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Diabetic pregnancies are characterized by chronic metabolic insults, including iron deficiency, that
place the developing brain at risk for memory impairment later in life. A behavioral recall paradigm
coupled with electrophysiological measures was used to assess the longevity of these effects in 40
3½-year-old children. When memory demands were high, recall was significantly impaired in the
at-risk group and correlated with perinatal measures of iron. Electrophysiological results suggested
both encoding and retrieval processes were compromised. These findings support the hypothesis that
prenatal iron deficiency leads to alterations in neural development that have a lasting impact on mem-
ory ability.

Outcome studies of infants of diabetic mothers (IDMs) demonstrate short- and long-term neuro-
behavioral morbidities that include altered auditory recognition memory processing at birth
(Siddappa et al., 2004), reduced visual, cross-modal, and imitative memory performance in the
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first postnatal year (DeBoer, Wewerka, Bauer, Georgieff, & Nelson, 2005; Nelson et al., 2000;
Nelson, Wewerka, Borscheid, deRegnier, & Georgieff, 2003), poorer performance on tests of
general development in infancy and toddlerhood (deRegnier, Nelson, Thomas, Wewerka, &
Georgieff, 2000; Rizzo, Metzger, & Burns, 1991), and inferior school performance in elementary
school (Rizzo, Metzger, Dooley, & Cho, 1997). While diminished general development and
school performance could represent any number of neuropathologies, both behavioral (DeBoer et
al., 2005) and electrophysiological studies demonstrate abnormalities in memory processing and
strongly suggest alterations in hippocampal development and function (deRegnier et al., 2000; see
Nelson, 2007 for review; Nelson et al., 2000; Nelson et al., 2003; Siddappa et al., 2004), a hypoth-
esis that is consistent with research from animal models (Rao et al., 1999).

Pregnancies complicated by diabetes mellitus are characterized by chronic fetal hypoxia, fetal
hyper- and hypoglycemia, and fetal iron deficiency (Nold & Georgieff, 2004). Previous research
has described the cascading effects of these metabolic abnormalities; specifically, how altered
glucose handling leads to fetal iron deficiency through chronic hypoxia (Georgieff et al., 1990),
with the quality of maternal glycemic control inversely proportional to the amount of risk experi-
enced by the fetus. These abnormalities result in a fetal environment that places the growing brain
at risk for perturbations in development (de Ungria et al., 2000; Jorgenson, Sun, O’Connor, &
Georgieff, 2005; Jorgenson, Wobken, & Georgieff, 2003; Petry et al., 1992; Raman, Hamilton,
Gewirtz, & Rao, 2008; Raman et al., 2005; Rao et al., 1999; Rao, Tkac, Townsend, Gruetter, &
Georgieff, 2003; Schmidt, Waldow, Grove, Salinas, & Georgieff, 2007; Siddappa et al., 2004).

One region that has been shown to be particularly vulnerable to these specific metabolic abnor-
malities is the hippocampus. First, this structure has a prolonged developmental trajectory with
significant changes occurring late gestation and early neonatal life in both humans and rodents.
Second, its high metabolic demands place it at risk when gestational and neonatal conditions com-
promise the delivery of vital substrates such as glucose, oxygen, and iron. Studies using animal
models have demonstrated that deficiencies of these substrates cause metabolic (de Ungria et al.,
2000; Raman et al., 2005; Rao et al., 2003), structural (Jorgenson et al., 2003; Raman et al., 2008),
and electrophysiological (Jorgenson et al., 2005; Yamada et al., 2004) changes in the CA1 region,
an area that is crucial to recognition memory processing. Moreover, research using behavioral
methods has supported these findings by reporting impairments in both short- and long-term
hippocampally dependent memory abilities following these early life substrate deficiencies
(Carlson et al., 2009; McEchron, Cheng, Liu, Connor, & Gilmartin, 2005; Raman et al., 2008;
Schmidt et al., 2007).

Glucose tolerance, hypoxia, and iron deficiency are inextricably linked in IDMs (Georgieff et
al., 1990); thus there is no way to isolate the effects of each risk factor in a human model. How-
ever, because animal studies utilize a rodent model of iron deficiency anemia (not a diabetic
model) these studies have been able to isolate the effects of each factor independent of the others.
Results from this line of research directly implicate iron as an important predictor of outcome. The
considerable effects of fetal and neonatal iron deficiency in mediating the short- (while iron defi-
cient) and long- (following iron repletion) term hippocampal-specific abnormalities in the rodent
have been delineated from the genome (Carlson, Stead, Neal, Petryk, & Georgieff, 2007) through
electrophysiology (Jorgenson et al., 2005) to behavior (McEchron et al., 2005; Schmidt et al.,
2007). Consistent with these findings, a previous study in human infants has also described an as-
sociation between extent of perinatal iron deficiency and memory performance at 12 months of
age (DeBoer et al., 2005).
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Taken together, these results suggest that prenatal iron deficiency can lead to alterations in
hippocampal development and result in memory impairments later in life. The present research
sought to extend these previous findings by investigating, in humans, (1) whether memory impair-
ments caused by prenatal iron deficiency persist into early childhood, (2) if so, under what condi-
tions are they detectable, and (3) what cognitive mechanisms (e.g., encoding or retrieval) underlie
these impairments. Given the known metabolic cascade that accompanies the diabetic pregnancy
(Georgieff et al., 1990), IDMs represent a model population in which to examine these questions.

Memory outcomes were examined in IDMs between 3 and 4 years of age using a modified and
age-appropriate elicited/delayed imitation paradigm. This unique paradigm utilizes both behav-
ioral and electrophysiological measures (Carver, Bauer, & Nelson, 2000) to examine functions
that are dependent on the hippocampus (Adlam, Vargha-Khadem, Mishkin, & de Haan, 2005;
McDonough, Mandler, McKee, & Squire, 1995) long after any prenatal metabolic deficiencies
have resolved (Georgieff, Wewerka, Nelson, & deRegnier, 2002). The dependent measures con-
sisted of elicited imitation (i.e., immediate recall, which served as a measure of encoding) as well
as delayed imitation (i.e., one-week delayed recall, which served as a measure of memory) in
combination with event-related potential (ERP) indices of recognition memory. Task difficulty
was manipulated by varying the amount of internal structure within the to-be-remembered mate-
rial. This manipulation allowed for the examination of outcomes as a function of the demands
placed on memory processes and underlying neural circuitry.

Based on findings from previous research, we hypothesized that memory would be impaired in
the IDM group relative to age-matched controls, that this impairment would be observed in both
the behavioral and electrophysiological measures, and would be significantly related to the extent
of iron deficiency experienced during the prenatal period. Exploratory aspects of this investiga-
tion included assessment of whether memory outcomes were modulated by the extent of demands
placed on the circuitry, and examination of sources of variation within electrophysiological mea-
sures representing the underlying time course and neural activation patterns associated with rec-
ognition.

METHOD

Participants

Participants’ mothers were recruited before giving birth for participation in an ongoing longitudi-
nal research project examining cognitive development (see Nelson, 2007 for a recent summary of
previous reports on the sample). The subjects composing both groups were recruited from the
same hospitals and matched for age and gender. An initial report from this cohort included data
from 60 infants at 6 months of age: 26 IDMs and 34 Controls (Nelson et al., 2000). In accordance
with the ethical principles expressed in the Declaration of Helsinki, informed consent was ob-
tained from the guardians of the child participants, and the University’s Institutional Review
Board approved all procedures prior to the start of the investigation.

Forty 3- to 4-year-old children (mean age 3 years, 6 months) participated in this follow-up in-
vestigation. Twenty children (10 male, 10 female) were born to mothers diagnosed with diabetes
mellitus and 20 children (8 male, 12 female) were born to mothers who did not have any form of
diabetes during pregnancy (see Riggins, Miller, Bauer, Georgieff, & Nelson, 2009). Of the 20
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mothers diagnosed with diabetes, 75% (15) were diagnosed with gestational diabetes, 15% (3)
with Type 1 diabetes, and 10% (2) with Type 2 diabetes. Regardless of the type of diabetes pres-
ent, the pathophysiology driven by maternal hyperglycemia occurs in all three conditions (see
Nold & Georgieff, 2004 for a useful diagram). Parents were asked to provide race and ethnicity in-
formation of the children in the current sample. Thirty-four children (85%) were of Caucasian,
non-Hispanic, or Latino decent, 3 children (7.5%) were of Caucasian, Hispanic, or Latino decent,
2 children (5%) were of African-American decent, and 1 child (2.5%) was of Asian decent. All
participants met the following medical criteria: lack of intrauterine growth restriction, no signifi-
cant maternal hypertension, no chromosomal syndromes/non-chromosomal congenital anomalad
sequences or congenital infectious agents (TORCH: Toxoplasmosis, Other Agents, Rubella,
Cytomegalovirus, Herpes Simplex), normal labor and delivery, no significant heart rate decelera-
tions, 5 minute Apgar scores greater than 6, and an uncomplicated neonatal course including no
mechanical ventilation and no indication of acute perinatal or neonatal insult (such as asphyxia,
sepsis, seizures, meningitis, or intracranial hemorrhage). In order to compare the groups on
perinatal complications, an obstetrics complication scale was used (Prechtl, 1967). Consistent
with previous reports (deRegnier et al., 2000), points given for diabetes or insulin use were re-
moved prior to group comparison. There were no differences between groups in perinatal compli-
cations unrelated to diabetes. In addition, there was no difference in maternal age at time of birth
between IDM (mean = 32.15 years, SD = 7.07) and control (mean = 31.74, SD = 3.89) groups.

At time of delivery, infants in both groups were assessed for signs of perinatal iron deficiency
by means of cord serum ferritin concentrations (Siddappa, Rao, Long, Widness, & Georgieff,
2007) and exposure to hypoxia and hyperinsulinemia by means of neonatal macrosomia (Akin et
al., 2002; Morris, Grandis, & Litton, 1985). Ferritin values less than 76 ìg/L were considered defi-

cient in fetal iron stores. This value has both biologic and physiologic relevance as it represents
the cutoff for the bottom quartile of cord blood ferritin levels and has been used in previous reports
demonstrating group differences (DeBoer et al., 2005; Tamura et al., 2002b). For example,
Tamura and colleagues demonstrated that cord blood serum ferritin concentrations in the lowest
quartile were a risk factor for poorer school-age performance (Tamura et al., 2002b). Size for
dates (i.e., birthweight z-scores) greater than 2 standard deviations (SDs) above the population
mean suggests the presence of chronic fetal hypoxia and hyperinsulinemia and was used as an in-
dex of diabetic risk (Nold & Georgieff, 2004).

Comparisons between the groups indicated that more children in the IDM group (9 out of 20, or
45%) had newborn ferritin concentrations below 76 µg/L, compared to the control group (2 out of
16, or 12.5%), χ2 (1, N = 36) = 4.43, p < .05; and more children in the IDM group (10 out of 20, or
50%) had birthweight z-scores greater than 2 standard deviations above the mean, compared to the
control group (1 out of 20 or 5%), χ2 (1, N = 40) = 10.16, p = .001. There were no differences be-
tween the groups in gestational age or 5 minute Apgar scores. Finally, the Wechsler Preschool and
Primary Scale of Intelligence–Revised (WPPSI–R) was administered at a separate session when
children were 4 years of age. Three children in the control group did not provide data for this mea-
sure due to missed appointments. Consistent with previous reports (Tamura et al., 2002a), the
IDM group’s performance (Full Scale IQ: mean = 100, SD = 13) was below that of controls (Full
Scale IQ: mean = 112, SD = 13); however, no child’s score was below the average range. See
Table 1 for a summary of sample characteristics.

Although prenatal iron stores are well below normal in IDMs, previous studies have shown that
these deficiencies resolve shortly after birth (Georgieff et al., 2002). Moreover, this postnatal re-
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covery is spontaneous as no supplemental iron is necessary. Although iron status was not col-
lected at the time of the present study, 9 of the 20 IDM children in the present report provided fol-
low-up assessments of iron status between 6 and 12 months of age as part of a previous
investigation (Beard, de Regnier, Shaw, Rao, & Georgieff, 2007; Georgieff et al., 2002). All mea-
sured ferritin concentrations between 6 and 12 months of age were within the normal range, that
is, >10 µg/L (actual range: 21–54 µg/L) (Georgieff et al., 2002). Thus, no evidence of postnatal
iron deficiency was indicated, even in infants born with low iron stores. This characterization is
important as it points to pre- or perinatal iron deficiency as the source of any group differences.
Previous investigations of the long-term effects of postnatal dietary iron deficiency have impli-
cated alterations in monamine metabolism and myelination (Lozoff & Georgieff, 2006) as well as
alterations in affect and motivation, reduced speed of processing, and abnormal frontal lobe func-
tion related to striatal-frontal circuitry (Algarin, Peirano, Garrido, Pizarro, & Lozoff, 2003;
Lozoff et al., 2007; Lozoff, Jimenez, & Smith, 2006).

There were no age differences between the groups at the time of assessment. Out of the 40 chil-
dren who participated in the present investigation, analyses of behavioral memory performance
included data from 37 children (17 IDM, 20 controls); analyses of electrophysiological recordings
included data from 33 children (13 IDM, 20 controls). Behavioral data were excluded due to re-
cording equipment failure (N = 2), or incomplete data due to refusal to complete a portion of the
paradigm (N = 1). Electrophysiological data were excluded due to refusal to wear the cap (N = 2),
excessive movement artifact resulting in an insufficient number of trials (N = 3), or refusal to com-
plete ERP paradigm (N = 2). In order to ensure that the results from the electrophysiological data
revealing group differences were not attributable to differences in sample size, data were
reanalyzed with 13 controls. Results regarding group differences from these analyses with equal
sample sizes did not differ; for the sake of brevity only the former are reported. All analyses were
conducted with SPSS, version 14.0 (SPSS Inc., Chicago, IL). Repeated measures analyses em-
ployed listwise deletion procedures; therefore, sample sizes vary slightly between tasks and de-
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TABLE 1
Summary of Group Characteristics

Characteristic

Control
N = 20

Mean (SD)

IDM
N = 20

Mean (SD)

Assessment of Group Differences
Note: df corrected for violation

of equality of variance assumption

Age at test (months) 42.65 (5.78) 42.10 (5.75) ns
Gestational age (weeks) 38.75 (2.05) 38.05 (2.04) ns
Apgar scores (5 minute) 8 (1) 8 (1) ns
Birthweight (g) 3528.60 (56.99) 3720.15 (807.89) ns
Birthweight z-scores 0.63 (.88) 1.54 (.97) t(26.02) = 1.86, p = .07
Birthweight z-scores > 2 1/20 or 5% 10/20 or 50% χ2 (1, N = 40) = 10.16, p = .001
Ferritin from cord serum at birth (µg/L) 134.81 (56.99) 97.00 (75.10) t(33.93) = 1.72, p = .095
Ferritin < 76 µg/L 2/16 or 12.5% 9/20 or 45% χ2 (1, N = 36) = 4.43, p < .05
Full-Scale IQ WPPSI-R 112 (13) 100 (13) t(33.68) = 2.87, p < .01
Verbal IQ 108 (13) 98 (10) t(34.42) = 2.84, p < .01
Perceptual IQ 112 (11) 102 (16) t(28.63) = 2.30, p < .05

WPPSI–R = Wechsler Preschool and Primary Intelligence Scale–Revised
ns = not significant
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grees of freedom were adjusted accordingly. Greenhouse-Geisser corrections were used to correct
for violations in the assumption of sphericity.

Materials

Event sequences. Each child was shown three different nine-item event sequences. Event
sequences contained novel objects that were used to produce nine different individual actions re-
lated to a common theme (e.g., going camping). Within each sequence, memory for both individ-
ual items (e.g., baiting a hook or catching a fish or setting up the tent) and the order of the items
(e.g., baiting the hook before catching the fish and then setting up the tent) was assessed. To in-
duce variability in the difficulty of ordered recall, the internal organization of the event sequences
was manipulated by altering the number of enabling connections between items (Bauer, Herts-
gaard, Dropik, & Daly, 1998). Enabling relations exist when it is necessary to complete the indi-
vidual items in the correct temporal order to achieve the desired end state (e.g., baiting a hook be-
fore catching a fish). However, each individual item can be completed independent of the others
(i.e., one could attempt to catch the fish without bait, but would not be successful). Event se-
quences with more enabling relations have greater internal organization, which leads to a more or-
ganized representation (Bauer, 1992). Sequences with more enabling relations are easier to recall
because each item in the event serves as a reminder of subsequent items. The differential effects of
the reminders are thought to be associated with the strength of the organization of the event repre-
sentation. This argument implies that if an event representation is sufficiently well organized to
support reliable ordered recall, then there should exist the potential for recollection to facilitate
memory for the event (see Bauer et al., 1998 for elaboration).

Because there were nine items in the event sequences, all sequences contained eight possible
relations between items. In our manipulation, event sequences that had “high” internal organiza-
tion contained six enabling relations, sequences with “medium” internal organization contained
three enabling relations, and sequences with “low” internal organization contained zero enabling
relations (i.e., all relations between items were arbitrary). Three event sequences (one of each or-
ganization level) were randomly selected from an existing pool of 15 sequences for each partici-
pant.

ERP stimuli. For ERP testing, stimuli consisted of digital photographs of a woman’s hand
completing each individual item from the three event sequences observed in behavioral testing
and three novel event sequences matched for the number of enabling relations. Pictures of the en-
tire group of props for each sequence were also presented, resulting in 10 unique stimuli per event.
Pictures of the old and new sequences were randomly presented blocked by sequence type. The
order of the blocks was counterbalanced between participants and each picture was presented
twice for a total of 120 trials over the entire session.

Procedure

Data were collected in two separate sessions spaced approximately one week apart. All sessions
were conducted by the same experimenter and in the same location. The first session consisted of
orientation to the task, baseline assessment of children’s spontaneous behaviors with the event se-
quences, modeling of the sequences, and measurement of immediate recall. Orientation was used
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to ensure understanding of the task. Baseline measures were used as a control for problem-solving
abilities and/or fortuitous production of the items. Modeling of the event sequences was done
twice with verbal narration by the experienced experimenter. Immediate recall of the individual
items and temporal order was used as an index of encoding.

After the one-week delay (M = 7 days, SD = 1 day, range 4–10 days), children returned to the
laboratory and both electrophysiological and behavioral measures of memory were obtained.
There was no significant difference between length of delay for the IDM and control groups. Dur-
ing the electrophysiological assessment, children were seated in a dimly lit room and passively
viewed pictures of three familiar and three novel sequences while event-related potentials (ERPs)
were recorded using ERPw version 3.2 (Pearson Technical Software, Minneapolis, MN) from 32
sites on the scalp using Electro-Caps (Electro-Cap International, Inc.). A Neurodata acquisition
system (Model 12C-32-235) and Grass amplifier (Model 12A5) were used to record and filter
EEG and electrooculogram (EOG) signals. In accordance with previous studies (for review see
DeBoer, Scott, & Nelson, 2005), EEG amplifier gain was set to 20,000 and EOG gain was set to
5,000. Lower and upper cutoff frequencies were set to 0.1 and 30 Hz respectively, and a 60 Hz
notch filter was in place. EEG was sampled at 100 Hz, referenced to Cz, and rereferenced offline
to mathematically linked mastoids. EOG activity was also recorded from a transverse position
above and below the eye to allow for detection and deletion of blink artifacts. Impedances at all

leads were kept below 10 kÙ. The duration of each stimulus was 1,000 msec with a pretrial base-
line of 100 msec and a variable inter-trial interval. Immediately following the ERP session, chil-
dren behaviorally recalled the event sequences. The fixed order of presentation of the tasks was
necessary because (a) the constraints of ERP methodology are such that behavioral recall could
not be done simultaneously, (b) behavioral testing could have influenced the ERP response,
whereas (c) prior research has demonstrated no effect of ERP exposure on subsequent recall per-
formance (Carver & Bauer, 1999; Carver et al., 2000).

Data Reduction and Analysis

Behavioral sessions were videotaped and scored offline by experienced observers masked in re-
gard to group status and unaware of the hypotheses of the study. Production of both individual
items (maximum = 9 per sequence) and pairs of items in the correct temporal order (maximum = 8
per sequence) were assessed for each sequence at baseline, immediate, and one-week delayed re-
call. Only the first production of each individual item was recorded to reduce the possibility of
successful reproduction of order information due to trial and error (Bauer, Wenner, Dropik, &
Wewerka, 2000). Twenty-five percent of the tapes were re-coded by a second experienced ob-
server to ensure reliability. Inter-rater reliability for behavioral coding was 93.2%. Coding dis-
agreements were resolved by discussion.

Electrophysiological data were evaluated automatically using ERPw version 3.2 (Pearson
Technical Software, Minneapolis, MN). Baseline correction was applied to the epoched data.
Artifacts due to eye movements or blinks were corrected using a computerized algorithm
(Gratton, Coles, & Donchin, 1983). Following this procedure, data were excluded if the EEG
signal exceeded +/–150 µV in any 100 msec window. Individual averages were created for each
condition (familiar, novel) and sequence type (six, three, or zero enabling relations) with the
constraint that an equal number of trials were included for each of the six conditions (M = 16 tri-
als, SD = 4 per condition). Based on previous reports, two components of the ERP response
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were identified for analysis (de Haan, 2007; DeBoer, Scott, & Nelson, 2005). First was the
well-defined, negative amplitude, middle-latency component (occurring 400–600 msec after
stimulus onset). This component has been related to attentional processes (Courchesne, Granz,
& Norcia, 1981; Nelson & Collins, 1991) and modulated by memory (Bauer et al., 2006; Bauer,
Wiebe, Carver, Waters, & Nelson, 2003; Carver et al., 2000; de Haan & Nelson, 1997). A recent
study using source analysis in infants (Reynolds & Richards, 2005) indicated that this compo-
nent may be generated by areas within the prefrontal and frontal pole regions (see de Haan, 2007
for discussion). In the present investigation, both the maximum negative amplitude and latency
to peak amplitude were calculated and used as the dependent measures. The second ERP com-
ponent occurred later in the waveform (approximately 900 msec after stimulus onset), was posi-
tive in amplitude, relatively more distributed over a 500–600 msec window, and has been re-
ferred to as positive slow wave activity or PSW (Nelson, 1994). PSW is typically thought to be
invoked by stimuli that have been seen previously and have been partially encoded. In a recent
study with 3- and 4-year-old children, PSW was associated with recollective processes that are
hippocampally mediated (Riggins et al., 2009). Consistent with this suggestion, results from
source analysis have linked PSW activity to right temporal regions (Reynolds & Richards,
2005). Area under the curve was calculated and used as the dependent measure for this compo-
nent of interest. To examine laterality differences in both components, midline and lateral leads
were analyzed separately.

RESULTS

Behavioral Analyses

Memory for individual items. Mean numbers of individual items produced by each group
are displayed in Figure 1A. Performance was examined using a 3 phase (baseline, immediate re-
call, delayed recall) × 3 sequence type (6 enabling relations, 3 enabling relations, 0 enabling re-
lations) repeated measures ANOVA with group (IDM, control) as a between subjects factor.
This analysis revealed significant main effects of phase, F(2, 70) = 502.72, p < .001, ηp2 = .94
and group, F(1, 35) = 8.65, p < .01, ηp2 = .20, which were qualified by significant interactions
between phase and sequence type, F(4, 140) = 5.38, p < .01, ηp2 = .13, phase and group, F(2, 70)
= 4.67, p < .05, ηp2 = .12, and sequence type and group F(2, 70) = 4.22, p < .05, ηp2 = .11. De-
scriptions of the main effects and follow-up tests used to examine significant interactions are
provided below.

All children produced more actions at both immediate and delayed recall compared to
baseline. Follow-up analyses indicated that although performance during baseline was low
for all sequence types (M = 2 individual items out of 9 possible), there was a greater produc-
tion of individual items for the sequences with zero enabling relations compared to the se-
quences with three enabling relations across groups, F(2, 70) = 4.49, p < .05, ηp2 = .11. Thus,
baseline measures were entered as a covariate in all follow-up tests examining main effects of
and interactions between group and sequence type on immediate and delayed recall of indi-
vidual items.

These analyses revealed that immediate recall varied as a function of group, F(1, 32) = 5.25, p
< .05, ηp2 = .14, and sequence type, F(2, 64) = 3.98, p = .05, ηp2 = .09. Although both groups
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learned the sequences with six and three enabling relations with equal proficiency, immediately
after modeling IDMs produced fewer individual items on the sequences with zero enabling rela-
tions compared to the control group, F(1, 34) = 9.19, p < .01, ηp2 = .21, suggesting a deficit in en-
coding processes. Delayed recall also varied as a function of group, F(1, 32) = 12.59, p = .001, ηp2

= .28 and sequence type, F(2, 64) = 3.84, p < .05, ηp2 = .11. Follow-up analyses indicated that re-
call of items for sequences with three and zero enabling relations was lower in IDMs compared to
controls, F (1, 34) = 5.48, 14.64 respectively, ps < .05, ηp2 = .14 and .30. The group difference for
recall of items for sequences with zero enabling relations remained even when controlling for dif-
ferences in both baseline and immediate recall performance, F (1, 33) = 5.70, p <.05, ηp2 = .15.

Together, these results suggest a deficit in IDM’s memory performance for event sequences
with both three and zero enabling relations. For sequences with three enabling relations, IDMs
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FIGURE 1 Mean number of (A) individual items and (B) correctly ordered items (+1 SEM) produced at all three
phases for both controls (open bars) and IDMs (colored bars) for sequences with six, three, and zero enabling rela-
tions. *p < .05, **p < .01
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and controls displayed similar levels of recall immediately after modeling, indicative of similar
levels of encoding. However, when required to recall the sequences after a one-week delay, IDMs
produced fewer individual items than controls, a pattern indicative of forgetting. For sequences
with zero enabling relations, IDMs learned fewer items than controls, suggesting diminished en-
coding. IDMs also recalled fewer individual items than controls after the one-week delay, a result
that remained significant even after controlling for differences in encoding (i.e., immediate re-
call). Finally, for sequences with six enabling relations, there were no differences between con-
trols and IDMs memory performance.

Memory for items in the correct temporal order. Mean number of correctly ordered items
are displayed in Figure 1B. Performance was examined using a 3 phase (baseline, immediate re-
call, delayed recall) × 3 sequence type (6 enabling relations, 3 enabling relations, 0 enabling rela-
tions) repeated measures ANOVA with group (IDM, control) as a between subjects factor. This
analysis revealed significant main effects of phase, F(2, 70) = 319.61, p < .001, ηp2 = .90, se-
quence type, F(2, 70) = 30.21, p < .001, ηp2 = .46, and group, F(1, 35) = 10.38, p < .05, ηp2 = .23,
which were qualified by significant interactions between phase and sequence type, F(4, 140) =
12.18, p < .001, ηp2 = .26. Descriptions of the main effects and follow-up tests used to examine
significant interactions are provided below.

All children learned the order of the sequences within the lab setting, and remembered the or-
der across the delay. As predicted, ordered recall was highest for sequences with six enabling rela-
tions, followed by sequences with three and lastly zero enabling relations. In addition, ordered re-
call in the IDM group was lower than the control group. This group difference was observed at
both immediate and delayed recall assessments, F(1, 35) = 5.34, p < .05, ηp2 = .13 and F(1, 35) =
7.51, p = .01, ηp2 = .17 respectively, but not at baseline. At the immediate recall assessment, IDMs
produced fewer correctly ordered items than controls on sequences with zero enabling relations,
F(1, 35) = 7.48, p = .01, η2 = .18. At the delayed recall assessment, IDMs produced fewer cor-
rectly ordered items than controls on both sequences with three and zero enabling relations, F(1,
35) = 4.44, p < .05, η2 = .11 and F(1, 35) = 8.66, p = .01, η2 = .19.

Finally, to examine whether differences in ordered recall were solely attributed to differences
in production of individual items, analyses were repeated with memory for individual items as a
covariate. In the context of this analysis, there were no differences in production of correctly or-
dered items as a function of sequence type or group. Thus, it is not possible in the present report to
separate the unique effects of differences in memory for individual items and differences in mem-
ory for temporal order.

Associations Between Behavioral Recall and Perinatal Measures

We then examined whether any of the perinatal characteristics were predictive of performance on
the behavioral measures of memory. A series of correlational analyses were conducted between
newborn indices of risk and recall performance across both groups. Ferritin levels from cord se-
rum at birth were correlated with performance on the imitation task. Across all sequence types,
ferritin was related to both immediate and one-week delayed recall of individual items (immedi-
ate: r(33) = .51, p < .01, delayed: r(34) = .40, p < .01), and immediate ordered recall, r(33) = .52,
p < .01. These positive correlations suggest that, regardless of group status, lower ferritin levels
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from cord serum at birth are associated with worse memory performance at 3 1/2 years of age.
Birthweight z-scores were not related to performance on the task.

ERP Analyses

Midline leads—Fz, Cz, Pz. Three dependent variables: peak amplitude of the middle-latency
component, latency to the peak amplitude of the middle-latency component, and area under the
curve for the slow wave activity were analyzed for each sequence type at the midline leads using
a 2 condition (novel, familiar) × 2 hemisphere (left, right) × 3 lead (Fz, Cz, Pz) repeated mea-
sures ANOVA with group (IDM, control) as a between subjects factor. Results from analyses con-
ducted with average amplitude of the middle-latency component were similar to results with peak
amplitude; due to space considerations, only the latter are reported. On the basis of results from
the elicited/delayed imitation analyses, ERP data from each sequence type were analyzed sepa-
rately; results are provided. Results that were similar across all three sequence types are pre-
sented first, followed, in order, by specific results for sequences with six, three, and zero enabling
relations.

Figure 2 illustrates average ERPs for both groups for each sequence type. Consistent with pre-
vious reports, ERP responses were greatest over frontal/central midline leads, indicating a
fronto-central distribution of the middle-latency component for all sequence types: six enabling
relations, F(2, 62) = 23.30, p < .001, ηp2 = .43, three enabling relations, F(2, 62) = 22.34, p < .001,
ηp2 = .42, and zero enabling relations: F(2, 62) = 28.23, p < .001, ηp2 = .48. Analyses of sequences
with six enabling relations revealed no significant effects as a function of group. Sequences with
three enabling relations revealed group differences in positive slow wave activity, F(1, 31) = 4.52,
p < .05, ηp2 = .13. Across the three midline leads, controls (M = 6762.55, SD = 995.90) evidenced
greater positive slow wave activity than IDMs (M = 3707.51, SD = 1235.27). Sequences with zero
enabling relations showed group differences in latency to peak of the middle-latency component,
F(1, 31) = 4.94, p < .05, ηp2 = .14. Latency to peak was shorter in the control group (M = 475.25
msec, SD = 55.48 msec) than in the IDM group (M = 502.67, SD = 60.38).

Lateral leads. Based on the distribution of the components, parallel analyses using a 2 condi-
tion (novel, familiar) × 2 hemisphere (left, right) repeated measures ANOVA with group (IDM,
control) as a between-subjects factor were computed for two groupings of fronto-central lateral
leads (Left fronto-central: F7, F3, Fc5, Fc1, C3, Right fronto-central: F8, F4, Fc6, Fc2, C4). The
same dependent measures were used (peak amplitude of the middle-latency component, latency to
the peak amplitude of the middle-latency component, and area under the curve for the slow wave
activity) and each sequence type was analyzed separately. Results that were similar across all
three sequence types are presented first, followed, in order, by specific results for sequences with
six, three, and zero enabling relations.

For all three sequence types, peak amplitude of the middle-latency component was greater over
the right compared to the left hemisphere, indicating a right hemisphere bias for the middle-la-
tency component (six enabling relations: right M = –29.51 µV, SD = 9.88 µV, left M = –24.17 µV,
SD = 8.97 µV, F(1,31) = 28.45, p < .001, ηp2 = .48; three enabling relations right M = –28.26 µV,
SD = 8.39 µV, left M = –21.81 µV, SD = 10.19 µV, F(1,31) = 32.56, p < .001, ηp2 = .51; zero en-
abling relations right M = –26.30 µV, SD = 10.94 µV, left M = –22.15 µV, SD = 10.02 µV),
F(1,31) = 14.28, p = .001, ηp2 = .32).
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773

FIGURE 2 ERP waveforms recorded from the vertex for both control (solid) and IDM (dashed) groups as a
function of sequence type (as determined by internal organization). Arrows indicate significant group difference.
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There were no significant effects of group or condition for event sequences with six or three en-
abling relations. For sequences with zero enabling relations, positive slow wave activity varied as
a function of condition and hemisphere F(1, 31) = 4.32, p = .05, ηp2 = .12. In the right hemisphere,
positive slow wave activity was greater for familiar (M = 6796.50 µV/msec, SD = 6572.86) com-
pared to novel sequences (M = 5488.29 µV/msec, SD = 5446.38). However, in the left hemi-
sphere, positive slow wave activity was similar for familiar (M = 5878.46 µV/msec, SD =
5455.69) and novel sequences (M = 6072.53 µV/msec, SD = 4498.52). ERP responses to se-
quences with zero enabling relations also revealed a main effect of condition for peak amplitude
of the middle-latency component; across the lateral leads, peak amplitude to novel stimuli (M =
–26.16 µV, SD = 9.99 µV) was greater than peak amplitude to familiar stimuli (M = –22.28 µV,
SD = 10.96 µV), F(1, 31) = 5.02, p < .05, ηp2 = .14.

Correlations Between Behavioral Recall and ERPs

In order to determine how differences in behavioral recall of the event sequences related to pro-
cessing at the neural level, a series of correlational analyses were conducted. Statistical tests were
constrained by previous findings (Bauer et al., 2006; Bauer et al., 2003; Riggins et al., 2009) and
only included behavioral measures that showed differences between the two groups in memory
performance and ERP measures at the vertex (where activity was maximal). Immediate recall of
individual items (i.e., encoding) predicted latency to peak of the middle-latency component to
novel stimuli, r (31) = –.35, p = .05. PSW to novel stimuli was related to behavioral recall of indi-
vidual items after the one-week delay, r(32) = .37, p < .05. Thus, longer latency to peak of the mid-
dle-latency component to novel stimuli was associated with reduced levels of encoding of the in-
dividual items at Session 1; decreased PSW activity (to novel stimuli) was related to reductions in
processing of previously encoded material, which may have contributed to lower levels of behav-
ioral recall at Session 2. These results are similar to previous reports (Bauer et al., 2006; Bauer et
al., 2003; Riggins et al., 2009) and correspond with group difference findings from the ERP analy-
ses. Specifically, IDMs evidenced longer latencies and less PSW activity in comparison with con-
trols, which suggests impairments in both encoding and subsequent retrieval processes.

DISCUSSION

Results from the present investigation extend previous research in several ways. First, we report
long-term impairments in recall memory in IDMs during early childhood, years after initial risk
factors have resolved. Previous investigations used global behavioral outcome measures to assess
development of IDMs long-term (Rizzo et al., 1991; Rizzo et al., 1997). In order to explicate the
neurocognitive aspects underlying these findings, behavioral and electrophysiological assays
were used to assess the functioning of circuitry that has been shown to be altered at the genomic,
biochemical, structural, and electrophysiological levels in rodent models of gestational iron defi-
ciency (Carlson, Stead, Neal, Petryk, & Georgieff, 2007; de Ungria et al., 2000; Jorgenson et al.,
2005; Jorgenson et al., 2003; Rao et al., 2003). Critically, the observed deficits in our study were
related to the extent of iron deficiency experienced prenatally (as indexed by serum ferritin con-
centrations in cord blood at birth). Although a similar association has been reported in human in-
fants at 12 months of age, the current finding is unique in that it demonstrates the persisting effects
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of neonatal iron status on hippocampally-based memory circuits and behavior into childhood.
This finding highlights the importance of the prenatal environment for subsequent memory per-
formance and provides empirical support for the connection between iron deficiency during the
prenatal period, the development of memory circuitry, and behavioral recall performance well
downstream from the proposed insult in humans.

Second, based on findings from the combined use of behavioral and electrophysiological mea-
sures, we can also begin to elaborate on the nature of these deficits both in terms of extent and un-
derlying mechanisms. Consistent with animal models, the observed deficits are not absolute
(Schmidt et al., 2007), but rather result in slight dysfunctions in performance that can be overcome
through enabling the learning process (Fuglestad, Rao, & Georgieff, 2008). When cognitive de-
mands were greatest (i.e., zero enabling relations between items), impairments occurred at the ini-
tial stage of memory processing, during encoding, which was reflected by both behavioral (i.e.,
immediate imitation) and electrophysiological (i.e., latency to peak of the middle-latency compo-
nent) measures. In contrast, when cognitive demands were moderate (three enabling relations be-
tween items), IDMs were able to successfully encode items in the event sequences; however, they
were not able to recall these items after the one-week delay. This difference was also apparent in
the ERP response in the form of decreased positive slow wave activity, which is thought to reflect
hippocampally-mediated recollective processes (Riggins, Miller, Bauer, Georgieff, & Nelson,
2009). This finding is also consistent with animal models of gestational iron deficiency that indi-
cate the largest metabolic defects occur in the hippocampus and the prefrontal cortex, areas that
are critical for recollection (de Ungria et al., 2000). Finally, when memory demands were low (six
enabling relations between items), there were no observable differences in performance of IDMs
and controls, in either behavioral or electrophysiological measures, indicating that IDMs clearly
could perform the task when external support for the to-be-remembered items was high. Thus, the
dysfunction appears to be modulated by the nature and extent of the demands placed on the cir-
cuitry (cf. de Haan, Mishkin, Baldeweg, & Vargha-Khadem, 2006).

The extent of IDMs’ reduced capacity is likely a function of the timing and degree of the initial
insult, the swiftness of resolution as it relates to sensitive periods of development, and the subse-
quent remaining plasticity of the system (Fuglestad et al., 2008; Kretchmer, Beard, & Carlson, 1996;
Nelson, 2009). The hippocampus, which is central to recognition and recall memory function, de-
velops rapidly during late fetal life, is highly dependent on adequate iron status for its development,
and is vulnerable to the metabolic insults extant in diabetic pregnancies: iron deficiency, chronic
hypoxia, and hypoglycemia. These alterations in the prenatal metabolic environment result directly
from the lack of maternal glycemic control (Georgieff, 2006; Nold & Georgieff, 2004). Therefore,
one implication from these findings is that prevention is essential. If diabetes and maternal glucose
levels are well controlled, we do not predict that the cascade of events described will occur and risk
will be minimal. However, when prevention is not possible, findings in other cognitive domains sug-
gest that early intervention is likely the best course of action (Shonkoff & Phillips, 2000). Early inter-
vention is predicated on early identification, and our work collectively demonstrates that we can iden-
tify very early in life individuals who might be at risk for memory impairments using proxy measures
of the metabolic prenatal environment, such as neonatal or cord blood ferritin, to estimate the extent of
iron deficiency and the likelihood of a long-term impact on neurobehavioral development.

The subsequent step would be to develop targeted interventions to be administered early in de-
velopment. Regions of the hippocampus continue to be remolded throughout the life span, largely
through experience-dependent synaptic plasticity (see Markham & Greenough, 2004 and Nelson,
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2009 for elaboration). Our results suggest that strategies that enable cognitive performance may
assist high-risk children later in development. Specifically, when the internal structure of the
event sequences was high, memory demands were low, and IDM performance was comparable to
that of the control group. This finding is similar to a recent report examining effects of iron defi-
ciency in a rodent model (Carlson et al., 2009). In this investigation, iron-deficient mice were able
to solve the Morris water maze when specific enabling supports were in place (e.g., using a
non-moving platform in the target quadrant, or using a larger platform; Carlson et al., 2009). Thus,
learning and recall in IDMs can, on some level, be supported externally and brought to levels sim-
ilar to that of controls, which is a potentially important strategy for teachers and parents of such
children. These supports may include providing additional time to encode and retrieve informa-
tion or informational support platforms to enhance specific learning. Factors that have been found
to facilitate recall in typically developing infants and young children include repeated experience
with events prior to imposition of a delay (Bauer, Wiebe, Waters, & Bankston, 2001) and the use
of verbal and nonverbal reminders at the time of recall (Bauer et al., 2000). These findings may be
incorporated into the development of specific interventions in collaboration with pediatric
neuropsychologist and educators. However, at present, no such interventions exist.

Beyond the clinical implications, these findings contribute to our understanding of the devel-
opment of the neural bases of memory. The concurrent use of behavioral and electrophysiological
methods allowed us to elucidate more specific circuit-function relationships underlying these
memory impairments (Bauer et al., 2006; Bauer et al., 2003; Carver et al., 2000; Nelson, 1994),
and suggest that early hippocampal damage results in both encoding and retrieval deficits. This
conclusion remains tentative, however, as the true extent of damage to the hippocampus is un-
known and likely varies within the IDM group. In addition, although the sample is relatively
well-characterized, the somewhat small sample size precluded multivariate analysis of effects of
all possible outcome variables and interactions with environmental factors (e.g., socioeconomic
status). Future investigations should attempt to address these questions. We strongly recommend
the use of ERP measures in future investigations as they appear sensitive to differences in underly-
ing neural circuitry and can be used to further probe differences in cognitive processing. More-
over, these methods can be used in the first days of life when behavioral assessments of cognition
are limited (deRegnier et al., 2000; Nelson, 2007; Nelson et al., 2000).

Given the known pathophysiology associated with the diabetic pregnancy, our findings sup-
port the hypothesis that iron deficiency during the prenatal period leads to alterations in neural de-
velopment and has a lasting negative impact on memory ability. These impairments vary as a
function of the extent of iron deficiency experienced during the prenatal period. Follow-up of this
group is currently underway to confirm the presence, degree, and selectivity of hippocampal dam-
age using magnetic resonance imaging techniques (Nelson, 2007). We will continue to assess
whether the observed impairments reported here fade with further development of the hippocam-
pus and its associated memory system, or if other protective developmental factors will be re-
vealed as we continue to track this sample over the next few years.
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