be related to behavioral inhibition (14),
has received little attention in the iron deficiency field.

In contrast, rodent models of iron deficiency pointed to
impairments in striatal dopamine function [summarized in
(15,16)], and behavioral neuroscience research showed that
dopamine is involved in response to the unfamiliar. Pharmaco-
logically induced early dopamine terminal damage in the rat
striatum led to a life-long hyperreactivity to novel objects and
experiences in an unfamiliar environment (17). Some rat studies
of early iron deficiency reported hesitant behavior or less
exploration in experimental settings (18–20). Thus, the behav-
ioral alterations reported in IDA infants could be compatible
with dopamine system changes.

Dopamine is also implicated in other aspects of affect, such as
laughter, positive affect, and response to reward (21). The first hint
of this aspect in iron deficiency research was the report by Honig
andOski (22) ofmore solemnity in iron-deficient infants, suggesting
lack of positive affect. Findings in our previous studies could also fit
in the context of positive affect and reward, such as less reactivity to
usual test stimuli, lack of social interaction or positive affect during
testing, decreased orientation/engagement, and less ability to be
soothed by words or objects when upset (23,24). But some of these
alterations could also fit with behavioral inhibition.

Thus, the specific nature of iron-related affective and social-
emotional alterations in infancy is not entirely clear. Although
the brain has complex interrelated systems, the relevant neural
circuits, structures, and neurotransmitters may well differ depend-
ing on what best characterizes the behavior pattern. We have
increasingly used a brain-behavior framework (25) to help clarify
the nature of short- and long-term behavioral alterations with
early iron deficiency.

This study assessed 10-y outcome in Chilean children who
were randomly assigned to take supplemental iron or no added
iron during infancy. We predicted that there would be more
positive affect and social interaction and generally better social-
emotional development in children who were administered
supplemental iron in infancy. We probed positive affect and
social inhibition by including gamelike paradigms that typically
elicit smiling and laughter and a socially stressful paradigm that
is widely used in research on anxiety and social problems.

At the conclusion of the infancy study, iron status in each
group ranged from IDA to iron-sufficient.We therefore conducted
secondary analyses at age 10 y on the basis of iron status, because
converging results for iron supplementation and iron status would
provide stronger evidence of iron�s role in early social-emotional
development. We also pursued our unexpected findings of poorer
cognitive and motor outcome at age 10 y in study children who
were administered iron-fortified formula as infants, compared
with low-iron formula, especially if they had high initial hemoglobin
(26). The question was whether social-emotional outcome would
show a similar pattern.

Participants and Methods

Summary of infancy preventive trial

The study was conducted in Chile between 1991 and 1996, a period in

which infant iron deficiency was widespread and there was no national

program of iron fortification. All infants were born at term of

uncomplicated vaginal births, weighed >3.0 kg, and were free of acute

or chronic health problems. Infants without IDA at 6 mo were randomly

assigned to take study-provided supplements between ages 6 and 12 mo
in a double-blind fashion (see Supplemental Fig. 1 for study diagram)

(23). Initially, infants were randomly assigned to iron-fortified (12.7mg/L)

or low-iron (2.3 mg/L) formula. To avoid interference with breastfeed-

ing, infants had to be consuming at least 250 mL/d of formula or cow
milk. In the last years of enrollment (1994–1996), this requirement was

dropped due to the success of breastfeeding campaigns in Chile.

Exclusively breast-fed infants were no longer excluded, low-iron formula

was no longer used, and a no-iron condition was included as originally
planned (23). Infants consuming <250 mL/d of formula or cow milk at

6 mo were randomly assigned to vitamins without or with iron (10 mg/d).

Those consuming more formula or cow milk were randomly assigned to
be administered iron-fortified formula or cow milk formula without

added iron. At 12 mo, infants underwent developmental testing and

venipuncture for iron status. Hemoglobin <110 g/L was the cutoff for

anemia. Iron deficiency was defined as $2 abnormal iron measures
(mean corpuscular volume <70 fL (70 mm3), free erythrocyte protopor-

phyrin $1.77 mmol/L, serum ferritin <27 pmol/L) (23).

A total of 1657 infants completed the preventive trial with iron status

measures at 12 mo. There were no differences between high- and low-
iron groups in the prevalence of IDA (27) or behavioral/developmental

outcome, and the groups were combined to form an iron-supplemented

group (n = 1123) for comparison with the no-added-iron group (n = 534)
(23). IDA was present in 3.1% and 22.6% of the supplemented and

unsupplemented groups, respectively. The unsupplemented group

showed poorer social-emotional behavior: more of these infants showed

no positive affect, no social interaction, no social referencing, an
inability to be soothed by words or objects, and no protest upon removal

of attractive objects. The social-emotional domain showed the biggest

magnitude of effects [effect size = 0.31 SD (28), which is substantial for a

preventive trial].

Ten-year follow-up

The 10-y study was approved by the institutional review boards of the

Universities of Michigan and Chile. Signed informed consent was
obtained from the parents and assent was obtained from the children.

The half-day assessment included anthropometry, measures of behavior

and development, and a venous blood sample (10mL) for iron status.We

used cutoffs for age (29) to define anemia and iron deficiency ($2
abnormal iron measures): hemoglobin <118 g/L, transferrin saturation

<14%, free erythrocyte protoporphyrin >1.24 mmol/L RBCs, serum

ferritin <27 pmol/L, and mean corpuscular volume <76 fL (30).
Social-emotional and behavioral outcomes at 10 y were based on

parental report, child self-report, examiner observations, and quantitative

coding of videotaped paradigms that were designed to assess positive

affect and social inhibition. Because relevant measures have not been
validated for this population, we selected measures on the basis of face

validity. Our emphasis was within-sample group comparisons, rather than

comparisons to reference norms. Somemeasures, such as the paradigms to

elicit positive affect, were not standard but were chosen specifically to
assess a salient construct related to iron deficiency. Examiners were

experienced psychologists who were unaware of assignment to supple-

ment group or iron status in infancy. Video coders were Spanish-speaking

student research assistants at the University of Michigan; behavior was
coded quantitatively by using Noldus Observer 5.0 (Noldus Information

Technology). Examiners and coders achieved $80% agreement.

Behavior and Attitude Checklist. Examiners rated the children�s
behavior by using twenty-six 7-point Likert-like items anchored by

descriptive terms at each extreme (31). We considered several items to be

especially pertinent, such as tenseness with respect to behavioral
inhibition and reactions to failure or praise with respect to reward. We

used principal components factor analysis with varimax rotation for

data reduction, retaining factors with an eigenvalue >1.0.

Child Behavior Checklist. Caregivers, mostly mothers, reported their

children�s behavior with the use of the Child Behavior Checklist, Spanish

version (32). This 113-item measure was scored by a standard

Long-Term behavioral effects of iron in infancy 839
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computerized scoring program, yielding T-scores for 8 subscales,

internalizing problems, externalizing problems, and total problems.

The most important outcome was the internalizing problem T-score,
which captures anxiety, depression, and social problems.

Measures to elicit positive affect and social interaction. We

videotaped 2 gamelike paradigms to pursue our findings that infants

who did not take iron were less likely to show positive affect, interact

socially, refer to caregivers� reactions or share pleasure or excitement with
them. In the ball pass, mother and child were asked to pass a ball, held

under the neck, back and forth without using their hands. In Jenga

(Hasbro), a game involving a 30-cm tower of wooden pieces, mother and

child took turns withdrawing pieces and stacking them on top, trying not
to make the tower fall over (33). For the ball pass, the major outcome

measure was shared positive affect, because the game is meant to be silly.

The Jenga game was different, because withdrawing pieces without
toppling the tower requires slow movements and concentration. There-

fore, our main outcomes included pleasure or delight during the other

person�s turn.

Trier Social Stress Test for Children. We assessed response to a brief

socially stressful situation (34) to pursue previous findings of hesitance,
withdrawal, anxiety/depression, and social problems associated with

iron deficiency in infancy (1). After 5 min to prepare, the children were

videotaped for 3 min while they finished a story in front of an impassive

examiner. If they stopped talking, the psychologist calmly prompted
them to continue. Child fidgeting, laughing, and smiling and psychol-

ogist prompts were coded, and coders made overall ratings of the child�s
self-confidence and nervousness with the use of 4-point Likert-like scales.

The major outcomes were indications of distress, such as nervousness
and need for prompting.

Child Health and Illness Profile–Child Edition. Parent and child report

forms of the Child Health and Illness Profile—Child Edition (CHIP-CE)

(35) include social-emotional questions on self-esteem, depressive symp-

toms, and social abilities. Summary T-scores do not capture positive affect/
reward or behavioral inhibition; they cover satisfaction, discomfort, risks,

resilience, and achievement. Therefore, we considered the CHIP-CE as an

exploratory measure.

Data analysis

Statistical analyses were conducted by using SAS 9.2. (SAS Institute). To
identify group differences in background characteristics that might

warrant covariate control, we used t tests for continuous variables and

chi-square tests for categorical ones. The statistical approach to test for

differences in outcome followed the general linear model for continuous
variables and used multiple regression, with consideration of background

factors that showed group differences, and the backward elimination

procedure. The primary analysis compared iron-supplemented and
no-added-iron groups on 10-y social-emotional outcomes. Secondary

analyses considered outcome depending on 1) iron status in infancy and 2)
iron-fortified vs. low-iron formula. We used an a level of 0.05 (2-tailed) to

determine statistical significance. Group summary statistics are presented
as means 6 SEs unless otherwise indicated.

Results

Sample at 10 y

We assessed 1032 of 1657 children (62.3%) who completed the
preventive trial at age 12 mo; 666 were administered iron
supplementation in infancy and 366 did not (see Fig. 1 for a
flowchart of participant involvement). For secondary analyses,
there were 125 children with IDA in infancy and 895 without
(12 unclassified); for iron-fortified vs. low-iron formula, there
were 255 and 240 children, respectively.

Children who were or were not assessed at 10 y were similar
in infancy background characteristics, such as gender, birth
weight, breastfeeding, andmost family characteristics. However,

those with 10-y data had families who were more supportive
of child development during the infancy study, experienced
fewer life stressors, and had more household goods (P < 0.05).
A higher proportion of the no-added-iron group participated
at 10 y (68.5%; 366 of 534), compared with the iron-
supplemented group (59.3%; 666 of 1123) (P = 0.00). Refusal
was uncommon in both groups (6.9% and 7.3%). However,
attrition due to family moves (the most common reason) was less
problematic in the no-added-iron group (21.3% vs. 27.2% of
the iron-supplemented group; P = 0.01).This may be due to
improved tracking measures instituted later in the study, when
the entire no-added-iron group was enrolled.

Iron-supplemented and no-added-iron groups were similar in
background characteristics (Table 1), with a few noteworthy
exceptions (P < 0.05). As in infancy, the no-added-iron group
weighed more at birth and consumed less formula or cow milk
than the iron-supplemented group. As discussed in reporting the
infancy study (23), the difference in birth weight is likely due to
the epidemiologic transition to overweight and obesity, which
increased in Chile during the period of enrollment. The
difference in formula/cow milk intake is due to the change in
enrollment criteria to include exclusively breast-fed infants in
the final years of the study. The iron-supplemented group was
;4 d older at the 10-y testing than the no-added-iron group, and
a lower proportion was male. The groups were comparable in
BMI and iron status at 10 y. Only 3 children had IDA, and >91%
were iron-sufficient. The groups were also similar in family
background characteristics at 10 y. However, maternal intelli-
gence quotient (IQ), which was measured in infancy, averaged
1.4 points lower in the iron-supplemented group.

Social-emotional outcome at 10 y

We present statistically significant results based on analyses with
covariate control unless otherwise noted. Potential covariates
were background factors with group differences.

Behavior and Attitude Checklist. Six factors emerged from
principal components factor analysis. The first factor seemed to
reflect motivation and response to reward: persistence, behavior
after failure (works hard vs. gives up easily), reaction to praise
(accepts gracefully vs. accepts awkwardly), behavior after praise
(works hard vs. retreats), cooperation, and confidence. The
second factor seemed to reflect externalizing behaviors: aggres-
sion, impulsivity, thinking aloud, hyperactivity, and conversing
spontaneously. The third factor reflected language: speech quality,
articulateness, direct vs. vague responses, and reality-oriented vs.

FIGURE 1 Flowchart of participants� involvement from trial of

supplemental iron in infancy to the 10-y follow-up.

840 Lozoff et al.
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bizarre language. The fourth factor seemed to capture concern
about performance: relaxed vs. tense, accepting vs. critical of
own work, unaware vs. aware of failure, calm vs. agitated after
failure, and not apologetic vs. apologetic after failure. The fifth
factor reflected work habits and motor control: neat vs. careless,
careful and systematic vs. trial and error, skillful vs. awkward
movements, and good vs. defective motor coordination. The
sixth factor related to speed of work habits and visual-motor
reactions. (See Supplemental Table 1 for all factor loadings.)

Psychologists rated the iron-supplemented group as showing
more adaptive behavior on all but 1 factor (factor 4, performance
concern) (Table 2). However, differences in the second factor
(externalizing behavior) and the sixth factor (speed) became
suggestive (P # 0.10) after control for significant covariates
(gender for both, mother�s IQ for speed). Effect sizes of significant
group differences ranged from 0.14 to 0.35 on individual items on
the 3 factors that remained significant after covariate control (Fig. 2).
Compared with the no-added-iron group, the iron-supplemented
group was reported to give up less easily, work harder after failure,
be more accepting of praise, work harder after praise, and be more
cooperative and confident. Their speech was rated as better, more
direct, andmore reality-oriented; and their movements were rated as
more coordinated and less awkward. There were no differences in
secondary analyses.

Child Behavior Checklist. There were no differences between
iron-supplemented and no-added-iron groups in internalizing
problems or any other composite or subscale score (Supplemental

Table 2). In secondary analyses regarding iron status at the
preventive trial�s conclusion (IDA, iron deficiency without ane-
mia, or iron sufficiency), there were significant linear effects for
total problems (P = 0.02), internalizing problems (P = 0.008), and
several subscales, including withdrawn (P = 0.00), anxious/
depressed (P = 0.03), and aggression (P = 0.03). The threshold of
effects was iron deficiency with or without anemia, except for the
aggression subscale in which the threshold was IDA. However,
differences were not statistically significant after covariate con-
trol. There were no group differences in secondary analyses
comparing children who had been randomly assigned to take
iron-fortified or low-iron formula in infancy.

Ball pass and Jenga. During the ball pass, the iron-
supplemented group spent a higher proportion of the time in
shared positive affect (both mother and child smiling or laughing)
or mother smiling/laughing while the child was not and a lower
proportion during which neither was smiling or laughing, and the
children were quicker to smile compared with those in the
no-added-iron group (Table 3). During Jenga, the children in
the iron-supplemented group spent a higher proportion of the time
smiling/laughing while the mother was not, their mothers spent a
higher proportion of the time smiling/laughing while the child was
not, there was a lower proportion of time in which neither smiled
or laughed, and the children smiled more quickly and monitored
the examiner�s reaction less frequently. In secondary analyses
regarding iron status in infancy, there were no differences for the
ball pass. For Jenga, there were linear effects of infancy iron status
for the proportion of time in which the mother was smiling/
laughing while the child was not (P = 0.04; IDA the lowest) and
how often the child checked the examiner�s reaction (P = 0.02;
IDA the highest), but the results became nonsignificant after
covariate control. Therewere no statistically significant differences
for iron-fortified vs. low-iron formula in infancy.

Trier Social Stress Test for Children. Compared with the
no-added-iron group, children in the iron-supplemented group
smiled more quickly and more often and laughed and fidgeted
more during storytelling. They were rated as more self-
confident, and they required fewer prompts to continue telling
their story (Table 3). There were no differences in nervousness
ratings, which were unrelated to fidgeting (r = 0.038, P = 0.28).
In secondary analyses for iron status in infancy, there were linear
effects (IDA lowest) for frequency of smiling (P = 0.03) and
fidgeting (P = 0.015). In secondary analyses for iron-fortified vs.
low-iron formula, children who consumed the iron-fortified
formula smiled more quickly (delay of 36.2 vs. 47.3 s, P = 0.02).

CHIP-CE. There were no group differences for satisfaction,
comfort, resilience, risk avoidance, and achievement summary
scores based on child self-report (Supplemental Table 2). On the
basis of parent report, the supplemented group scored lower
than did the unsupplemented group on resilience (P = 0.011).
Items on the resilience factor reflected physical activity and
parental involvement. In secondary analyses regarding iron
status in infancy, there were linear effects for parent-reported
risk avoidance (P = 0.046) and parent-reported satisfaction (P =
0.03) (IDA the lowest), but differences became nonsignificant
after covariate control.

Discussion

In this follow-up at age 10 y, children who were administered
supplemental iron in infancy demonstrated more adaptive

TABLE 1 Background characteristics of 10-y-old children who
were or were not administered supplemental iron in infancy1

Iron-supplemented
(n = 666)

No added iron
(n = 366) P

Child characteristics

Age at testing, y 10.02 6 0.10 10.03 6 0.07 0.03

Male, n (%) 342 (51.4) 211 (57.6) 0.05

BMI, kg/m2 19.3 6 3.3 19.4 6 3.4 0.49

Birth weight, g 3533 6 355 3593 6 381 0.01

Formula/cow milk intake, mL/d 477 6 206 314 6 178 ,0.001

Iron sufficient at 10 y, n (%) 618 (93.8) 326 (91.3) 0.14

Family characteristics

Maternal age, y 26.4 6 6.0 26.1 6 6.1 0.52

Maternal IQ2 84.8 6 10.2 86.2 6 10.4 0.05

Maternal depressive symptomatology

score3
18.3 6 13.1 17.6 6 12.8 0.37

Maternal education, y 9.7 6 2.8 9.8 6 2.7 0.76

Paternal education, y 9.8 6 3.0 9.5 6 3.0 0.23

Socioeconomic index4 34.4 6 7.8 34.3 6 7.0 0.74

Father present, n (%) 478 (72.0) 280 (76.7) 0.10

Total HOME score5 36.7 6 7.2 36.0 6 7.0 0.11

Number of life stressors6 4.9 6 2.6 5.1 6 2.7 0.37

1 Values are means 6 SDs for continuous variables and n (%) for categorical variables.

HOME, Home Observation for Measurement of the Environment; IQ, intelligence

quotient.
2 Values reported from the infancy study. Maternal IQ was measured with a short form

of the Wechsler Adult Intelligence Scale–Revised, and any missing data were imputed.
3 Measured by the Center for Epidemiologic Studies–Depression Scale. Scores

range from 0–60 with a score $16 commonly used as a threshold for depressive

symptomatology.
4 Measured by the Graffar scale, designed specifically to differentiate families at the

lower end of the socioeconomic spectrum. A score of 36 falls in the medium range of

the lower class spectrum.
5 Assessed by using the HOME-Revised.
6 Measured by a scale modified from the Social Readjustment Rating Scale.

Long-Term behavioral effects of iron in infancy 841
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behavior in several areas. Compared with children who did not
take iron, they were rated as showing more positive task
orientation and better language and motor coordination. They
shared more positive affect with their mothers and showed more
pleasure in gamelike paradigms; and, in the socially stressful
task, they were rated as more self-confident, smiled and laughed
more, and needed less prompting to complete the task.

Although not entirely consistent, the pattern of results seems
to be more related to positive affect and reward responsiveness
than behavioral inhibition. The psychologists� ratings are partic-
ularly relevant in this respect. The iron-supplemented group�s

higher score on the factor capturing positive task orientation
suggests more motivation and positive responsiveness to reward,
inherent or otherwise. Specifically, a higher score indicates
working harder after failure, not giving up easily, and working
harder after praise, in addition to being more cooperative,
confident, and accepting of praise. Children in the iron-
supplemented group also seemed to show more pleasure in the
games that we specifically included to elicit positive affect. In
contrast, there were no group differences in parent report of
internalizing problems, observer ratings of nervousness during
the socially stressful situation, or psychologists� ratings on a

TABLE 2 Behavior rating scale factors in 10-y-old children who were or were not administered
supplemental iron in infancy1

Factor
Iron-supplemented

(n = 659)
No added iron

(n = 363) P
Significant
covariates

Motivation and response to reward

Unadjusted 11.3 6 0.1 12.3 6 0.2 ,0.001

Adjusted 11.2 6 0.1 12.5 6 0.2 ,0.001 Gender, maternal IQ

Externalizing behavior

Unadjusted 9.6 6 0.2 10.2 6 0.2 0.04

Adjusted 9.6 6 0.2 10.1 6 0.2 0.07 Gender

Language

Unadjusted 5.8 6 0.1 6.3 6 0.2 0.01

Adjusted 5.7 6 0.1 6.4 6 0.2 0.001 Age at testing, gender,

maternal IQ

Performance concern

Unadjusted 1.3 6 0.1 1.6 6 0.2 0.24

Adjusted 1.3 6 0.1 1.6 6 0.2 0.24

Work habits and motor control

Unadjusted 8.3 6 0.1 8.9 6 0.2 0.002

Adjusted 8.3 6 0.1 8.8 6 0.2 0.03 Intensity of breastfeeding,2

maternal IQ

Speed

Unadjusted 6.4 6 0.1 6.1 6 0.1 0.02

Adjusted 6.5 6 0.1 6.2 6 0.1 0.10 Gender, maternal IQ

1 Values are means 6 SEs for factor scores derived from the Behavior and Attitude Checklist, completed by project psychologists. Data

were missing for n = 7 and n = 3 children from the iron-supplemented and no added iron groups, respectively. IQ, intelligence quotient.
2 As indexed by milliliters per day of formula or cow milk.

FIGURE 2 Differences in psychologist-

rated behavior between children who

were or were not administered supple-

mental iron in infancy. Effect sizes are

shown for statistically significant group

differences on individual items for the 3

factors that remained significant after

covariate control. Effect size is the differ-

ence between group means divided by

the SD.
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factor that might pertain to long-term outcome in behavioral
inhibition (i.e., tenseness, awareness of failure, agitation and
apologies after failure, and criticism of own work).

Nonspecific conditions, such as fatigue or illness, can reduce
positive affect, but there were no group differences in health at
age 10 y. Reduced positive affect has been observed among iron-
deficient infants even in the absence of anemia (22,24) and in the
Chilean study among infants who did not take supplemental
iron (23). Reduced response to the physical and social environ-
ment has also been observed in several studies (9,23). These
findings suggest that less positive affect and reward responsive-
ness might represent early behavioral changes when iron is
inadequate. Less positive responsiveness to reward and reduced
positive affect seem to be consistent with long-lasting dopamin-
ergic effects of insufficient iron in infancy.

With regard to our secondary analyses of iron status in
infancy, mothers reported more internalizing and total behavior
problems for children who had iron deficiency with or without
anemia in infancy—specifically, more withdrawal, anxiety, and
depression. The findings are much like those reported in the
Costa Rica follow-up at ages 11–14 y (11), but the Chilean study
results were not statistically significant after control for back-
ground factors. There were several other linear effects of iron
status in infancy that seemed to fit with the results for iron-
supplemented vs. no-added-iron comparisons, which also lost
significance after covariate control.

The robustness of the Costa Rican study findings of more
wary, fearful behavior with IDA in infancy and more internal-
izing problems later on contrasts with the loss of statistical
significance of such long-term differences after covariate control
in the Chilean study. We suspect that the explanation lies in
differences between the studies in the chronicity of iron

deficiency or the timing of treatment. In the Chilean study,
infants with IDA at 6 mo were excluded from the preventive
trial, iron status was measured 6 mo later at the conclusion of
the trial, and all IDA infants were treated with iron. Thus, the
maximum period of IDA was 6 mo and probably shorter for
most children, because it takes time for IDA to develop. In
contrast, there was no such boundary on the duration of IDA
in previous studies that showed behavioral effects of IDA in
infancy, and the mean age of infants was considerably older
in the Costa Rican study (17 mo). The implication is that more
chronic IDA (or later treatment) may be associated with
additional behavioral alterations in the short and long term
that are more like behavioral inhibition, such as wariness,
fearfulness, and hesitancy in infancy and internalizing problems
later on. This seems plausible in light of findings in animal
models that behavioral and neurotransmitter effects of iron
deficiency vary with duration and severity of IDA and timing of
treatment (15,36,37).

It should be emphasized that the lack of statistical signifi-
cance of social-emotional differences with IDA in infancy in
covariate-controlled analyses does not mean that there are no
neurodevelopmental differences in this cohort. In fact, we found
short- and long-term differences, controlling for covariates,
between children with IDA in infancy and their nonanemic peers
on neurophysiologic measures, such as sensory evoked poten-
tials (38,39), neurocognitive tests with event-related potentials
(40,41), polysomnographic recordings (42–44), and neuroen-
docrine responses (45). It is possible that differences on more
global measures will become apparent over time, especially if
there is a cumulative impact of neurophysiologic alterations.

With respect to secondary analyses related to iron-fortified
vs. low-iron formula, we observed only a single statistically

TABLE 3 Other affective outcomes at age 10 y in children who were or were not administered supplemental iron in infancy1

Iron-supplemented
(n = 574)

No added iron
(n = 306) P Significant covariates

Ball pass

Mother and child smile/laugh, % of time 36.2 6 1.0 31.9 6 1.4 0.01

Child smiles/laughs, mother does not, % of time 10.1 6 0.6 10.4 6 0.8 0.75 Gender

Mother smiles/laughs, child does not, % of time 0.6 6 0.09 0.2 6 0.1 0.02 Gender, age at testing

Neither mother or child smiles/laughs, % of time 48.1 6 1.0 52.6 6 1.4 0.01

Latency to child�s first smile, s 8.0 6 0.5 9.7 6 0.6 0.04 Gender

Jenga

Mother and child smile/laugh, % of time 14.9 6 0.8 14.1 6 1.0 0.51 Duration of task, age at testing

Child smiles/laughs, mother does not, % of time 15.0 6 0.7 11.7 6 0.9 0.005 Duration of task

Mother smiles/laughs, child does not, % of time 4.1 6 0.3 1.5 6 0.4 ,0.001 Duration of task, intensity of breastfeeding2

Neither mother or child smiles/laughs, % of time 54.3 6 1.0 60.9 6 1.4 0.001 Duration of task, age at testing

Latency to child�s first smile, s 19.3 6 1.3 24.0 6 1.8 0.03 Duration of task

Child checks examiner, n 1.8 6 0.1 2.3 6 0.1 ,0.001 Gender, duration of task

Trier Social Stress Test for Children

Child smiles, n 2.3 6 0.1 1.6 6 0.1 ,0.001 Duration of task, intensity of breastfeeding2

Child laughs, n 0.7 6 0.1 0.4 6 0.1 0.01 Gender, duration of task, intensity of breastfeeding3

Child fidgets, n 0.9 6 0.03 0.7 6 0.04 0.0003

Prompts from examiner, n 1.8 6 0.1 2.4 6 0.1 ,0.001 Age at testing

Latency to child�s first smile, s 45.4 6 2.4 56.3 6 3.7 0.01 Duration of task

Rating of child self-confidence3 2.3 6 0.04 2.1 6 0.05 0.003

Rating of child nervousness4 2.8 6 0.04 2.6 6 0.05 0.12

1 Values are covariate adjusted means 6 SEs for continuous variables and percentages. Because of technical problems with videotapes, the total n available for ball pass, Jenga,

and Trier were 860, 919, and 861, respectively. The mean n per group is shown.
2 As indexed by milliliters per day of formula or cow milk.
3 Self-confidence was rated with a 4-point Likert-like scale where 4 = very confident.
4 Nervousness was rated with a 4-point Likert-like scale where 4 = always showing nervousness.
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significant behavioral difference: children who consumed iron-
fortified formula were quicker to smile in the socially stressful
paradigm. Although smiling can indicate nervousness or anxiety,
quicker smiling in the entire iron-supplemented group went
along with less need for prompting, higher ratings of self-
confidence, and no increase in ratings of nervousness, indicating
more adaptive behavior. Therefore, we interpreted quicker
smiling in those who consumed iron-fortified formula as a
positive behavior, in contrast to our recently reported findings of
lower cognitive and visual-motor scores at 10 y in the iron-
fortified formula group, compared with the low-iron-formula
group, especially among children with high hemoglobin at 6 mo
(25). With only 26 such children, the results require replication
before speculating about why social-emotional effects might
differ from cognitive and motor ones.

The study has important limitations despite random assign-
ment to a supplementation group in infancy, assessment by
examiners who were unaware of treatment, and hypothesis-
based behavioral paradigms. Changes in supplements and
enrollment criteria during the infancy phase mean that the
study is not a simple randomized clinical trial and, hence, is not
the strongest basis for causal inference. Although we assessed
>1000 children at 10 y, 38% of the participants in the infancy
study were not assessed, primarily because we could not locate
them. Even though the maximum period of IDA in infancy was
6 mo, the study cannot determine how long the children might
have had iron deficiency without anemia or when it began,
because we had no data on prenatal iron status. The restricted
duration of IDAmeans that results may not apply to populations
in whom IDA is more chronic or severe. Because virtually all
infants were at least partially breast-fed, the results may not
generalize to infants who consume only commercial or home-
made formula. The findings may also not generalize to settings in
which infants are not as well nourished and healthy.

In sum, we found evidence of more adaptive behavior in
10-y-old children who were randomly assigned to supplemental
iron vs. no added iron in infancy. More adaptive behavior may
affect performance at school and work, mental health, and
personal relationships. Further follow-up will determine the
functional significance of the differences observed.
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