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Iron Deficiency (ID) at Both
Birth and 9 Months Predicts
Right Frontal EEG Asymmetry
in Infancy

ABSTRACT: This study considered effects of timing and duration of iron
deficiency (ID) on frontal EEG asymmetry in infancy. In healthy term Chinese
infants, EEG was recorded at 9 months in three experimental conditions:
baseline, peek-a-boo, and stranger approach. Eighty infants provided data for all
conditions. Prenatal ID was defined as low cord ferritin or high ZPP/H.
Postnatal ID was defined as > two abnormal iron measures at 9 months. Study
groups were pre- and postnatal ID, prenatal ID only, postnatal ID only, and not
ID. GLM repeated measure analysis showed a main effect for iron group. The
pre- and postnatal ID group had negative asymmetry scores, reflecting right
frontal EEG asymmetry (mean=+SE: —.184+.07) versus prenatal ID only
(.00+.04), postnatal ID only (.03 +.04), and not ID (.02+.04). Thus, ID at
both birth and 9 months was associated with right frontal EEG asymmetry, a
neural correlate of behavioral withdrawal and negative emotions. © 2015
Wiley Periodicals, Inc. Dev Psychobiol 9999: 1-9, 2015.
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are two peak times of risk for ID: late fetal or early
neonatal life (referred to as prenatal ID) and the late

Iron deficiency (ID) is a global public health problem,
affecting primarily women and young children in both
developed and developing countries. In early life, there
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infancy/toddler period (6-24 months, referred to as
postnatal ID). Although direct estimates of the world-
wide prevalence of iron deficiency are problematic
(Stoltzfus, 2001), anemia, which is a late manifestation
of iron deficiency, affects an estimated 48% of young
children (World Health Organization, 2008).

Previous studies have found poorer cognitive, motor,
and social-emotional development in ID infants
(Lozoff et al., 2006). Our focus here is on the social-
emotional domain. Infants and toddlers with iron
deficiency anemia are reported to exhibit more shyness,
less engagement, decreased positive affect, more diffi-
culty in being soothed when upset, and less optimal
interaction with their mothers (Armony-Sivan, Kaplan-
Estrin, Jacobson, & Lozoff, 2010; Lozoff et al., 2008,
2010). ID in infancy is also associated with poorer long-
term social-emotional outcomes in preschool age
(Chang et al., 2011), school age (Lozoff, Castillo, Clark,
Smith, & Sturza, 2014), adolescence (Corapci, Calatroni,
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Kaciroti, Jimenez, & Lozoff, 2010), and young adult-
hood (Lozoff et al., 2013). Iron status at birth was
unknown in these studies. We identified only one study
that focused on prenatal ID and social-emotional
functioning. Wachs, Pollitt, Cueto, Jacoby, and Creed-
Kanashiro (2005) found that lower levels of cord blood
hemoglobin and serum ferritin were related to higher
levels of negative emotionality and lower levels of
alertness and soothability in the newborn period.

Iron plays a critical role in brain morphology, neuro-
chemistry and bioenergetics (Beard, 2003; Georgieff,
2011). ID effects on neurotransmitters are especially
relevant for social-emotional outcomes (Lozoff, 2011).
Animal models show relations between ID and alter-
ations in metabolism and function of several neuro-
transmitters, including, dopamine, norepinephrine, and
serotonin, and related behaviors (Beard et al., 2006; Kim
& Wessling-Resnick, 2014; Unger et al., 2007, 2012;
Youdim & Yehuda, 2000). The specific nature of the
effects appears to be dependent on the timing of ID and
treatment (Unger et al., 2007, 2012). However, identify-
ing central nervous system correlates of ID in human
infants is challenging.

Asymmetric hemispheric activity is considered as
a marker of social-emotional functioning in adulthood
(Davidson, 1998) and infancy (Fox, 1991, 1994).
Studies show that frontal EEG asymmetry relates to
infant temperament and emotional reactivity (Fox,
1991; Harmon-Jones, Gable, & Peterson, 2010). The
frontal EEG asymmetry score is based on the difference
in alpha power between left and right hemisphere.
Alpha power indicates differences in brain activity but
in an inverse matter, that is, less alpha power indicates
greater brain activity (Davidson, 1998; Vuga, Fox,
Cohn, Kovacs, & George, 2008). In general, left frontal
EEG asymmetry is associated with joy or anger, and
right frontal EEG asymmetry is associated with sadness
(Fox & Davidson, 1988). More specifically, greater
right frontal EEG asymmetry in infancy is associated
with infant withdrawal and inhibited behaviors (Hane,
Fox, Henderson, & Marshall, 2008), maternal separa-
tion (Davidson & Fox, 1989), maternal depression
(Jones, Field, & Almeida, 2009), and high cortisol
levels (Buss et al., 2003). We identified only one
published study of right frontal EEG asymmetry in ID
humans and it involved adults; lower serum ferritin
levels were associated with greater right frontal EEG
asymmetry (Tucker, Sandstead, Penland, Dawson, &
Milne, 1984).

The purpose of the present study was to assess the
impact of the timing and duration of ID in infancy
(pre- and/or postnatal) on frontal EEG asymmetry at
9 months. As ID in infancy is associated with
less positive affect and more behaviors resembling
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behavioral inhibition, we hypothesized that ID in
infancy would be associated with relatively greater
right frontal EEG asymmetry but had no basis for
predictions about differential effects of the timing and
duration of ID. We were also interested in assessing
EEG patterns in situations designed to elicit positive
or negative affective responses. We predicted that ID-
related differences in right frontal EEG asymmetry
would be magnified in a stranger approach situation,
which is often a negative social-emotional experience
for infants at this age.

METHODS

Participants

The EEG assessment was one component of a larger study on
the neurodevelopmental effects of ID in early life. Study
enrollment occurred between December 2008 and Novem-
ber 2011 in Fuyang County, a rural area in Zhejiang Province,
China. Pregnant women with uncomplicated singleton preg-
nancies were invited to participate when they were randomly
screened at a routine visit at 36-37 weeks gestation. After
birth, the following inclusion criteria were confirmed: term
birth (gestational age 37-42 weeks), birth weight >2,500g,
5-min APGAR >7, no acute or chronic health problems,
mother’s age over 18 years, no alcohol or drug use during
pregnancy, no perinatal complications or congenital malfor-
mations, and no multiple or prolonged hospitalizations
(>5 days). Parents provided signed informed consent. The
study was approved by the Institutional Review Boards of the
University of Michigan and the Children’s Hospital of
Zhejiang University.

Procedures

Infant iron status was based on cord blood at birth and venous
blood at 9 months. Serum ferritin was assayed by electro-
chemiluminescent immunoassay (Cobas 6000-601, Roche
Diagnostics Corp., Basel, Switzerland), mean corpuscular
volume (MCV) and red cell distribution width (RDW) by
autoanalyzer (Sysmex SE-9000 Auto Hematology Analyzer,
Kobe, Japan), and zinc protoporphyrin/heme ratio (ZPP/H) by
ZPP Hematofluorometer (Model 206D, AVIV Associates,
Lakewood, NJ).

There is no consensus on how to define ID in the neonate.
Therefore, we considered either low cord ferritin or high ZPP/H
as indicative of prenatal ID. We used serum ferritin <75 pg/L as
the cutoff for fetal-neonatal ID, as in some previous studies
(Amin, Orlando, & Wang, 2013; Armony-Sivan, Eidelman,
Lanir, Sredni, & Yehuda, 2004; Tamura et al., 2002). For
prenatal ZPP/H, we used a cutoff of ZPP/H >118 pmol/mol,
corresponding to the 90th percentile in the US studies
(McLimore et al., 2013).

Postnatal ID was defined as two or more abnormal iron
measures, a widely used standard in the field (Cook & Finch,
1979). The following age-appropriate cutoffs were used for
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four measures: MCV <74fl (Centers for Disease Control,
2001), RDW >14.5% (Centers for Disease Control and
Prevention, 1998), serum ferritin <12.0 (Saarinen & Siimes,
1978), and ZPP/H >69 pmol/mol heme (Soldin, Miller, &
Soldin, 2003). These cutoffs are based on normative samples
in healthy term infants from iron-supplemented populations
or studies that excluded infants with evidence of ID. The
rationale in these studies is that reference values for iron
measures should be based on infants who have access to
adequate iron, as data from populations where ID is common
will shift the distributions and likely underestimate ID
prevalence and fail to identify infants who could benefit from
intervention.

The possible combinations of pre- and postnatal ID
constituted the four study groups: pre- and postnatal ID,
prenatal ID only, postnatal ID only, and not ID at either time.

Electroencephalogram (EEG) Recording

EEG assessments were conducted at the Children’s Hospital
of Zhejiang University, Hangzhou, China. Infants were
seated on their mothers’ laps in front of a video monitor.
Continuous EEG recordings were obtained in three experi-
mental conditions of 2min each. The experimental condi-
tions were chosen based on previous studies of EEG activity
in toddlers and infants in response to neutral, positive, and
negative stimuli (Dawson, Klinger, Panagiotides, Hill, &
Spieker, 1992; Jones, Field, Fox, Davalos, & Gdémez, 2001).
For the first condition (baseline), the tester blew soap
bubbles to keep the infant’s attention and minimize move-
ment artifact. For the second condition (peek-a-boo), the
tester played peek-a-boo with the infant. Although designed
to elicit positive affect, testers reported that some infants did
not react positively to this condition, perhaps because the
game was not played by a familiar person. The third
condition (stranger approach) was designed to elicit negative
emotions. A stranger entered the room and looked at
the infant with a neutral facial expression throughout. The
stranger first stood by the door for 40s, then about half the
distance to the infant for 40, and finally directly in front of
the infant for 40s.

EEG data were recorded using 128-electrode HydroCel
Sensor Net (Electrical Geodesics, Inc., Eugene, OR). The
infant’s head was measured and marked with a washable wax
pencil in order to ensure accurate placement of the net, which
was then placed over the scalp. Scalp impedances were
measured prior to recording and kept below 50k{) during
testing. The EEG signals were amplified, filtered (bandpass
.1-100.0Hz), and sampled (500Hz). Recording in every
electrode was vertex-referenced. With continuous EEG
recording, we used an internal marker to indicate the
beginning of each experimental condition.

The EEG data were processed offline using Net Station 4.3
(Net Station, FEugene, OR). EEG data were filtered
(1-47 Hz band-pass) and segmented by the internal markers for
the three experimental conditions. EEG data in each condition
were multiple segmented into 120 segments of 1s. Segmented
data were inspected visually for ocular and motion artifact.
The two electrodes above the eyes and the two remaining
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electrodes on the outside canthii of the eyes were used to
identify eye blinks and eye movement. Data from individual
electrodes were rejected if there was artifact resulting from
poor contact or movement or if signal amplitudes exceeded
150 V. The entire segment was excluded if an eye blink, eye
movement, or other significant artifact occurred, or if more
than 18 electrodes were rejected. Of the remaining segments,
individual electrodes containing artifacts were replaced using
spherical spline interpolation, and data were re-referenced to
the average reference. At least 15 artifact-free EEG segments
were required in each condition for an infant to be included in
the analyses described below.

Data Reduction

EEG data were exported to Matlab 10 (2012). Segmented
EEG data in each condition were merged. The data were
transformed using p-welch Hanning window of 1s with 50%
overlapping. Analysis was focused on alpha frequency band
at 6-9 Hz, which is typically used in studies of brain activity
of infants in the first 2 years of life (Davidson & Fox, 1982).
The alpha power values were averaged into an alpha power
score. This score was natural log-transformed to normalize
the distribution. Frontal EEG asymmetry score was calculated
for each infant by subtracting these normalized values in F3
electrode, located over the frontal left hemisphere, from the
mean values in F4 electrode, located over the frontal right
hemisphere [LnF4 (Right) minus LnF3 (Left)]. Negative
scores indicate greater relative EEG activation (lower power
values) in the right hemisphere (right frontal EEG asymme-
try), whereas positive scores indicate greater relative EEG
activation (lower power values) in the left hemisphere (left
frontal EEG asymmetry).

Statistical Analysis

Data analysis was performed using IBM SPSS Statistics for
Windows (IBM Corp., 2012) and SAS software version 9.4
(SAS Institute, Inc., Cary, NC). The four iron groups were
compared on background characteristics and iron measures
using ANOVA for continuous variables and chi-square for
categorical ones. To evaluate potential covariates, Pearson’s
correlations were used to assess the relation of frontal EEG
asymmetry score in the three experimental conditions to
background characteristics (Table 1). Potentially confounding
variables were considered in the initial models if they were
even weakly related to frontal EEG asymmetry score in even
one condition (p < .10). Covariates that remained at p <.10 in
the final models were retained.

General linear mixed model (GLM) statistical analysis
was used to compare frontal EEG asymmetry scores by iron
group (pre- and postnatal ID, prenatal ID only, postnatal ID
only, and not ID) and condition (baseline, peek-a-boo, and
stranger approach). Unadjusted means and standard deviations
are presented in the text; adjusted means and standard errors
are shown in a figure. To further examine hemispheric
differences, a mixed model statistical analysis of alpha power
score was conducted for group within condition and hemi-
sphere (left, right).
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Table 1. Correlations Between Background
Characteristics and Frontal EEG Asymmetry Score in the
Three Experimental Conditions*

Frontal EEG Asymmetry Score

Condition Stranger
(n=280)" Baseline Peek-A-Boo Approach
Birth weight 26° 27° 25°
Gestational age .14 .18 17
Age at 9-month —.17 —.08 —.08
visit
Weight-for-age .04 .14 12
Maternal age —.03 -.17 11
HOME score .03 .08 .08
Maternal 22 18 25°
depression

*Values are Pearson rs for ordinal and continuous measures.

N varies slightly due to occasional missing data for some
measures.

®p < .05.

The final sample size (n = 80) was adequate to detect only
large effect sizes (;°=.14) among four groups with 80%
power and type I error alpha=.05. As the power to detect
smaller effect sizes for main effects or interactions was lower
and the risk of type II error was of concern, we also report
the effect size n” to indicate the magnitude of association
(low =.01, medium = .06, large =.14), regardless of statistical
significance.

RESULTS

Of 353 infants assessed at 9 months in the larger study,
238 had some EEG data. After processing and rejecting
artifacts, 80 infants had usable data for all three
conditions. These infants did not differ from the other
158 in background characteristics, except that, on
average, they were 5 days older at testing. Boys and
girls were represented approximately equally (52%
girls). Many infants were born by C-section (75%).
APGAR score at 5 min was 10 for all but four infants,
whose scores were 8-9. Gestational age averaged 39.6
weeks (SD=1.0, range: 37-42) and birth weight,
3.47kg (SD = .41, range: 2.50-4.50). Individual infor-
mation on cord clamping was not available, but the
usual routine in the local hospital was to clamp the
cord within 60s of delivery. The infants remained
generally healthy between birth and 9 months. Only
five were hospitalized, all briefly for a typical infancy
problem (e.g., jaundice, respiratory infection). Data on
intercurrent illnesses, available for half the infants,
indicated the usual colds and occasional diarrhea (data
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available on request). The mean chronological age at
testing was 9.5 months (mean =285 days, SD =10.7,
range: 268-313). Mean age of mothers was 27.0 years
(SD=3.7, range: 21-39). The average education of
parents was above middle school and below high-
school graduation. Maternal mood, evaluated by
the Edinburgh Postnatal Depression Scale (Cox,
Holden, & Sagovsky, 1987), showed relatively low
scores (mean=7.5, SD=4.0). None of the mothers
reported smoking or drug use. Infant iron status was
distributed as follows: pre- and postnatal ID (n=09),
prenatal ID only (n=21), postnatal ID only (n=20),
and not ID at either time (n=30). The distribution was
similar in the 158 infants who did not have usable data
in all three conditions.

Background Characteristics and Iron Status

There were no statistically significant group differences
in background characteristics (Table 2), except that the
prenatal ID only and not ID groups were tested
somewhat earlier than the pre- and postnatal ID and
postnatal ID only groups. By definition, the groups
differed in iron status (Table 3). Cord ferritin was lower
and ZPP/H was higher in pre- and postnatal ID and
prenatal ID only groups compared to postnatal ID only
and not ID groups. At 9 months of age, several iron
measures showed poorer iron status (lower hemoglobin
and MCV and higher RDW) in pre- and postnatal ID
and postnatal ID only groups compared to prenatal ID
only and not ID groups.

EEG Outcomes

GLM mixed model analysis for frontal EEG asymmetry
scores in the four iron groups and three experimental
conditions showed a significant main effect for iron
group (F376)=2.65; p=.05; partial n> =.10). Over all
conditions, the pre- and postnatal ID group had negative
EEG asymmetry scores (mean [SD] baseline =—.18
[.21], peek-a-boo = —.14 [.19], stranger approach = —.23
[.26]), which differed significantly from the prenatal ID
only group (mean [SD] baseline = —.01 [.24], peek-a-
boo=—.05 [.27], stranger approach=.04 [.20]), the
postnatal ID only group (mean [SD] baseline =.02 [.28],
peek-a-boo=.01 [.28], stranger approach=.05 [.22]),
and the not ID group (mean [SD] baseline =.01 [.24],
peek-a-boo=.04 [.17], stranger approach=.02 [.23]).
These results reflect right frontal asymmetry in the pre-
and postnatal ID group, whereas the other three groups
generally showed a slight left frontal EEG asymmetry.
There was no main effect for condition, meaning
that there were no significant differences in frontal
EEG asymmetry scores between baseline, peek-a-boo,
and stranger approach conditions (F(7s)=.12; p=.89;
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Table 2. Background Characteristics by Iron Status Group*
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Pre- and Postnatal ID Prenatal ID Only Postnatal ID Only Not ID
(n)* 9) 21) (20) (30) p-Values
Infant and pregnancy
Gender, % male (n) 56 (5) 42 (9) 55 (11) 43 (13) .70
C-section, % yes (n) 78 (7) 86 (18) 75 (15) 63 (19) 21
Birth weight (g) 3,522 £ 386 3,477 £466 3,487 £445 3,458 £375 .98
Gestational age (weeks) 395+9 39.24+1.0 390.8+1.1 39.7+1.0 .61
Age at 9-month visit (days) 288.3+10.4 281.0+8.7 292.7+13.0 282.9+8.2 .00
Weight-for-age, z-score 84+1.01 71+ .86 .82 +.87 64 +1.17 91
Family
Maternal age, years 25.6+3.1 279439 26.7+4.4 273+33 43
Education” 41+£12 37+£1.2 39+ 9 3.8+.9 .84
Number people/household 55+£15 49+£1.0 5.1£13 50+£1.1 .67
HOME score® 343+4.1 352437 36.1+£3.0 354437 .64
Maternal depressionCI 6.9+4.0 72435 6.9 £33 8.0t4.1 72

ID, iron deficiency.

“Values are expressed as means = SD or % (n) for categorical variables, and p-values are based on ANOVA for continuous variables and chi-

square analyses for categorical variables.

N varies slightly due to occasional missing data for some measures.
®Values represent parents education (mean) on an ordinal scale (1 =below elementary school, 4 =high-school graduate, 8= postgraduate

studies).
“HOME, Home Observation for Measurement of the Environment.
dScore on the Edinburgh Postnatal Depression Scale.

partial > =.00). The interaction between iron group
and condition was not statistically significant, but the
partial n” indicated a low-medium effect (F, 6150 = 1.27;
p = .27; partial > = .05).

GLM mixed model analysis with covariate control
showed similar results. There was a significant main

Table 3. Maternal and Infant Iron Status by Study Group*

effect for iron group (F(74)=3.15; p <.05; partial
n?=.11); infant birth weight and maternal depressed
mood were the only background factors that met the
criterion for inclusion in the final model. Adjusted
means, standard errors, and p-values are presented in
Figure 1. There was no main effect for condition

Pre- and Postnatal ID Prenatal ID Only Postnatal ID Only Not ID
(n)* (©)] 21) 20) 30) p-Values
Maternal hemoglobin®, g/L 110.4+£9.4 1179+ 15.0 113.1£9.9 112.0+9.5 24
Cord blood
Hemoglobin, g/L 138.0+17.9 145.0+19.0 143.10£31.6 147.3+17.2 72
Ferritin, pg/L 84.5£27.7° 73.5+79.8° 202.4 +78.0¢ 177.8 +58.6° .00
sTfR, nmol/L 27.7+16.2 28.4+16.7 27.7+11.0 26.5+16.5 97
ZPP/H, pmol/mol 126.2+20.8° 132.2+33.6° 91.0 + 16.3¢ 94.5+17.1¢ .00
9 months
Hemoglobin, g/L 100.7 £ 6.1° 113.045.1¢ 104.7 +4.5° 114.6 £7.4¢ .00
MCV, fl 72.1+3.4° 80.2+1.9¢ 70.9 +7.6° 79.5 £2.6¢ .00
RDW, % 15.0+1.9° 12.5+0.8¢ 15.24+2.0° 12.8+£0.8¢ .00
Ferritin, pg/L 28.1+27.6 46.3+£27.6 41.4+422 453+32.1 .54
sTfR, nmol/L 33.0+11.6° 2224834 29.6 +£18.2° 21.0+7.1¢ .01
ZPP/H, pmol/mol 146.6 +33.0° 97.7 £29.9¢ 141.8 £ 67.9¢ 96.3+33.1¢ .00

ID, iron deficiency.

“Values are expressed as means & SD, and p-values are based on ANOVA.
N varies slightly due to occasional missing data for some measures.

"Maternal hemoglobin in late pregnancy (36-37 weeks).

Superscript letters ¢ and d: groups with the same superscript do not differ; those with different letters differ significantly (p <.05).
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FIGURE 1 Frontal EEG asymmetry by four iron groups
[pre- and postnatal ID (white), prenatal ID only (black),
postnatal ID only (gray), and not ID (haskmark)] in three
experimental conditions. Negative values indicate right frontal
EEG asymmetry. “p < .05.

(Fa.73y=.05; p=.95; partial n* =.00). Once again, the
interaction between iron group and condition was not
statistically significant, but the partial n* indicated a
low-medium effect (F145)=1.28; p=.27; partial
n2: .05). Finally, we tested for a moderation of
maternal depressed mood on the effect of iron group on
frontal EEG asymmetry. The interaction of iron group
and maternal depressed mood was not statistically
significant, with a low-medium effect size (F37;)=1.28,
p=.29; partial n* = .05).

An additional GLM mixed model analysis was
performed for differences in alpha power scores by
group, condition, and hemisphere with covariate control
(infant birth weight and maternal depressed mood).
There was a significant interaction between iron group
and hemisphere (F(374)=3.17; p <.05; partial n2 =.11).
Therefore, left and right hemisphere data were analyzed
separately. There were no significant group differences
for the left hemisphere, and the effect size was small
(n*=.02). For the right hemisphere, there was a
suggestive group difference with a medium effect size
n?=.06. Pairwise comparisons were also suggestive
(p=.08) for the difference between pre- and postnatal
ID and not ID groups (mean [SD]=3.21 [.40] vs. 3.45
[.42]) with a medium Cohen’s effect size of .59 SD. In
addition, we compared frontal alpha power in left and
right hemisphere within iron group. Greater left than
right frontal alpha power was found only in the pre- and
postnatal ID group. Adjusted means, standard errors,
and p-values are presented in Figure 2. There were no
other statistically significant or marginal interactions,
but the partial 7> indicated low to low-medium effects:
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FIGURE 2 Frontal alpha power [Left: F3 (white), Right:
F4 (black)] by four iron groups over three experimental
conditions. *p < .05.

iron group x condition (*=.04) and iron group x con-
dition x hemisphere (> = .05).

DISCUSSION

This study evaluated the relations between timing and
duration of ID in infancy and frontal EEG asymmetry
in 9-month-old infants. We found that infants with pre-
and postnatal ID had greater relative right frontal EEG
asymmetry compared to the other iron groups. Right
frontal asymmetry in the pre- and postnatal ID group
was related to relatively lower frontal alpha power in
the right hemisphere. This finding indicates greater
brain activation in the right hemisphere in infants who
were ID at both birth and 9 months.

As right frontal EEG asymmetry is considered a
marker of withdrawal-like behaviors (Davidson, 1998;
Fox, 1991, 1994), our results are consistent with
previous studies linking ID in infancy with poorer
social-emotional behavior, such as more shyness, less
engagement, decreased positive affect, and less optimal
mother-infant interaction (Lozoff, 2011). In addition,
the results are consistent with the only previous study
of EEG asymmetry, which showed right frontal EEG
asymmetry in adults with low serum ferritin levels
(Tucker et al., 1984).

According to the approach/withdrawal model, right
frontal EEG asymmetry is associated with greater fear
and more negative emotional reactivity (Davidson &
Fox, 1989). The pattern of resting frontal brain EEG
has been suggested as a “trait-like” correlate of
individual differences in affective style in adults and
children (Fox, 1991). This physiological index is
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believed to measure emotional and temperamental
personality predispositions. As such, during resting
EEG, individuals displaying left frontal EEG asymme-
try often exhibit approach motivation and positive
affect, while individuals displaying right EEG asymme-
try have been found to exhibit withdrawal behaviors
and negative affect (Fox, 1991). Interpreting our results
in light of this model would suggest that having ID as a
fetus/neonate and infant relates to social-emotional
changes reflecting personality predispositions/altera-
tions, such as negative reactivity.

Along with interpreting and discussing our results in
light of an affective style and emotional reactivity
theory, it is important to note that frontal EEG
asymmetry was assessed at only one time-point and the
sample was relatively small, especially in the pre- and
postnatal ID group. We did not find statistically
significant differences between conditions or interac-
tions with ID group. These negative findings should
also be interpreted cautiously, as statistical power was
limited and several partial n* values for interactions
indicated non-trivial effect sizes. The measures and
experimental conditions were designed based on studies
in Western cultures (Dawson et al., 1992; Jones et al.,
2001). Research demonstrating cultural differences in
social-emotional development raises questions about
cross-cultural validity of the experimental conditions
for Chinese infants (Chen & Rubin, 2011; Gartstein
et al., 2006). As reported, peek-a-boo game was not so
positive for some of the infants. In light of these
limitations, a corroborating multi-method approach
combining neurophysiological along with behavioral
observations would be informative, along with cross-
cultural studies.

The postulated mechanisms for ID-related social—
emotional alterations generally involve ID effects on
neurotransmitter function. Rodent models of ID show
altered dopamine metabolism and function, as well as
other monoamine neurotransmitters, such as serotonin
and norepinephrine (Kim & Wessling-Resnick, 2014).
Findings in humans are consistent with such neuro-
transmitter changes (Lozoff, 2011). However, iron is
involved in various brain processes related to emotional
behaviors, making it difficult to specify the mechanism-
(s) for the EEG asymmetry findings. It seems likely
that the influence of ID on emotional behavior is
multifactorial (Kim & Wessling-Resnick, 2014). Fur-
ther studies are needed to evaluate the linkage between
frontal EEG asymmetry, emotional behaviors, and brain
mechanisms of pre- and postnatal ID.

Greater right frontal EEG asymmetry only in the
pre- and postnatal ID group suggests that changes in
frontal EEG occur when infants are ID during both
peak times of ID—Ilate fetal period and infancy.
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We speculate that infants in the pre- and postnatal ID
group suffered from early chronic ID, but iron status
was evaluated at only two time-points. Thus, we cannot
determine whether infants had ID throughout the period
from birth to 9 months. However, it seems likely that
infants with ID both at birth and 9 months had ID for a
longer duration than infants with ID at only one time-
point. Further studies are needed to extend our
understanding about longitudinal effects of ID in
infancy on EEG activity.

In the present study, prenatal iron status as measured
from cord blood reflects fetal iron status in late
gestation. It is important to note that fetal iron status
earlier in gestation and maternal iron status during
pregnancy were unknown. According to our previous
pilot study, maternal ID was common in this region
(Shao et al., 2012). Thus, likely explanations for ID in
the infants include maternal ID, rapid infant weight
gain pre- and postnatally, no routine iron supplementa-
tion for mothers or infants, and insufficient dietary
sources of bioavailable iron, but lack of data on
maternal iron status limits the study’s ability to
determine the causes of infant ID. Other study limi-
tations include lack of information on cord clamping
and micronutrient deficits other that ID and data on
illnesses for only half the infants. To facilitate compar-
isons across studies, the cutoff approach we used to
define ID at 9 months is similar to what we used
previously. However, there is debate about appropriate
cutoffs (Domellof, Dewey, Lonnerdal, Cohen, &
Hernell, 2002) and studies vary. Despite these limita-
tions, our results point to effects of prenatal ID on fetal
brain maturation and recurrent ID on subsequent
development. The present study adds an electrophysio-
logical measure to the growing body of behavioral data
on alterations in social-emotional outcomes in relation
to ID in infancy.

NOTES
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the study and all team members in Children’s Hospital of
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Human Growth and Development for their assistance with data
collection and data reduction.
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