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Abstract
Research on the functional meaning of EEG frequency bands during memory processing has only
examined two developmental periods: infancy and from late childhood to adulthood. The purpose
of this study was to examine changes in EEG power for three toddler EEG frequency bands (3–5
Hz, 6–9 Hz, 10–12 Hz) during a verbal recall task. To this end, we asked three questions: (a)
Which frequency band(s) discriminate baseline from memory processing?; (b) Which frequency
band(s) differentiate between memory encoding and retrieval processes?; (c) Which frequency
band(s) distinguish toddlers with high and low verbal recall performance? Analysis of 2-year-olds’
(n = 79) power values revealed that all three frequency bands differentiated the retrieval and
encoding phases from the baseline phase; however, the particular regions that exhibited this
dissociation varied. Retrieval-related increases in 3–5 Hz (theta) power were widespread. Only the
3–5 Hz and 6–9 Hz bands distinguished encoding and retrieval processes; retrieval power values
were higher than encoding power values. High and low verbal recall performers were
discriminated by all frequency bands; high performers had greater power values than low
performers. Thus, the 3–5 Hz (theta) and 6–9 Hz (alpha) bands were most informative about 2-
year-olds’ memory processes. Theta and alpha rhythms are critical to memory processes during
late childhood and adulthood, and our findings provide initial evidence that these rhythms are also
intricately linked to memory processing during toddlerhood. These findings are discussed in
relation to behavioral changes in memory processes.
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1. Introduction
The encoding and retrieval of declarative memories—essential processes for normal
cognitive functioning—is intricately linked to activity of the medial temporal lobe (MTL)
and the prefrontal cortex (PFC; Ghetti et al., 2010; Ofen et al., 2007). Substantial behavioral
research has revealed age-related changes in memory encoding and retrieval from infancy
through adulthood (see Kail, 1984; Rovee-Collier and Cuevas, 2008; Schneider and
Pressley, 1997, for reviews). Neuroscience research, on the other hand, has only examined
these processes during two developmental periods: infancy and from late childhood through
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adulthood. Thus, there is a significant gap in our current understanding of the neural
correlates of memory encoding and retrieval during early to middle childhood.

In the present study, we were particularly interested in the emergence of verbal recall around
2 years of age because (a) toddlerhood marks a transitional period between infancy and
childhood; (b) this is the youngest age that verbal recall can be assessed; and (c) a high
degree of variability in verbal recall is likely to be evident at this age, which is optimal for
examining relations between psychophysiological measures and individual differences in
verbal recall. To this end, we recorded electroencephalography (EEG) during memory
encoding and retrieval, calculated EEG power (i.e., a measure of neural activity), and used a
multiple frequency band approach to identify which toddler frequency band(s) are
functionally related to memory processing. In the following sections, we first discuss the
development of EEG frequency bands during infancy and toddlerhood and then review
related psychophysiological memory research findings.

1.1. Development of EEG frequency bands
In general, adult EEG frequency bands are clearly defined and their functional significance
is widely accepted. The same cannot be said for infant and toddler EEG frequency bands.
Early longitudinal research demonstrated that infant and toddler EEG is at a much lower
frequency than adult EEG (see Bell, 1998; Bell and Fox, 1994, for reviews). Consequently,
developmental EEG researchers have questioned the appropriateness of using traditional
adult frequency bands (Pivik et al., 1993; Stroganova and Orekhova, 2007).

For adults, the dominant EEG rhythm during quiet wakefulness is the 8–13 Hz alpha
rhythm. The frequency of the alpha rhythm is postulated to increase early in development
(Lindsley, 1939). Accordingly, the alpha rhythm during early childhood functions as the
alpha rhythm during adulthood, just at a lower frequency. Two lines of research have
suggested that the infant and toddler 6–9 Hz band is analogous to the adult alpha rhythm.
Using spectral analysis to examine longitudinal baseline data, Marshall and colleagues
(2002) found that 6–9 Hz was the dominant frequency across most scalp electrode sites from
infancy to 4 years of age. Thus, both the infant/toddler 6–9 Hz rhythm and the adult 8–13 Hz
alpha rhythm are prominent during quiet wakefulness. Additional research suggests that the
infant/toddler and adult alpha rhythms exhibit similar functional dissociations. During “eyes
closed” baseline, the adult alpha rhythm typically exhibits increases in amplitude over the
occipital cortex. The same pattern of findings has been found for the infant 5.2–9.6 Hz
rhythm during a “lights off” period that was hypothesized to be equivalent to the “eyes
closed” baseline (Stroganova et al., 1999).

In line with other developmental EEG researchers (e.g., McLaughlin et al., 2010; see
Stroganova and Orekhova, 2007, for a review), we consider the infant/toddler 6–9 Hz band
to be analogous to the adult alpha rhythm, and use this as a reference point when interpreting
the meaning of lower and higher toddler frequency bands. The adult 8– 13 Hz alpha rhythm,
for instance, is centered between the lower, adjacent 4–8 Hz theta rhythm and the upper,
adjacent ≈13–25 Hz beta rhythm. Accordingly, the infant/toddler 3–5 Hz and 10–12 Hz
bands, which are adjacent to the 6–9 Hz band, are likely analogous to the adult theta and
beta rhythms, respectively (McLaughlin et al., 2010; Orekhova et al., 2006; see Stroganova
and Orekhova, 2007, for a review). In sum, the present study’s multiple frequency band
analysis of 2-year-olds’ neural activity (i.e., EEG power) during memory encoding and
retrieval provides the essential framework for future developmental investigations of
memory processes.
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1.2. Memory processes: Neural activity
Functional magnetic resonance imaging (fMRI) research with adults and older children (i.e.,
8 years and older) has emphasized the role of the MTL and PFC during memory encoding
and retrieval (Ghetti et al., 2010; Ofen et al., 2007). Similar fMRI research has not been
completed with younger children because of the technique’s extreme sensitivity to motor
artifacts. EEG, on the other hand, is a noninvasive imaging technique that is relatively
resistant to motor artifacts, making it the preferred brain imaging technique during infancy
and early childhood (Casey and de Haan, 2002). Although EEG does not have the spatial
resolution of fMRI, it does have superior temporal resolution.

EEG research with adults and older children has revealed changes in neural activity (i.e.,
EEG power) during memory encoding and retrieval. Specifically, memory-related changes
in EEG power (as compared to a baseline/reference interval) have been found for the theta,
alpha, and beta rhythms (Babiloni et al., 2004; Klimesch et al., 1996, 1997, 1999; Krause et
al., 2001, 2007; Mölle et al., 2002; Sederberg et al., 2003). Similar multiple band frequency
analyses of memory processes have not been completed during infancy or early childhood.
Clearly, our understanding of behavioral changes in encoding and retrieval are limited by a
gap in the literature about corresponding changes in neural activity.

To our knowledge, only one infant/toddler study has examined changes in EEG power
associated with declarative memory processes. Morasch and Bell (2009) analyzed 6–9 Hz
EEG during the encoding and retrieval stages of a deferred imitation task (i.e., nonverbal
declarative memory task). They found that 10-month-olds with high recall performance (i.e.,
ordered recall) exhibited baseline-to-retrieval increases in EEG power at temporal sites. No
retrieval-related changes were found for low performers (i.e., no ordered recall). A similar
nonsignificant pattern (i.e., high performers, p = .10) was displayed at frontal sites.
However, neither high nor low performing 10-month-olds displayed changes in EEG power
during encoding at frontal or temporal electrode sites. Because of the single frequency band
approach, it is unknown whether these findings reflect general or frequency-specific
developmental phenomena. Clearly, additional infant and toddler multi-frequency band EEG
research is essential to understanding age-related changes in neural activity during memory
processing.

1.3. Research questions
The present study analyzed changes in EEG power associated with 2-year-olds’ memory
encoding and retrieval for three different frequency bands: 3–5 Hz (theta), 6–9 Hz (alpha),
10–12 Hz (beta). Although research with adults and older children has revealed changes in
EEG power for theta, alpha, and beta rhythms during memory encoding and retrieval
(Babiloni et al., 2004; Krause et al., 2001, 2007; Mölle et al., 2002; Sederberg et al., 2003)
as well as differences in power between memory encoding and retrieval for theta and alpha
rhythms (Babiloni et al., 2004; Krause et al., 2001, 2007), it is unknown whether 2-year-olds
will exhibit similar changes in neural activity. Infant memory research has failed to reveal
encoding-related changes in 6–9 Hz EEG power, and retrieval-related changes in 6–9 Hz
power varied as a function of performance (Morasch and Bell, 2009). To this end, the
current study addressed three questions: (a) Which frequency band(s) discriminate baseline
from memory processing?; (b) Which frequency band(s) differentiate between memory
encoding and retrieval processes?; (c) Which frequency band(s) distinguish toddlers with
high and low verbal recall performance? The answers to these questions will enhance our
understanding of the neural correlates of memory encoding and retrieval during toddlerhood.
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2. Materials and methods
2.1. Participants

A total of 122 two-year-old children (62 girls, 60 boys; 5 Hispanic, 117 Non-Hispanic; 112
Caucasian, 1 African American, 9 Multi-Racial) participated in our immediate recall task as
part of a longitudinal study examining cognitive development from infancy through early
childhood. Children were seen between 1 year 11 months and 2 years 4 months of age (M =
2 years 0 months, SD = 23 days). All children were born within 2 weeks of their expected
due dates and had no diagnosed neurological problems or developmental delays. For parents
who reported educational information (120 mothers, 115 fathers), all completed a high
school education (7.5 % and 4.3% technical degree; 41.7% and 34.8% bachelor’s degree;
26.7% and 32.2% graduate degree; respectively). Average maternal and paternal age at birth
was 30.0 and 33.6 years (SD = 4.9 and 6.9), respectively. Children were given a small gift
and parents were paid for the laboratory visit.

2.2. Procedure
2.2.1. EEG recordings—Continuous EEG recordings were collected throughout a battery
of tasks in an ongoing longitudinal examination of cognitive development. Recordings made
during baseline and the memory task are described and reported in the current study.

EEG was recorded during baseline and during the memory task. Recordings were made
from 16 left and right scalp sites: frontal pole (Fp1, Fp2), medial frontal (F3, F4), lateral
frontal (F7, F8), central (C3, C4), temporal (T7, T8), medial parietal (P3, P4), lateral parietal
(P7, P8), and occipital (O1, O2). All electrode sites were referenced to Cz during recording.
EEG was recorded using a stretch cap (Electro-Cap, Inc.; Eaton, OH) with electrodes in the
10/20 system pattern (Jasper, 1958; Pizzagalli, 2007). During the electrode application, a
research assistant entertained and distracted the toddler by playing with age-appropriate
toys. This entertainment period also served to help the toddler “warm up” to the laboratory
setting. After the cap was placed on the toddler’s head, recommended procedures regarding
EEG data collection with children were followed (Pivik et al., 1993). Specifically, a small
amount of abrasive was placed into each recording site and the scalp gently rubbed.
Following this, conductive gel was placed in each site. Electrode impedances were measured
and accepted if they were below 10K ohms.

The electrical activity from each lead was amplified using separate SA Instrumentation
Bioamps (San Diego, CA) and bandpassed from .1 to 100 Hz. Activity for each lead was
displayed on the monitor of an acquisition computer. The EEG signal was digitized on-line
at 512 samples per second for each channel so that the data were not affected by aliasing.
The acquisition software was Snapshot-Snapstream (HEM Data Corp.; Southfield, MI) and
the raw data were stored for later analyses.

2.2.2. EEG analysis—EEG data were examined and analyzed using EEG Analysis
System software developed by James Long Company (Caroga Lake, NY). First, the data
were re-referenced via software to an average reference configuration (Lehmann, 1987).
Average referencing, in effect, weighted all the electrode sites equally and eliminated the
need for a noncephalic reference. Active (F3, F4, etc.) to reference (Cz) electrode distances
vary across the scalp. Without the re-referencing, power values at each active site may
reflect interelectrode distance as much as they reflect electrical potential. The average
reference configuration requires that a sufficient number of electrodes be sampled and that
these electrodes be evenly distributed across the scalp. Currently, there is no agreement
concerning the appropriate number of electrodes (Davidson et al., 2000; Hagemann et al.,
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2001; Luck, 2005), although the 10/20 configuration that we used does satisfy the
requirement of even scalp distribution.

The re-referenced EEG data were artifact scored for eye blinks using Fp1 and Fp2
(Myslobodsky et al., 1989) and for gross motor movements and these artifact-scored epochs
were eliminated from all subsequent analyses. The data then were analyzed with a discrete
Fourier transform (DFT) using a Hanning window of 1-s width and 50% overlap. Power was
computed for three frequency bands: 3–5 Hz (actually 2.5–5.5 Hz), 6–9 Hz (5.5–9.5 Hz),
10–12 Hz (9.5–12.5 Hz). The power was expressed as mean square microvolts and the data
were transformed using the natural log (ln) to normalize the distribution.

2.2.3. Data available for analysis—To be included in our final sample, it was necessary
for children to provide behavioral and psychophysiological data. Behavioral data were
available for 122 children, EEG electrodes were accepted by 102 children, and EEG
electrodes were worn for the entire experimental session by 93 toddlers.
Psychophysiological data were available for 92 children (i.e., 1 equipment failure). The
psychophysiological data were screened for motor artifacts, and 79 two-year-olds had
sufficient artifact-free EEG (≥ 6 DFT windows) data during each experimental phase (i.e.,
baseline, encoding, and retrieval) for inclusion in subsequent analyses. Children with
sufficient psychophysiological data (n = 79) did not differ in age, language skills
(MacArthur-Bates Communicative Development Inventory (MCDI): total vocabulary and
mean length utterance), or recall ability compared to children who did not contribute EEG
data (n = 43; all t’s ≤ 1.40, p’s ≥ .16)1.

2.2.4. Baseline EEG—Resting physiology was recorded as the 2-year-old sat in a high
chair. Mothers were instructed to not talk to toddlers during the EEG recording. The toddler
watched a 60-s segment (M = 68.3 s, SD = 11.6; artifact-free DFT windows: M = 85, SD =
25) of a neutral cartoon that provided a period of physiology containing comparable eye
movements and gross motor artifact to what was exhibited during the memory task. The
recording of EEG continued as the memory task was administered.

2.2.5. Memory task—During the memory task, the experimenter showed the toddler a
small bag, asked the toddler if he/she had ever gone grocery shopping, and told the toddler
that they were going to play the grocery store game. Three common food items (i.e., juice
box, single-serving box of cereal, single-serving bag of chips) were shown to toddlers during
the encoding portion of the memory task. For each item, the experimenter (a) said the
toddler’s name (to make sure the toddler was looking); (b) held the item so that the toddler
could see it, (c) asked the toddler to name the item, and (d) named the item before placing it
into the opaque bag. Once all of the items had been placed in the bag, the experimenter
asked, “What’s in the bag?” (i.e., retrieval). The number of correct verbal responses (0–3)
provided a measure of immediate recall memory performance. Interrater reliability was
calculated for 24% of the sample and percentage agreement on number of items correctly
recalled was 92%.

1There were significant differences in parental ratings on several subscales of the Early Childhood Behavior Questionnaire (Putnam et
al., 2006) for children with and without usable EEG data. Children without EEG data had higher ratings on the activity level,
frustration, high intensity pleasure, and sociability subscales than children with EEG data, all t’s ≥ 1.98, p’s ≤ .05. Likewise, children
with EEG data had higher ratings of inhibitory control than children without EEG data, t(111) = 2.27, p = .025. Toddlerhood is a
particularly challenging point in development to obtain usable EEG data. It is not surprising that the aforementioned temperamental
characteristics were associated with children who did not accept EEG electrodes, removed EEG electrodes during the experimental
session, or had too many motor artifacts for EEG analysis. However, we did not perform a Bonferroni-correction for the number of
analyses (e.g., p = .10/18 = .0056), and it is plausible that these between-group differences occurred by chance. Toddlers with and
without EEG data did not differ on any of the 13 other subscales of the ECBQ, all t’s ≤ 1.75, p’s ≥ .083. Importantly, there were no
differences between the two groups in our primary measures of interest (i.e., language, recall).
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Event marks were placed on the physiological record so that the EEG recordings could be
synchronized with the encoding (i.e., object presentations: M = 45.8 s, SD = 17.3; artifact-
free DFT windows: M = 57, SD = 23) and retrieval (i.e., recall: M = 30.7 s, SD = 14.2;
artifact-free DFT windows: M = 35, SD = 23) during the memory task. For each of the three
items, encoding-related EEG started when the item was shown to the toddler, continued as
the child attempted to name the item and the experimenter named the item, and stopped
when the item was placed in the bag. The retrieval-related EEG started immediately after the
experimenter asked the recall question and continued until toddlers indicated that they were
finished with the retrieval phase (e.g., recalled all items, said “I don’t know/remember”).
Thus, electrophysiological data not included in the analyses were those recorded when the
experimenter was (a) introducing the grocery store game to the toddler and (b) saying the
child’s name before displaying each item. After the memory task, the EEG cap was gently
removed and the gels were washed from the toddler’s hair.

2.2.6. Language—The MCDI "Words and Sentences” form (Fenson et al., 1992) was
completed by toddlers’ mothers to provide a measure of toddler verbal ability. The MCDI,
designed for use with 16- to 30-month-olds, is an inventory of common words and phrases.
This inventory has high internal consistency (α = .96) and strong documented test-retest
reliability (α > .90 for all ages tested during the toddler period; Fenson et al., 1992). Mothers
indicated their toddler’s production of the items on the inventory (words scale) as well as
their toddler’s early grammatical ability, specifically, the complexity of multi-word
utterances. Our measures of verbal ability were total vocabulary and mean length utterance.

3. Results
The analyses consisted of repeated-measures multivariate analysis of variance (MANOVAs)
for each frequency band with region (i.e., frontal pole, medial frontal, lateral frontal, central,
temporal, medial parietal, lateral parietal, occipital), hemisphere (i.e., left, right), and
processing stage (i.e., baseline, encoding, retrieval) as within-subjects factors and
performance group (i.e., low recall, high recall) as a between-subjects factor (Picton et al.,
2000). We present performance group findings first in order to account for any interactions
involving processing stage. A multivariate approach for assessing multivariate interaction
effects has been suggested by Keselman (1998). For ease in examining any interactions
involving processing stage or performance group, follow-up MANOVAs were performed. A
Bonferroni procedure was adopted to limit the familywise Type I error rate (α = .10). We
decided not to use a familywise error rate with α = .05 because this method would be too
conservative for correlated variables (i.e., regional EEG power values; Yoder et al., 2004).

3.1. Performance group
Toddlers were categorized as having either low (i.e., no recall: n = 54) or high (i.e., recall ≥
one item; one item: n = 16; two items: n = 8; three items: n = 1) verbal recall performance.
For 2-year-olds with MCDI data (low performers: n = 50; high performers: n = 22),
independent groups t-tests confirmed that the two performance groups did not differ in age
or verbal ability (i.e., total vocabulary, mean length utterance), all t’s ≤ 1.50, p’s ≥ .142.

2Toddlers with high and low verbal recall performance differed in parental ratings on the activity level, t(70) = 2.09, p = .04, and fear,
t(70) = 2.21, p = .03, subscales of the ECBQ. The high performance group had higher ratings on the activity level and fear subscales
than the low performance group. These findings were unexpected and in the opposite direction than would be predicted based on
verbal recall performance. However, we did not perform a Bonferroni-correction for the number of analyses (e.g., p = .10/18 = .0056),
and it is likely that these two between-group differences occurred by chance. Toddlers in the high and low recall groups did not differ
on any of the other 16 ECBQ subscale, all t’s ≤ 1.69, p’s ≥ .096.
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Prior to examination of group differences in ln EEG power values, it was important to verify
that the two performance groups had equal amounts of artifact-free EEG (Pivik et al., 1993).
The amount of artifact-free data (i.e., the number of DFT windows) for the two performance
groups was not significantly different for the baseline, t(77) = 0.15, p = .88, or encoding,
t(77) = 0.83, p = .41, phases. Although there were no between-group differences in the
duration of the baseline, t(77) = 0.91, p = .37, and encoding, t(77) = 0.44, p = .66, phases,
the duration of the retrieval phase was longer for high performers than low performers, t(77)
= 3.85, p < .001. This finding is not unexpected considering that high performers recalled
more information during the retrieval phase than low performers. Consequently, high
performers had more artifact-free data during the recall phase than low performers, t(77) =
1.98, p = .051.

The results of the EEG power MANOVAs are displayed in Table 1. There was a main effect
of performance group for the 3–5 Hz, 6–9 Hz, and 10–12 Hz bands. As can be seen in
Figure 1, high verbal recall performers had greater power values than low performers. There
were no interactions involving performance group for any frequency band.

3.2. Processing stage
The means for EEG power during baseline, encoding, and retrieval are displayed in Figure 2
and the results of the MANOVAs are displayed in Table 1. As can be seen from Figures 1
and 2, the three frequency bands exhibit very different power values in toddlers, with the 3–
5 Hz band yielding the greatest power values and the 10–12 Hz the lowest power values.
The y-axes in Figures 1 and 2 are on the same scale for each frequency band to highlight
these differences.

There was a main effect for processing stage as well as a Stage × Region interaction for all
three frequency bands. There were no other interactions involving processing stage for any
frequency band. For ease in examining the Stage × Region interaction for each frequency
band, we collapsed across all nonsignificant factors (i.e., hemisphere and performance
group) and completed separate follow-up regional MANOVAs on the EEG power values for
each of the eight electrode sites. The results of the follow-up regional MANOVAs are
displayed in Table 2. For each frequency band, the adjusted p value was ≤ .01 (.10/8 = .01).

For the 3–5 Hz band, there was a main effect for processing stage for all electrode sites.
Pairwise comparisons for these electrode sites were accomplished after adopting a
Bonferroni procedure to control the overall level of significance (eight electrodes with three
comparisons for each electrode site; p = .10/24 = .004). EEG power values were higher
during the retrieval (i.e., recall) phase than during the baseline (all electrode sites) and
encoding phases (all electrode sites except occipital sites; also central sites, p = .008, failed
to reach the adjusted level of significance). Baseline and encoding power values were
significantly different at only one region. For occipital sites, encoding power values were
higher than baseline power values.

For the 6–9 Hz band, there was a main effect for processing stage for lateral frontal, lateral
parietal, and occipital electrode sites. Pairwise comparisons for these electrode sites were
accomplished after adopting a Bonferroni procedure to control the overall level of
significance (three electrodes with three comparisons for each electrode site; p = .10/9 = .
01). For all three electrode pairs, EEG power values were higher during the retrieval phase
as compared to the baseline phase. Although encoding power values were higher than
baseline values for all three electrode sites, only occipital electrode sites reached the
adjusted level of significance (lateral frontal: p = .023; lateral parietal: p = .047). For lateral
frontal and lateral parietal sites, retrieval power values were higher than encoding power
values.
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For the 10–12 Hz band, there was a main effect for processing stage for lateral frontal,
temporal, lateral parietal, and medial parietal electrode sites. Pairwise comparisons for these
electrode sites were accomplished after adopting a Bonferroni procedure to control the
overall level of significance (four electrodes with three comparisons for each electrode site;
p = .10/12 = .008). Power values were higher during the encoding phase, as compared to the
baseline phase, for temporal and lateral parietal electrode sites. For lateral frontal, temporal,
and medial parietal sites, retrieval power values were also higher than baseline power
values. For to 10–12 Hz band, there were no significant differences between power values
during the retrieval and encoding phases.

3.3. Summary of findings
All frequency bands differentiated the retrieval phase from the baseline phase, but the
particular regions that exhibited this dissociation varied (3–5 Hz: all electrodes; 6–9 Hz:
lateral frontal, lateral parietal, and occipital electrodes; 10–12 Hz: lateral frontal, temporal,
and medial parietal electrodes). Furthermore, all bands discriminated the encoding phase
from the baseline phase: 3–5 Hz (occipital electrodes), 6–9 Hz (occipital electrodes), 10–12
Hz (temporal and lateral parietal electrodes). Encoding and retrieval processes were
distinguished by the 3–5 Hz (all electrode sites except central and occipital) and the 6–9 Hz
(lateral frontal and lateral parietal electrodes) bands. The 3–5 Hz, 6–9 Hz, and 10–12 Hz
bands discriminated high from low performers.

4. Discussion
The present study provides a unique contribution to the memory processes literature. This is
the first multiple frequency band analysis of changes in neural activity (i.e., EEG power)
during memory encoding and recall at 2 years of age. Our findings reveal valuable
information concerning the functional meaning of three different toddler frequency bands
during memory processing.

4.1. Which frequency band(s) discriminate baseline from memory processing?
At 2 years of age, all three frequency bands discriminated memory processing (i.e., encoding
and retrieval) from baseline activation. Retrieval-related increases in EEG power were
widespread for the 3–5 Hz (theta; all electrodes) frequency band, and more localized for the
6–9 Hz (alpha; lateral frontal, lateral parietal, and occipital electrodes), and 10–12 Hz (beta;
lateral frontal, temporal, and medial parietal electrodes). Encoding-related increases in EEG
power, on the other hand, were localized for all frequency bands: 3–5 Hz (occipital
electrodes), 6–9 Hz (occipital electrodes), 10–12 Hz (temporal and lateral parietal
electrodes).

In general, we found increases in 2-year-olds’ EEG power during memory processing for all
frequency bands. A more complex pattern of frequency band-dependent increases and
decreases is exhibited by adults and older children. Our results parallel evidence of
encoding- and retrieval-related increases in theta EEG power in adults and/or older children
(Babiloni et al., 2004; Krause et al., 2001, 2007).

Widespread increases in theta power during memory retrieval are also exhibited during late
childhood (Krause et al., 2001, 2007). The hippocampus plays an essential role in learning
and memory; theta oscillations in the hippocampus of non-human animals induce synaptic
plasticity (i.e., long-term potentiation; Pavlides et al., 1988). Scalp theta rhythms are posited
(a) to be related to hippocampal theta oscillations in non-human animals and (b) to detect
activity within the hippocampocortical feedback loop (Babiloni et al., 2004; Klimesch et al.,
1997). Klimesch and colleagues (1994; 1997) have found evidence that the theta rhythm is

Cuevas et al. Page 8

Int J Psychophysiol. Author manuscript; available in PMC 2013 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



related to episodic (e.g., declarative) memory processes. Thus, the 3–5 Hz toddler frequency
band potentially reflects theta oscillations which are likely integral to episodic memory
processes.

Our 6–9 Hz findings during toddlerhood reveal potential changes in the alpha band response
during memory processes between infancy and adulthood. During a declarative memory task
with 10-month-olds, Morasch and Bell (2009) found retrieval-related increases in 6–9 Hz
power evident with successful performance; however, infants failed to display encoding-
related increases in 6–9 Hz power. Our findings reveal that by 2 years of age, encoding- and
retrieval-related increases in 6–9 Hz power are found regardless of task performance.
Changes in the 6–9 Hz band response between infancy and toddlerhood likely coincide with
more efficient encoding and retrieval processes (see Rovee-Collier and Cuevas, 2008, for a
review). Research with adults and older children has revealed that the alpha band generally
exhibits encoding-related increases in EEG power as well as retrieval-related decreases in
power, although different patterns have been found for lower and upper alpha rhythms
(Babiloni et al., 2004; Klimesch et al., 1999; Krause et al., 2001, 2007; Mölle et al., 2002).
Alpha rhythms are posited to reflect activity within thalamocortical feedback loop as well as
memory processes (Babiloni et al. 2004; Klimesch et al., 1999).

Less is known, however, about the role of the beta rhythm during memory processing. There
is evidence of encoding-related increases (Mölle et al., 2002) and decreases in beta rhythms
as well as retrieval-related decreases (Krause et al., 2007). Working memory research with
8-month-old infants has also noted memory-related increases in power for 3–5 Hz, 6–9 Hz,
and 10–12 Hz bands (Bell, 2002). It is plausible that the direction of retrieval-related
changes in alpha and beta power might switch between toddlerhood and late childhood, and
that these changes potentially coincide with milestones in memory development, such as
childhood amnesia. Clearly, additional developmental psychophysiological research on
memory processes that captures important developmental milestones is essential to creating
a comprehensive understanding of early memory processes.

4.2. Which frequency band(s) differentiate between memory encoding and retrieval
processes?

In contrast to our baseline comparisons, only two frequency bands differentiated 2-year-
olds’ encoding and retrieval processes: 3–5 Hz (all electrode sites except central and
occipital), 6–9 Hz (lateral frontal and lateral parietal electrodes). Specifically, EEG power
was higher during memory retrieval as compared to memory encoding. We interpret these
findings to reflect increased cognitive demands during the “intentional” retrieval phase as
compared to our “incidental” encoding phase (i.e., toddlers were not informed of the
subsequent recall phase at the time of encoding). Similar patterns have been found for theta
and alpha rhythms during late childhood and/or adulthood (Babiloni et al., 2004; Krause et
al., 2001, 2007).

4.3. Which frequency band(s) distinguish toddlers with high and low verbal recall
performance?

In the present study, 2-year-olds with high and low verbal recall performance were
distinguished by the 3–5 Hz, 6–9 Hz, and 10–12 Hz bands. For all three frequency bands,
high performers had greater EEG power values than low performers. Infant and toddler EEG
researchers have considered increasing EEG power values as a function of age to be
indicative of brain maturation (Marshall et al., 2002; see Bell, 1998; Bell and Fox, 1994, for
reviews). Accordingly, the brain electrical activity of high performers is potentially more
mature than that of low performers. Importantly, analyses of age, language abilities, and
parental-ratings of temperament failed to reveal any group differences (but see Footnote 2 in
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regards to ECBQ). Thus, our memory performance findings are likely related to verbal recall
ability, as opposed to age, language abilities, or temperament. It is plausible, however, that
some other variable (e.g., motivation) could be related to our performance findings. Our
findings provide initial insight into the psychophysiological difference of toddlers who
exhibit high and low verbal recall performance.

Previous deferred imitation research with 10-month-olds has found retrieval-related
increases in 6–9 Hz power only for high performers (Morasch and Bell, 2009). Likewise,
Klimesch and colleagues (1996) have noted different patterns of change in lower and upper
alpha power as a function of task performance. Together, these findings suggest a role for
alpha rhythms in differentiating high and low memory performers. Surprisingly, we found
no significant group by memory processing stage interactions at 2 years of age.

Our behavioral data revealed that our verbal recall task was challenging for many 2-year-
olds although the task demands were relatively simple (i.e., three related encoding items,
encoding items were named and presented visually, recall was assessed immediately). Given
that prior studies have also found that 2-year-old children exhibit poor verbal recall memory
(Perlmutter and Myers, 1979; Simcock and Hayne, 2003), our findings are not surprising.
We chose to examine verbal recall at 2 years of age because it is the youngest age that
verbal recall can be assessed and the variability in verbal recall performance is optimal for
examining individual differences in brain-behavior relations. It is plausible, however, that
we failed to find different memory-related patterns of change in EEG power as a function of
performance because our verbal recall task was challenging for both high and low
performers. Toddlers typically perform better on nonverbal (e.g., behavioral reenactment,
recognition) than verbal memory measures (Simcock and Hayne, 2002, 2003), and the
majority of research assessing infant and toddler recall memory has used nonverbal tasks
(e.g., deferred imitation, elicited imitation; Hayne and Simcock, 2009; Rose et al., 2005).
Future toddler EEG research should include both verbal and nonverbal measures of
declarative memory to examine whether different patterns of findings are revealed as a
function of performance measure.

Although we are not familiar with any between-subjects memory performance comparisons
of other EEG rhythms, within-subjects memory performance comparisons have revealed
changes in theta, alpha, and beta rhythms (Klimesch et al., 1997; Sederberg et al., 2003).
Thus, evidence of verbal recall performance dissociations in EEG power for 3–5 Hz, 6–9
Hz, and 10–12 Hz during toddlerhood is consistent with previous findings.

4.4. Potential Limitations
In the present study, we adapted the verbal recall memory procedures used in
psychophysiological examinations with older children and adults for use with 2-year-olds.
For instance, instead of having participants memorize a set of written words or auditorily
presented pre-recorded words, an experimenter presented the encoding of words as part of a
grocery store game. This modification was essential to ensuring that toddlers remained in
the experimental situation and were engaged in the encoding of each item. There is
evidence, however, that infants and children exhibit changes in EEG while gazing at the face
of a speaking adult using infant-directed speech (infants) or telling a story (children;
Orekhova et al., 2006). From a memory perspective, infants and children in Orekhova et
al.’s study were not only engaged in a social interaction with an adult; they were also
encoding visual and auditory information.

Although the memory task in the present study is very different than the conditions used in
Orekhova et al.’s (2006) examination of infant- and child-directed speech, it is plausible that
social interaction and speech during our memory task contributed to our findings. A
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comparison of the two studies, however, reveals different patterns of findings for the middle
and upper frequency bands. Orekhova et al. found frequency-dependent power increases and
decreases for infants and children. Specifically, infants (who are closest in age to our
sample) exhibited increases in 3.2–5.6 Hz power and decreases in 6–7.6 Hz and 9.2–10 Hz
power at multiple electrode sites. In the present study, 2-year-olds exhibited only increases
in EEG power during memory encoding and retrieval for the 3–5 Hz, 6–9 Hz, and 10–12 Hz
frequency bands, which is consistent with previous psychophysiological research with adults
and older children (Babiloni et al., 2004; Krause et al., 2001, 2007). Thus, we interpret the
discrepancies between Orekhova et al.’s findings and our findings to reflect the primary
recruitment of memory processes, as opposed to social processes, during our memory task.
However, the inability to separate the possible contribution of social interaction and speech
to our memory findings is a potential limitation of the current study. Clearly, additional
toddler research with other verbal and nonverbal memory tasks as well as research with 3- to
8-year-olds with more “adult-like” memory tasks is essential to our understanding of the
psychophysiological correlates of memory processes during early and middle childhood.

Finally, although we refer to the toddler 3–5 Hz and 6–9 Hz bands as theta and alpha,
respectively, it is likely that the frequency of the theta rhythm (adult 4–8 Hz) increases
between infancy and toddlerhood. Thus, caution must be used when comparing our 6–9 Hz
findings to adult alpha findings, as our 6–9 Hz findings may include some upper theta
activity. An examination of the functional properties of the alpha band, as completed by
Stroganova and colleagues with infants (1999), is necessary to determine the precise
boundaries of the alpha band during toddlerhood. However, 6–9 Hz is the prominent rhythm
during quiet wakefulness during toddlerhood (Marshall et al., 2002), which is analogous to
the adult 8–13 Hz alpha rhythm.

4.5. Conclusions
At 2 years of age, the 3–5 Hz (theta) and 6–9 Hz (alpha) bands were most informative about
memory processes. Although all three frequency bands (including 10–12 Hz) distinguished
memory processes from baseline, the 3–5 Hz and 6–9 Hz bands were the only bands to both
differentiate encoding and retrieval processes as well as discriminate high from low verbal
recall performers. Theta and alpha rhythms are critical to memory processes during late
childhood and adulthood, and our findings provide initial evidence that these rhythms are
also intricately linked to memory processing during toddlerhood.

Research Highlights

Cuevas, K, Raj, V., & Bell, M. A.: A Frequency Band Analysis of Two-Year-Olds’
Memory Processes

Two-year-olds participated in a three-item immediate verbal recall task.

Toddlers exhibited encoding-related increases in 3–5, 6–9, and 10–12 Hz EEG
power.

Toddlers exhibited retrieval-related increases in 3–5, 6–9, and 10–12 Hz EEG
power.

The 3–5 and 6–9 Hz bands differentiated toddlers’ encoding and retrieval processes.

The 3–5, 6–9, and 10–12 Hz toddler bands discriminated high/low memory
performers.
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Figure 1.
EEG power values for low and high verbal recall performance groups in 2-year-olds at 3–5
Hz, 6–9 Hz, and 10–12 Hz frequency bands.
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Figure 2.
EEG power values for baseline, encoding, and recall in 2-year-olds at 3–5 Hz, 6–9 Hz, and
10–12 Hz frequency bands.
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